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Ralstonia solanacearum, a widely distributed soil-borne pathogen belonging to fthe
subdivision of Proteobacteria, causes a lethal wilting disease of more than 450 plants species,
including economically important crops such as tomato and potato. Although bacterial wilt
pathogenesis is incompletely understood, genetic and molecular studies have implicated type
IVa pili-mediated twitching motility, amongst other, as a factor contributing to disease
development. Research performed over the last decade has led to the identification of the Tad
(tight adherence) macromolecular transport system that is present in many bacterial and
archaeal species. Thad genes encode the machinery required for the biogenesis and
secretion of a novel type IVb pilin protein, designated Flp, which is required for colonization
and virulence in several human pathogenic bacteria. Therefore, the aims of this investigation
were essentially to mine the genomeRbfsolanacearum in order to identify homologues of

the tad genes and to determine the importance of the Tad systelR1 #olanacearum

virulence on potato.
il
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During the course of this study, two distitiatl gene clusters were identified in the genome

of R solanacearum. Thesetad loci are present in the megaplasmid and chromosome,
respectively, and both gene clusters encode predicted protein products with homology to those
encoded by thetad loci in human pathogenic bacteria such Aggregatibacter
actinomycetemcomitans and Pseudomonas aeruginosa. Towards determining the importance

of the tad loci in R solanacearum virulence, a mutation was introduced into tmaF2
(RSP1085) gene of the megaplasnad locus, which encodes a putative NTPase and is
highly conserved in different bacterial Tad systems. Comparative analysis oR. the
solanacearum wild-type NB336 and mutant NB3A6paF2 strains indicated that the mutant
strain was not growth impairad vitro or in planta, produced near wild-type levels of EPS,

and exhibited swimming and twitching motility that was comparable to that of the wild-type
strain. However, the mutant NB38€paF2 strain, in contrast to the wild-type NB366 strain,

was significantly impaired in its ability to adhere to and colonize potato roots. Moreover, in a
biologically representative soil soak inoculation virulence assay, the mutant NG#6&

strain was not able to cause disease on potato plants, and similar results were obtained when
the mutant strain was inoculated directly onto cut potato leaf petioles. Notably, both the
adherence and virulence phenotypes were restored when a wild-type copypaRBgene

was providedn trans. These results suggest that the Tad system located on the megaplasmid,
makes an important contribution B solanacearum virulence on potato. It is likely that this

contribution is of importance during the early stages in host plant colonization.
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11 GENERAL INTRODUCTION

Ralstonia solanacearum is a rod-shaped, Gram-negatp#proteobacterium. It is a water- and
soil-borne phytopathogen, and a causal agent of bacterial wilt disease (Smith, 1896). The
bacterium was previously calledseudomonas solanacearum and formerly Burkholderia
solanacearum (Yabuuchiet al., 1995). Based on additional phylogenetic and polyphasic
phenotype analyses, it was suggested tRatudomonas solanacearum and other
Pseudomonas species, such a@seudomonas eutropha and Pseudomonas picketti, be placed

into a new genus, calldgalstonia (Gillis et al., 1995; Yabuuchet al., 1995). Traditionally,

R. solanacearum has been classified into races (Buddenhafy@h, 1962; Buddenhagen and
Kelman, 1964) and biovars (Hayward, 1964), but, more recently, it was genetically grouped
into phylotypes (Fegan and Prior, 2005).

Due to a lack of detailed understanding of its pathogenicity and survival stratBgies,
solanacearum continues to be a devastating phytopathogen (van Eisds 2000; Vasset

al., 2005). In the case @R solanacearum, successful pathogenesis requires adherence to
plant tissues and subsequent colonization of xylem vessels, which contributes to vascular
dysfunction (Kaoet al., 1992; Schell, 2000). Adherence of the bacterium is mediated by
flagella and type IVa pili (T4ap) (Liet al., 2001; Tans-Kersteret al., 2001; Kanget al.,

2002). In 2000, a novel Type Vb pilus (T4bp) biogenesis and secretion system was described
in Aggregatibacter actinomycetemcomitans (Kachlanyet al., 2000). This pilus biogenesis and
secretion system has since been reported in many other bacteria ¢PERnet003; Tomich

et al., 2007), and was also shown to be associated with adherence in several bacterial species
(Nika et al., 2002; de Bentzmarsi al., 2006; Pereet al., 2006).

Pili are filamentous multimeric macromolecules and are synthesized through the ordered
polymerization of pilin subunits. In general, the bacterial pilus is composed of a repeating
polypeptide packed into a helical assembly of which the tip may or may not display a protein
adhesin (Pugsley, 1993; Marceaual., 1998; Hendersomt al., 1999). Their biogenesis
involves many genes, including those that encode the major subunit, proteins required for
biogenesis and assembly, and regulatory proteins (Craig and Li, 2008). As the involvement of
pili in the promotion oR. solanacearum pathogenesis is closely aligned with the aims of this
investigation, various aspects regarding pili and their assembly, as well as their contribution

to disease development will be discussed in greater detail in this review of the literature.

© University of Pretoria
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1.2 CLASSIFICATION OF R. solanacearum

The R. solanacearum species complex includes a heterogeneous group of isolates with
important pathogenic and genotypic differences (Fegah, 1998b; Fegan and Prior, 2005).

The initial classification oR. solanacearum was according to their pathogenicity on different
hosts (Buddenhagest al., 1962; Buddenhagen and Kelman, 1964). Based on host fange,
solanacearum can be differentiated into five races. Strains belonging to race 1 have a very
broad host range and are commonly endemic to America. Race 2 strains are pathogenic only
to Musaceae (triploid banana and othkisa species), and are present in Central America and
Southeast Asia. Race 3 strains are widespread all over the world and pathogenic to
solanaceous plants, such as tomato and potato, and non-solanaceous plants, including
ornamentals, such as geranium (Williamsbml., 2002; Janset al., 2004; Swansoret al.,

2005). Race 4 strains are pathogenic to ginger in Asia, whereas race 5 strains are pathogenic
to mulberry in China. However, the race classification systefR ablanacearum is poorly

defined due to the overlap between host ranges and is thus taxonomically not useful
(Hayward, 1964; Gabriadt al., 2006). Nevertheless, it is apparent that different races exhibit
variation not only in host range, but also in their geographic distribution (Fegan and Prior,
2005).

Due to the shortcomings associated with the above classification si&tanacearum has

been reclassified into biovars on the basis of their metabolic properties. Based on the
oxidation of six different carbon sources, namely maltose, lactose, cellobiose, mannitol,
sorbitol and dulcitol,R. solanacearum strains were separated into four biovars (Hayward,
1964). Subsequently, utilization of trehalose and production of gas from nitrate were added to
the above-mentioned biochemical tests. Consequently, the strains were grouped into five
biovars and five races (Hayward, 1991). A tropical variant of biovar 2 (2T or NT) has been
proposed as a sixth biovar (Fegetral., 1998a). Comparisons between the race and biovar
classification systems &. solanacearum indicate that although the biovar system defines the
groups more accurately than the race system, the respective classification systems do not
classify R. solanacearum into similar groups (Champoisea&ual., 2009). The only overlap
between them is that biovar 2 strains often belong to race 3 (Hayward, 1991). One of the
crucial shortcomings of the biovar classification system is the lack of well-defined groups,
which makes it unsuitable for definirlg solanacearum phylogeny (Champoiseaet al.,

20009).

© University of Pretoria
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R. solanacearum has also been reclassified based on molecular techniques. Restriction
fragment length polymorphism (RFLP) analyses were initially used to divide the strains into
two major divisions and various sub-clusters or RFLP groups (€oalk, 1989). Division |
encompasses biovars 3, 4 and 5 (isolates from Asia), whilst division Il contains biovars 1, 2
and NT (isolates from the Americas) (Coekal., 1989; Cook and Sequeira, 1994). The
existence of these two major genetic clusters has furthermore been confirmed by 16S rDNA
sequence analyses (ki al., 1993; Seakt al., 1993; Taghavet al., 1996). A more recent
multilocus sequence typing (MLST) study Rf solanacearum strains, based on the internal
transcribed spacer region, the endoglucaneg® gene and théarpB gene, which encodes a
regulator of pathogenicity genes, has produced a comprehensive hierarchal-based
classification system (Fegan and Prior, 2005). This classification system is comprised of four
phylotypes, in which each phylotype corresponds to a unique genetic group, and is further
divided into sequence variants (sequevars), which can be resolved further into a number of
clonal lines (Fegan and Prior, 2005). Strains in each phylotype appear to have evolved
separately due to geographical isolation. Thus, each phylotype reflects the geographic origin
of strains: phylotype | is composed of strains from Asia, phylotype Il is comprised of strains
from America, phylotype Il contains strains primarily from Africa and surrounding islands,
and phylotype IV has isolates from Indonesia, Japan and Australia. In addition, phylotype IV
contains two close relatives & solanacearum, namely Ralstonia szygii and the blood
disease bacterium (BDB) (Taghaei al., 1996). The phylotyping classification scheme
reflects clearly the genetic diversity Bf solanacearum resulting from geographic separation
(Fegan and Prior, 2005) and it can also divide some strains into variable pathogenicity groups
(Wickeret al., 2007).

The phylotype-base®. solanacearum classification system displays significant correlation

with other phenotypic and molecular-based classification schemes described previously
(Fegan and Prior, 2005). Race 1, defined by its broad host range (Buddeethagelf62),

has strains divided into all four phylotypes described thus far. In contrast, races 2 and 3,
known to have very narrow host ranges, have representative strains in at most two phylotypes.
Biovars 1 and 2T are present in three of the four phylotypes and consequently, identification

of a strain as biovar 1 or 2T appears to be uninformative (Fegan and Prior, 2005). As

mentioned earlier, most strains belonging to biovar 2 are equivalent to race 3 (Hayward,

1991) and therefore belong to phylotype Il sequevars 1 and 2. However, some biovar 2 strains

do not belong to race 3 and are found in phylotype IV sequevars 8 and 9. Moreover, this

4
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phylotypic scheme of classification largely confirms the RFLP typing scheme: phylotype | is
equivalent to division | defined by Cook and Sequeira (1994), whereas phylotype Il is
equivalent to division Il of Coolet al. (1989). According to Fegan and Prior (2005),
phylotypes Il and IV were missed completely in the RFLP typing scheme, as well as in 16S
rDNA sequence analyses (Coetkal., 1989; Cook and Sequeira, 1994 ¢t al., 1993; Seaét

al., 1993; Taghavet al., 1996). At the sequevar level, which is below the phylotype level, the
RFLP and phylotyping schemes are once again in agreement.eCabk1989) described

race 2 strains to belong to three different multiple locus genotypes (MLGs). These genetic
variations are well captured in the phylotypic classification schenk sdlanacearum, in

that each strain in the different MLGs belongs to distinct sequevars (Fegan and Prior, 2005).

1.3 BACTERIAL WILT DISEASE

Irrespective of its classificatiorR solanacearum is a devastating phytopathogen with a
global distribution, and an unusual and ever-increasing host range (Hayward, 199&t Prior

al., 1998; Poussieat al., 2000; Janset al., 2004). This wide host range covers more than 450
different plant species that include herbaceous plants, shrubs and trees (Savaihs2005).

The bacterium represents a major economical concern given its ability to seriously affect the
production of ornamental plants (Williamsehal., 2002; Swansomet al., 2005) and other
valuable crops, such as peanut, eggplant, tomato and potatodtJains2004). Potato brown

rot is one of the most destructive vascular diseases of potato. This is due to its aggressiveness,
particularly in warm climatic conditions (Poussigral., 2000). Although it was initially

thought to be a threat only in tropical regions, the tomato- and potato-infeRting
solanacearum strains have been shown to adapt and survive in cool temperate conditions
(Elphinstonest al., 1998; Williamsoret al., 2002; Janset al., 2004).R. solanacearumrace 3

biovar 2 was reported to have an increased host range that includes most solanaceous and
non-solanaceous plants. These plants include eggplants, pepper, weeds and geraniums, which
serve as alternative hosts. The ability to survive in alternative hosts where there may be only
latent infection furthermore complicates management of the disease (PradézaiarizfO0o;

Jansest al., 2004). ConsequentlR. solanacearumis a zero tolerance quarantine pathogen in

most European countries (Swansaral., 2005). Moreover, increased uncontrollable plant
devastation has also led to consideration of this pathogen as a potential select bioterror agent
(Younget al., 2008).
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14 MANAGEMENT OF R. solanacearum

Several strategies have been put in place to manage bacterial wilt disease, including crop
rotation (Adhikari and Basnyat, 1998), chemical control (Hayward, 1991; Swahsan

2005), breeding for resistant cultivars (lehal., 2008), use of biological agents (Lopez and
Biosca, 2004), as well as various soil amendment approaches éAaiith2004; Dannon and
Wydra, 2004; Linet al., 2008). Unfortunately, all of these have been met with little success.
Failure by most of the management approaches is attributed to the wide host rége of
solanacearum, the immense genetic variation among strains, as well as its ability to cause
latent infections and to survive for long periods in the absence of its host (varetEdbas

2000; Janset al., 2004; Lopez and Biosca, 2004). Although breeding of resistant cultivars is
the ideal control strategy for any plant disease, this approach is frustrated by the genetic
diversity in virulence oR. solanacearum strains and geographic-specific resistance @tin

al., 2008). Nevertheless, research on the model pleatiidops's thaliana has indicated that
certain ecotypes show resistance to the pathogen. This phenomenon is being exploited
towards gaining a better understanding of plant resistance to bacterial wilt disease and
subsequent identification of novel resistance genes (Deslandes1998; 2005). The use of
chemical and biological control is hindered by the pathogen’s localization within the plant’s
vascular systems, as well as in deep soil layers. In addition, chemical control could be
detrimental to the environment, whilst all of the biological control agents tested thus far were
unable to survive under conditions wh&esolanacearum thrives (Brown and Allen2004).

A better understanding regarding the pathogenesiR. ablanacearum and its ability to
survive in different ecological niches would thus be invaluable towards devising a novel,

efficient control strategy.

15 PATHOGENESIS OF R. solanacearum

Although R. solanacearum pathogenesis is poorly understood, several virulence factors have
been described. These include exopolysaccharide | (EPS | ) (McGairaky1998; 1999),

plant cell wall-degrading enzymes and proteins capable of suppressing plant defense
mechanisms (Schell, 1987; 2000; Schetll al., 1994; Poueymiro and Genin, 2009).
Expression of various virulence factors is under the control of both quorum sensing and
phenotype conversion systems (Shinoh&aal., 2006). These two systems ensure

coordinated expression of virulence genes, thus preventing premature alert of the host plant
6
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defense system when the pathogen inoculum is too low for establishing a productive infection
(Gonzalez and Keshaverz006). The successful promotion of disease development by
bacterial pathogens is not only dependent on expression of virulence factors, but also on their
successful delivery into host cells.Rnisolanacearum, most of the effector proteins described

thus far has been shown to be delivered directly into plant tissues by the type Ill secretion
(T3S) system (van Gijsegemt al., 2000). Activation of T3S system genes is entirely
dependent on physical contact with plant tissues, since its gene expression is under the
influence of a plant-inducible promoter (Leteal., 2008). Thus, bacterial adherence is critical

for disease development as it provides a physical link between the pathogen and the host,

which is a prerequisite for the infection process (Hendessaln, 1999).

151 Infection processof R. solanacearum

The invasion of plants bR. solanacearum has generally been thought to occur through the
roots only, but aerial transmission by insects has been reported forRsmol@nacearum
strains infecting banana (Soguila al., 1994; 1995). However, according to Hayward
(2005), there is insufficient evidence to support the latter. The current model & the
solanacearum infection process is therefore based on the root infection route.RThe
solanacearum inoculum in soil can come from various sour@g, infected potato plants and
tubers, as well as latently infected weeds and ornameealgieranium, which may or may

not show any disease symptoms (Jagisal., 2004; Swansomt al., 2005). Infected plants
constantly shed bacteria into the soil where they can survive for periods from five to twelve
years in the absence of their host. The inoculum can also be from contaminated household or
industrial waste water when used for irrigation, or from contaminated farming or packing
equipment (Janse, 2006).

According to Vasseet al. (1995; 2005),R. solanacearum present in the soil invades the
vascular tissues of the plant through wounded roots, natural openings that occur at the
emergence of secondary roots, or at the root tips. This is followed by colonization of
intercellular spaces and disruption of cell walls in the root tissues, thereby facilitating xylem
invasion. In the xylem, the bacterial population rapidly multiplies and may reach a density of
10'° CFU/mI of xylem fluid (McGarveyet al., 1999). The infection then spreads into upper
aerial parts of the plant through the vascular system. Invasion and rapid, systemic

colonization require that the pathogen secretes an array of virulence factors, some to its outer
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surface, others to the surrounding milieu and still others directly into host plant cells (Schell,
2000). The extensive colonization, coupled with the presence of high quantities of high-
molecular-weight extracellular polysaccharides excreted by the pathogen, leads to vascular
dysfunction (Kacet al., 1992; Schell, 2000). Water flow is impeded, thus resulting in wilting
symptoms, eventual plant collapse and death due to degradation of the vessels and
surrounding tissues. Plant collapse and death permit the bacteria to return to the soil where

they live a saprophytic life style, whilst awaiting a new host (Kelman and Sequeira, 1965).

The ability of R. solanacearum to infect a wide range of plants can be attributed to its
expression of an arsenal of different virulence factors. Apart from the aforementioned
virulence factors inR. solanacearum, many putative virulence genes have been identified
following whole-genome sequence analysis (Salancettat, 2002). The genome was found

to be organized into two large circular replicons, namely a 3.7-Mb chromosome and a 2.1-Mb
megaplasmid. This genomic arrangement is typical for most if noRabtonia and
Burkholderia species (Coenye and Vandamme, 2003). The whole-genome sequence analysis
confirmed that the megaplasmid harbors many virulence and pathogenicity genes, as
previously postulated by Boucher al. (1986). In contrast, the chromosome harbors genes
required for normal cellular functions, excepting genes needed for nucleotide synthesis that
are only encoded in the megaplasmid. Many genes in the chromosome have been duplicated
in the megaplasmid, which has been suggested to be evolving through acquisition of more

genes from the chromosome (Salanodbat., 2002; Genin and Boucher, 2004).

1.6 BACTERIAL-HOST ADHESION

For bacterial pathogens, recognition of and adherence to host cells are crucial steps during
pathogenesis (Hendersa al., 1999). Delivery of virulence factors into host cells is
completely dependent on physical contact between the pathogen and the host cell (Henderson
et al., 1999). Gram-negative bacteria, includiRgsolanacearum, have a number of surface
appendages for adherence (Salanou#tatl., 2002). Certain bacteria can adhere non-
specifically to surfaces using non-fimbrial structural adhesins that are present as monomers or
oligomers on the outer membrane. In contrast, pathogens typically have one or more
extracellular structures for specific adherence to host cells (Maetehy 1998; Henderson

et al.,, 1999). Adherence is frequently mediated by flagella, pili and adhesins, as well as
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extracellular polymeric substances (O’'Toole and Kolter, 1998; DeF&ual., 1999;
Genevauxet al., 1999; Espinosa-Urgedt al., 2000; Tans-Kerstedt al., 2001; Kanget al.,

2002; Jacksonet al., 2004). Notably, Salanoubagt al. (2002) reported that thd&R
solanacearum genome contains a large number of putative genes that code for outer
membrane proteins or components of bacterial appendages that may facilitate adherence of

the bacterium.

1.6.1 Flagela

Mutagenesis studies have shown that flagella play an important role in bacterial adherence
(O'Toole and Kolter, 1998). The absence of flagella in plant-associated bacteria, such as
Pseudomonas fluorescens andPseudomonas putida, has been reported to result in an impaired
ability of these bacteria to colonize potato and wheat roots (De Weger1987; DeFlauret

al.,, 1994). DuringR. solanacearum pathogenesis the flagella are proposed to be involved
early in wilt disease development. It is thought to play a role in the localization and transport
of the bacterium to the host plant, as well as in initial colonization (Tans-Ketsten2001).

This is based on observations that a non-motile, aflagellate mutant stRiisotdnacearum

shows reduced virulence in a soil soak assay, which requires the bacteria to actively locate
and invade plant roots from the soil. In contrast, when this non-motile aflagellate mutant was
applied directly to cut tomato petioles, it was as virulent as the parent strain (Tans-kersten
al., 2001).

1.6.2 Pili and adhesins

Previous studies have shown that pili and pilus-associated adhesins are important for
adherence to and colonization of surfaces by bacteria (Pratt and Kolter, 1998¢tkéung

2002; Blacket al., 2006). Pili are hair-like structures that radiate from the bacterial cell
surface and may present adhesive moieties, called adhesins, which recognize and bind to
specific host cell receptors (Hultgrast al., 1996). This binding event leads either to a
commensal or pathogenic relationship with the host. Pili implicated in adherence to biotic and
abiotic surfaces include type | pili (Pratt and Kolter, 1998;dtt., 2007), P pili (Kuehret

al., 1992; Roseet al., 2008) and type IV pili (T4P) (Kang al., 2002; Craiget al., 2004;

Craig and Li, 2008). Amongst these, T4P are well characterized and most widespread, being
present in almost all Gram-negative bacteria (Mattick, 2002; Rakotoarivenaig 2002;

Craiget al., 2004). Pili have been shown to be an important virulence factor associated with a
9
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wide range of diseases (Hahn, 1997; Taekell., 1998). Not only do pili facilitate contact

with the host, but they have also been shown to mediate other diverse functions. These
include flagella-independent surface translocation (Wall and Kaiser, 1999;eKaing2002),
microcolony and biofilm formation (O'Toole and Kolter, 1998), cell signaling (Zhang and
Normark, 1996), DNA uptake (Kraustal., 2000; Kanget al., 2002), and they can be used

as receptors by some bacteriophages (Skerker and Shapiro, 2000).

1.7 PILUSBIOGENESISAND SECRETION SYSTEMS

Based on the diverse roles of pili, the next part of the literature review will focus on various
types of pilus biogenesis systems. This section will be introduced by a brief summary of

protein secretion systems, of which some are involved in the assembly and secretion of pili.

Protein secretion does not only involve processes in which a protein crosses the outer
membrane barrier into the extracellular milieu, but also the export of proteins that remain
anchored to the cell surface such as flagella, pili and pilus-associated adhesins (Thanassi and
Hultgren, 2000; Desvaugt al., 2004). Gram-negative bacteria possess at least six different
pathways for protein secretion (Fig. 1.1), and their classification is broadly based on
sequence, structure and function (Lory, 1998; Thanassi and Hultgren, 2000; eTs#ng

2009).

In Gram-negative bacteria, some secreted proteins are exported across the inner and outer
membranes in a single step. Single-step transfer across the membranes and into eukaryotic
cells can occur either via the type | secretion (T1S) system, known to deliver adhesion
proteins (Delepelaire, 2004), type lll secretion (T3S) system, known to be a hypersensitivity
response and pathogenicity determinant (Casper-Lingtley., 2002; van Gijsegerat al.,

2000), or the novel type VI secretion (T6S) system, whose function is aided by both the
haemolysin-coregulated protein (Hcp) and Val-Gly Repeats (Vgr) that are thought to bind
and/or poke the target host cell (Bogeal., 2009).

Other proteins are first exported into the periplasmic space via the universal general secretory
(Sec) or twin-arginine translocation (Tat) pathways. The proteins are then translocated across

the outer membrane via either the type Il secretion (T2) system, responsible for secretion of

10
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cell wall-degrading enzymes (Brown and Alle2004; Gonzalezt al., 2007), or type V
secretion (T5S) system (Mori and Ito, 2001; Tsena@l., 2009). The T5S system, also
referred to as the chaperone-usher pathway, is entirely dedicated to the assembly of surface
structures in most bacteria (Thanassial., 1998; Saueet al., 2000). Notably, the T3S
system may also be involved in the assembly of pili. This is based on results indicating that
pili of Pseudomonas syringae could not be assembled in a mutant strain harboring a non-
functional T3S system (Roiret al., 1997). RemarkablyR. solanacearum possesses genetic
information for all six major secretion systems reported in Gram-negative bacteria
(Salanoubatt al., 2002; Genin and Boucher, 2004).

i
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ClpB ATPase
cytoplasm

Sec Tat

Typel Type ll TypeV Type lll Type IV Type VI

Fig. 1.1 Diagram illustrating the different secretion systems present in Gram-negative bacteria (Tseng
et al., 2009). Type Il and V secretion systems are dependent on the general secretory pathway (GSP).
In contrast, type I, Ill, IV and VI secretion systems are GSP-independent and are capable of directly
translocating their proteins across the inner and outer membranes. HM: host membrane; OM: outer
membrane; IM: inner membrane; OMP: outer membrane protein; MFP: membrane fusion protein.

171 TypelV pili (T4P)

T4P are hair-like appendages that extend from the bacterial cell surface and mediate
adherence to various surfaces (Soto and Hultgren, 1999). They are present in human
pathogens such as enteropathogéhicoli (EPEC),P. aeruginosa andVibrio cholerae, as

well as phytopathogens, suchRisolanacearum (Farinhaet al., 1994; Liuet al., 2001;Kang

et al., 2002; Mattick, 2002; Craigt al., 2004). The T4P have been implicated in virulence,
DNA uptake, twitching motility and the promotion of interbacterial interactions leading to

autoaggregation (biofilm) on host tissues (Craig and Li, 2008).

11
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1.7.1.1 General characteristicsof T4P

T4P are identified based on amino acid sequence similarities of the major pilin subunit, as
well as morphological traits such as the width, length and flexibility of the pili (Strom and
Lory, 1993; Pelicic, 2008). Based on immunologic and crystallographic data, T4P are thin
with a diameter of 50-80 A and are typically up to 4 000 nm long, with a pitch distacae of

40 A and about five subunits per turn (Paeyel., 1995). These pili are flexible but strong
fibers and many pili interact to form bundles (Creti@l., 2004). A typical T4P is comprised

of one major subunit, which possesses a number of unique properties. It contains a short basic
amino (N)-terminus leader peptide, a modified amino adighéthylophenylalanine) at the
N-terminus of mature pilin, a highly hydrophobic N-terminal domain, and a disulfide-bonded
carboxy (C)-terminal domain (Hobbs and Mattick, 1993; Pugsley, 1993; Alm and Mattick,
1997). The leader peptide is cleaved by a specific/specialized inner membrane signal
peptidase during maturation of the pilin subunit (Lory and Strom, 1997). In the majority of
bacteria possessing T4P, the major pilins have been implicated in adherence to surfaces
(Farinhaet al., 1994; Leeet al., 1994).

Although most T4P are flexible structures and arranged in a helical manner, the toxin-
coregulated pili (Tcp) o¥. cholerae (Tayloret al., 1987) and the bundle-forming pili (Bfp) of
enteropathogeni€&. coli (Girén et al., 1991) have some unique characteristics among T4P
pili. The TcpA and BfpA pilins assemble into straight fibers of variable length that have a
strong tendency to aggregate laterally (Biedted., 1998). In addition, whereas most type 1V
prepilin proteins are characterized by a short basic leader sequence (less than 10 amino acids)
and a conserved phenylalanine residue that follows the cleavage site (referred to as T4ap), the
TcpA and Bfp prepilins are characterized by larger leader peptides (15-30 amino acids) and
the absence of phenylalanine in the position immediately after the conserved leader peptide
cleavage site (referred to as T4bp) (Cretigl., 2004). Moreover, the mature type IVa pilin
sequence is about 150 amino acids in length, whilst the amino acid sequence of the mature

type Vb pilin may vary in length from 40-50 to 190 amino acids (Pelicic, 2008).

1.7.1.2 Biogenesisof T4P

Although the genes required for T4ap assembly are typically located in various regions of the
bacterial genome (Strom and Lory, 1993; Pelicic, 2008), those required for T4bp assembly are

usually clustered together. For example,tipegenes oiV. cholerae are clustered in a single
12
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region of the chromosome (Kaufmanal., 1993), and théfp genes of enteropathogertc

coli (EPEC) are clustered in an 80-kb virulence plasmid (Gatoéal., 1991; Stoneet al.,

1996). Moreover, in comparison to T4ap, fewer genes are needed for the assembly of T4bp.
Nevertheless, certain molecular mechanisms involved in T4ap and T4bp biogenesis are
conservede.g. prepilin transport, processing, filament assembly and pilus emergence on the
surface (Pelicic, 2008).

The T4ap biogenesis process appears to require a strikingly large set of dedicated proteins
(Martin et al., 1995; Yoshidaet al., 1999; Carbonnellet al., 2005). Characterization &f.
aeruginosa mutants, which lack twitching motility mediated by T4ap, has led to the
identification of several genes involved in T4ap biogenesis and function. These genes are
divided into four groups. Firstly, there are four transcriptional regulapd& pilR, fimS and

algR). The second group comprises of eighé-like genes ((ilG, H, I, J, K, L, chpA and

chpB), which control T4ap-based twitching motility (Darzins and Russell, 1997). The third
group encompasses T4ap biogenesis ganiks B8, C, D, E, F, M, N, O, P, Q, V, W, X, Y1,

Y2, Z, fimT andfimU), and the fourth group has two pilus function gepd3 @ndpilU) (Alm

and Mattick, 1997; Wall and Kaiser, 1999).

Recently, Carbonnellet al. (2006) reported that the assembly of T4ap may be much simpler
than previously thought (Soto and Hultgren, 1999). In addition to the pilin (PilA), only a core
of six proteins (PilD, PilF, PilM, PiIN, PilO and PilP) may be required to assemble the
prepilin protein into mature T4ap. PilF is an ATPase that provides energy for extrusion of the
pili, whilst PilQ, the only protein associated with the outer membrane, is required for the
emergence of the fibers on the cell surface. PilD is the prepilin peptidase needed for
maturation of the prepilin by cleaving the leader peptide from the prepilin. The PilM, PilN,
PilO and PilP proteins might constitute the essence of the machinery necessary for the

mechanical assembly of T4ap.

A simplified model for T4ap biogenesis and secretion has been described by Welfghng
(2000) and Carbonnellet al. (2006). Following translocation of the pre-PilA precursor
subunits into the periplasmic compartment, these subunits are transitorily anchored into the
inner membrane at the periplasmic side by a conserved hydrophobic domain located at the N-
terminus, immediately after the signal peptide, whilst the hydrophilic C-terminal domains are
oriented towards the periplasm (Kaufmetral., 1991; Pugsley, 1996). The hydrophobic N-

13
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terminus is cleaved at the cytoplasmic side of the inner membrane by the prepilin peptidase,
PilD, to generate mature PilA (major pilin) (Nunn and Lory, 1991). Finally, the mature pilins
pack into a pilus fiber that is exported to the extracellular milieu through a channel formed by
the secretin (PilQ) (Collingt al., 2004). The proper localization and stability of the PilQ
complex is dependent on an outer membrane lipoprotein (PilP), referred to as a pilotin
(Martin et al., 1995; Hardieet al., 1996; Crago and Koronakis, 1998). PilN and PilO form
pilus-like structures in the periplasm that guide pilus assembly in-between the membranes
(Craiget al., 2004). Extrusion and assembly of the pili are facilitated by the energy provided
by PilF, which functions as an ATPase (Turetal., 1993; Sakagt al., 2001).

1.7.2  Flppili

In 2000, a novel T4bp biogenesis and secretion system was simultaneously described in
Aggregatibacter  actinomycetemcomitans  (formerly  known  as Actinobacillus
actinomycetemcomitans) (Kachlanyet al., 2000) andCaulobacter crescentus (Skerker and
Shapiro, 2000). This pilus biogenesis and secretion system is dedicated to the synthesis and
secretion of Flp pili (forifmbrial-like protein), a novel and distinct subfamily of T4bp pilin
proteins (Kachlant al., 2000; Pereet al., 2006). Homologues of the Flp pilus biogenesis

and secretion system have since been identified in other bacteria and Archaeae(Rlgnet
2003; Tomichet al., 2007). The Flp pilus biogenesis and secretion system has been shown to
be important for adherence and colonization, and it was also reported to play a role in
virulence (Fulleret al., 2000; Nikaet al., 2002; Spinoleet al., 2003; de Bentzmand al.,

2006; Tomichet al., 2006). The following sections will therefore discuss the Flp pilus

biogenesis and secretion system, as described in different bacterial species.

1.7.2.1 TheFlp pilus biogenesis and secr etion system of A. actinomycetemcomitans

A. actinomycetemcomitans is a Gram-negative, facultativanaerobic coccobacillus that
inhabits the oral cavities of humaasd wild primates (Asikainest al., 1991; Meyer and
Fives-Taylor, 1998; Hendersaat al., 2003). It is aropportunistic pathogen and has been
implicated as the primary etiological agehtocalized juvenile and severe adult periodontitis
(Armitage,1999; Hendersost al., 2003). MoreoverA. actinomycetemcomitanshas also been
associated with non-oral infections, includiagdocarditis, septicaemia and abscesses (Van
Winkelhoff and Slots, 1999).

14
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Fresh clinical isolates d&. actinomycetemcomitans are able to adhere tightly to solid abiotic
surfaces, such as glass, plastic and hydroxyapatite, and are capable of forming a tenacious
biofilm (Scannapiecet al., 1983; 1987; Inouyet al., 1990; Fineet al., 1999a; Kachlangt

al., 2000). Electron microscopy studies of the clinical isolates revealed that they express long,
thick fibrils (Fives-Tayloret al., 2000; Kachlanyt al., 2000). Each fibril consists of a parallel
array of individual pili ofca. 5 to 7 nm in diameter, and the fibrils become interlocked by
sharing individual pili (Inouyeet al., 1990; Kachlanyet al., 2001). The fibrils are often
several microns long and up to 100 nm thick (Kachlangl., 2001). On solid medium,
colonies of fresh clinical isolates display rough colony morphology (Ineuste, 1990; Fine

et al., 1999b). However, these colonies convert to a smooth phenotype upon repeated
subculture and this conversion is accompanied by a loss of fimbriae and autoaggregation
(Inouyeet al., 1990; Fineet al., 1999b; Slots and Ting, 1999; Kachlagtyal., 2000). These
findings suggested that the fimbriae (pili), subsequently termed Flp pili, are directly

responsible for both adherence and autoaggregati@naofinomycetemcomitans.

1.7.2.2 Thetad locus of A. actinomycetemcomitans

Biochemical analysis demonstrated that the Flp pili Aof actinomycetemcomitans are
composed of a 6.5-kDa polypeptide (Incgteal., 1998). Using the N-terminal amino acid
sequence of the major protein isolated from purified fibril preparations, letcale (1998)
identified the nucleotide sequence of tthe-1 gene, which encodes the major structural
component of Flp pili (Kachlangt al., 2001). Subsequently, the genetic locus responsible for
the biogenesis and secretion of Flp pili has been identified. This locus, designatad the
locus (for tght acherence), comprises 14 gendip-(-flp-2-tadV-rcpCAB-tadZABCDEFG)
(Kachlanyet al., 2000), and is presented graphically in Fig. 1.2.

Promoter

repA rcpB  tadZ fadA tadB tadC tadD  tadE tadF aaG

e —_— |
| | secretin NTPase molecular pseudopilins
majorpili  prepilin energy pistons
peptidase

Fig. 1.2. Thetad locus ofA. actinomycetemcomitans. The arrows point to the direction of transcription
and transcriptional terminators (T1, T2 and T3) are shown by lollipops. T1 and T3 are intrinsic
terminators, whilst T2 is a Rho-dependent terminator (Modified from Ktaah, 2008).
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» flpand tadV genes

Theflp-1 gene, which encodes the Flp prepilin protein, is located immediately downstream of
the promoter region. The Flpl precursor has a signal peptide sequence at its N-terminus that is
cleaved upon export from the bacterial cell (Tonechl., 2006). Immediately downstream of

flp-1 is a secondp allele, designatefip-2. Phylogenetic analysis has indicated that not only

is FIp2 a homologue of Flp1, but also that both Flpl and FIp2 belong to a distinct subfamily
of the T4b pilin proteins (Kachlargt al., 2001). Although insertion mutagenesis studies have
indicated thaflp-1 mutants fail to adhere to surfaces and do not express pili, the functional
significance offlp-2 is not known as the gene does not appear to be expresskd in
actinomycetemcomitans (Kachlanyet al., 2001; Pereet al., 2006).

The tadV gene ofA. actinomycetemcomitans is located between thigp and rcpCAB genes,

and encodes a prepilin peptidase with homology to those of T4P and T2S systems € omich
al., 2006). It was subsequently shown that the TadV protein is required and sufficient for
maturation of the Flp pili, as well as for maturation of TadE and TadF pseudopilin proteins
(Tomich et al., 2006). Although the TadV protein contains two highly conserved aspartate
residues that are critical for proteolysis, it lacks the N-terminal methyltransferase domains
found in T4P and T2S prepilin peptidases. Therefore, it was proposed that TadV may be a
novel non-methylating aspartic acid prepilin peptidase (Toetiah, 2006).

s rcpgenes

Immediately downstream of thiiadV gene are thecpCAB (for rough_olony protein) genes,

which were initially identified in a study by Haasteal. (1999). This study compared protein
profiles of rough and smooth strainsAfactinomycetemcomitans. The results indicated that

the RcpA and RcpB proteins are present in outer membrane protein preparations @ rough
actinomycetemcomitans strains only, and entirely absent from smooth non-adherent strains.
The RcpA protein is a member of the GspD/PulD family of outer membrane proteins, also
referred to as secretins, and is predicted to form the outer membrane channel for secretion of
the Flp pili (Kachlanyet al., 2001; Clocket al., 2008). In contrast, the RcpB protein has no
known homologues in other bacterial secretion systems. The role of the RcpB protein is
unclear, because gene inactivation studies have failed to produce viable mutants or a
functional Tad biogenesis system (Wang and Chen, 2005; ez 2006). Although

inactivation ofrcpB has been achieved in smooth non-piliated strains, such inactivation is not
16
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useful since théad genes are either poorly expressed or not expressed at all in these strains
(Kachlanyet al., 2000; Pereet al., 2006). Nevertheless, since RcpB was exclusively isolated

in outer membrane protein preparationsAofactinomycetemcomitans, it was proposed that

this protein may be required for the assembly and/or stability of the secretin complex.
Alternatively, it was suggested to gate the secretin pore, thus ensuring the integrity of the
outer membrane during pilin extrusion (Peeeal., 2006). Similar to RcpB, the RcpC protein

has no homology with known proteins. However, it is speculated that this protein may be
involved in post-translational modification of the Flp pili by glycosylation (Torgchl.,

2006). This is based on the observation that the Flp proteinrgb@mutant migrates faster
through a SDS-polyacrylamide gel compared to the Flp protein of the parent strain. lyer and
Aravind (2004) identified two tandeficlip domains in RcpC, which are known to facilitate
glycosylation and interaction with carbohydrate moieties. Therefore, it may be possible that
one or both of the Rcp@-clip domains interact with the carbohydrates on glycosylated Flp

pili to facilitate its extrusion through the secretin ring (Tonechal., 2007).

» tadgenes

Downstream ofrcpCAB is a cluster of eight tandem genéadZABCDEFG), collectively
termed thead genes (Kachlangt al., 2000). Mutations in any of thted genes resulted in a
defect in adherence and production of Flp pili (Kachletral., 2000; Wang and Chen, 2005).

The TadZ protein shows homology with the MinD/ParA superfamily of proteins (Toghich

al., 2007). Whereas MinD has a role in cell division (de Beeml., 1991; Hu and
Lutkenhaus, 1999; Raskin and de Boer, 1999), ParA directs directional chromosome
segregation during cell division (Dawsal., 1992). Both MinD and ParA therefore controls
distinct cellular localization patterns. The homology of TadZ to this superfamily of proteins
has thus been proposed to indicate that it may play a role in localizing the Tad apparatus to

the cellular poles of the bacterium (Tomgthal., 2007).

The TadA protein shows homology with secretion NTPases of T4P and T2S systems
(Bhattacharjeet al., 2001; Planegt al., 2001). According to Crowthet al. (2005), NTPases
couple the energy of ATP hydrolysis to protein secretion and/or pilus assembly. Purified
TadA of A. actinomycetemcomitans has demonstrable ATPase activity and mutagenesis of the
Walker box, a nucleotide binding motif in NTPases (Walkerl., 1982), abolished this
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activity and Flp pili production (Bhattacharje al., 2001). TadA therefore appears to
function as an ATPase that provides energy for Flp pilus assembly and, as such, is critical to
the functioning of the Flp biogenesis and secretion system (Bhattactiaaje€001).

The TadB and TadC proteins Af actinomycetemcomitans show limited identity (13%) at the
amino-acid-level and thus, their genes may be paralogues (Bilahet2003). Both proteins
exhibit sequence similarity to the PilC family of inner membrane proteins found in T4P and
T2S systems (Crowthegt al., 2005; Craiget al., 2004). Other known members of the PilC
family are the enteropathogente coli proteins, BfpE and BfpD. Protein BfpE has been
shown to bind to protein BfpD, the cognate ATPase, thus resulting in an increase in its
catalytic activity (Crowtheret al., 2005). BfpD serves as a motor that generates energy
through ATP hydrolysis and transfers it to the BfpE protein, which, in turn, channels it into
pilus elongation (Craigt al., 2004; Crowtheet al., 2005). Therefore, similar to BfpD and
BfpE, the TadB and TadC proteins are proposed to function as molecular pistons that channel
the energy of ATP hydrolysis from TadA into Flp pilus polymerization. Alternatively, it was
also proposed that they may serve as a membrane support of the pilus biogenesis apparatus at

the inner membrane (Tomi&hal., 2007).

The TadD protein lacks homology with proteins present in other bacterial secretion systems,
such as the T4P and T2S systems. Nevertheless, the TadD protein is a predicted lipoprotein
that is localized to the outer membrane. The protein has a tetratricopeptide repeat (TPR)
domain, which is required for protein-protein interactions, and it was suggested that TadD is
crucial for ensuring proper assembly and stability of the RcpA secretin (&lack2008).

The TadE and TadF proteins are termed pseudopilins since they exhibit pilus-like features,
but do not appear to be assembled into the Flp pili (Tomstiah, 2006). The TadE and TadF
proteins are 22% identical at the amino-acid-level, and their genes are likely to be paralogues
(Tomichet al., 2006). Both these proteins have an N-terminal signal peptide and the sequence
of the processing site is similar to that of the Flp prepilin protein (Toetieh, 2006). The

TadE and TadF pseudopilin proteins appear to interact and are both essential for Flp pilus
biogenesis. This is based on the observation that overexpression of either pseudopilin does not
restore Flp pilus biogenesis in the absence of the other pseudopilin (Tenakch2006).

Analogous to pseudopilins of T2S systems, the TadE and TadF proteins are proposed to form
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pilus-like structures in the periplasm that may aid in the extrusion of the Flp pili (T@mnich
al., 2007).

The TadG protein was initially identified in Flp pilus preparations and thought to be a
structural subunit of Flp pili (Inouyet al., 1990; Inoueet al., 1998), before the identification

of FIp as the major pilin (Kachlangt al., 2001). No homologues of TadG have been
identified in any of the known bacterial secretion systems (Kacldaaly, 2000). However,

Wang and Chen (2005) suggested that TadG may be responsible for anchoring of the Flp
pilus to the cell. This is based on the presence of a von Willebrand factor A (VWA) domain
that has several functions, including mediation of protein-protein interactions (Whittaker and
Hynes, 2002). It has more recently been proposed that the TadG VWA domain may rather be
involved in protein-protein interactions with other Tad components (Tostich., 2007).
Nevertheless, TadG appears to be indispensable for Flp pilin biogenedzd&smutant is
non-piliated (Kachlangt al., 2000).

1.7.2.3 Regulation of the tad locus of A. actinomycetemcomitans

As indicated above, the function of some of the Tad proteins have been elucidated in various
studies. However, little is known regarding the operation and regulation tadthecus inA.
actinomycetemcomitans, and no specific environmental cues have been shown to trigger
transcription of thead locus (Clocket al., 2008). Transcription of th&ad locus appears to be
controlled from a central position, as a single very stedfiggromoter is located upstream of
theflp-1 gene (Fig. 1.2) (Haagtal., 2003; Wang and Chen, 2005; Kratral., 2008).

Recently, Kramet al. (2008) reported that a transcriptional termination cascade may be
responsible for regulating the relative transcription levels oft#idelocus genes. Three
transcriptional terminators (T1-T3) were identified, two of which (T1 and T3) are likely to be
intrinsic terminators and the third (T2) appears to act through a Rho-dependent mechanism.
The T1 and T2 terminators are located in the intergenic region betweép-thandflp-2

genes and between thadV andrcpC genes, respectively, whereas the T3 terminator is
located immediately downstream of tt&dG gene (Fig. 1.2). It was suggested that the
differential expression of genes in ttael locus ofA. actinomycetemcomitans can be achieved
through termination of transcription at the different terminators, thereby yielding different

abundances in the transcripts that correlate with the estimated stoichiometry of the Tad
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proteins required for efficient pilus biogenesis (Inetial., 1998; Bhattacharjest al., 1998;

Tomich et al., 2006). Based on this model, it therefore follows that expression dbdhe
genes from the three different polycistronic mRNA transcripts would yield a high abundance
of FIp1l and slightly less of the TadV prepilin peptidase, whilst proteins that compose the
structural components of the Tad machinery would likely be present in small amounts (Kram
et al., 2008). It should, however, be noted that the predicted 12-kb transcript corresponding to
the entiretad locus has not yet been detected. This may be due to rapid processing events or
the transcript may be highly unstable (Kranal., 2008).

1.7.3 TheFlp pilus biogenesis and secr etion system of Haemophilus ducreyi

H. ducreyi is the etiological agent of the sexually transmitted disease chancroid (Morse,
1989). Nikaet al. (2002) identified a 15-gene cluster in the genomeHofucreyi that
encodes proteins with significant homology to those encoded by #Ahe
actinomycetemcomitans tad locus. Thre€flp alleles were identified in thél. ducreyi gene
cluster. Whereasflp-1 encodes a protein that is 46% identical to Flpl Af
actinomycetemcomitans, theflp-2 andflp-3 alleles encode proteins more similar to FlpHof
ducreyi than to Flpl ofA. actinomycetemcomitans (88% and 50%, respectivelyMutations
within theflp-1 andflp-2 genes oH. ducreyi significantly reduced the ability of the bacteria

to adhere to a plastic surface and to form microcolonies when cultuxgio with human
foreskin fibroblasts. Microcolony formation does not appear to be essential for virulence,
since H. ducreyi mutants with an in-frame perturbation of tHe gene cluster, despite
resulting in a deficiency in microcolony formation, were fully virulent in a rabbit model for
experimental chancroid (Nikeat al., 2002). However, a mutamd. ducreyi strain with an

inactivatedtadA gene exhibited decreased virulence in this rabbit model @liida 2002).

1.7.4  TheFlp pilus biogenesis and secr etion system of Pseudomonas aeruginosa

P. aeruginosa is a ubiquitous Gram-negative bacterium and is known to be highly successful
in colonizing diverse environments (Palleroni, 1992a; 1992b). The bacterium is an
opportunistic pathogen of humans, causing infection in immunocompromised patients (Van
Delden and Iglewski, 1998; Ramsey and Wozniak, 20053ilico analysis of the available
genome sequence Bf aeruginosa led to the identification of sequences that are homologous
to several of the previously reportéd, rcp andtad genes (van Schalkwyk, 2003). This has
subsequently been confirmed by de Bentzmetrad. (2006). It was furthermore shown that
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they encode a functional system for the assembly of Flp pili at the cell surface, since
inactivation of thetadA and rcpA-like genes inP. aeruginosa resulted in cells with no
observable Flp pili (de Bentzmaret al., 2006). Notably, thdlp and rcp-tad genes are
divergently orientated, whilst thepB andtadE genes are not readily identifiable in ttael

gene cluster oP. aeruginosa (de Bentzmanat al., 2006). Furthermore, the. aeruginosa tad

gene cluster contains three genes (PA4298A and pprB) that appear to be unique R
aeruginosa (de Bentzmanaet al., 2006).

Interestingly, theP. aeruginosa tad gene cluster has a unigue genetic organization. The gene
cluster is organized into five transcriptional units that are divergently transcribed (Fig. 1.3)
(Bernardet al., 2009). The transcriptional units are comprised of the gene encoding Flp pili,
nine genesrfpC-tadG) that constitute thecp-tad locus, the gene encoding the response
regulator PprB, the gene encoding the FppA prepilin peptidase, and the genes encoding a
pseudopilin adF) and a sensor kinasep(A). In P. aeruginosa, global approaches have
shown that soméad genes are either regulated by quorum sensing (Scheiséér 2003;
Wagneret al., 2003), or are under the control of the VgsR master regulator (&ulahs

2005) or the MvaT transcriptional regulator (Vakeal., 2004). More recently, Bernastial.

(2009) reported that thigp gene is expressed late in the stationary growth phase in aerobic
conditions and thatad gene expression was positively controlled by the PprB response
regulator. The PprB response regulator was shown to bind to the respective promoter regions,

directly controlling the expression of these genes.

PromoterV
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Fig. 1.3 The tad locus of P. aeruginosa, showing the putative location of eatd gene and the
various promoters (I-V). The five promoter regions have binding sites for the response regulatory
protein PprB. The arrows point to the direction of transcription of the respective transcriptional units
(Modified from Bernarct al., 2009).
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175 ThePilA-Cpa pilus system of Caulobacter crescentus

A seven-genepil A-cpa locus (for Caulobacter pilus assembly) inC. crescentus, a non-
pathogenica-proteobacterium, was found to be responsible for the production of pili of
unknown function, although it appears that the pili are used as receptors by bacteriophage
®CbK (Skerker and Shapiro, 2000). TRe crescentus pilus-encoding region contains the
pilin genepilA, which is a member of the Flp subfamily of T4b pilin proteins, as well as
several homologues of genes present intdddocus of A. actinomycetemcomitans (Skerker

and Shapiro, 2000). Transcriptional regulatiomit® was shown to be under the control of a
two-component response regulator responsible for cell cycle control, namely CtrA (Skerker
and Shapiro, 2000). In addition, the transcription profile of all the genes pil#epa gene
cluster of C. crescentus has been determined using DNA microarray analysis. The genes
cpaB-cpaF are co-induced 15 min before thg#A gene, and the gene encoding the putative
prepilin peptidasegpaA, is induced slightly after thepaB-cpaF group. These genes are thus

all induced prior to pilin gene transcription and pilus assembly, suggesting that may function

in pilus biogenesis and secretion (Skerker and Shapiro, 2000).

1.8 AIMSOF THISSTUDY

Bacterial wilt, of whichR. solanacearum is the etiological agent, is a destructive plant disease
worldwide (Hayward, 1991; Priogt al., 1998; Poussieet al., 2000; Jansest al., 2004).
Although many different methods for managing the disease have been reported, most of them
are ineffective. Failure of most methods has been ascribed to the ever-increasing host range of
R. solanacearum, its ability to form latent infections, and its ability to survive for long periods

in water and soil in the absence of host plants (Elphingiosle 1998; van Elsast al., 2001,
Williamson et al., 2002; Janset al., 2004). It can be envisaged that investigations into the
pathogenesis and survival strategiesRofsolanacearum in diverse niches may help to
overcome these impediments. A crucial step for disease development is the adheRence of
solanacearum to its plant host (Genin and Boucher, 2004), and both flagella and T4ap have
been implicated in this process (leual., 2001;Tans-Kersteret al., 2001; Kanget al., 2002).
However, Kanget al. (2002) reported that althoughpdA mutant ofR. solanacearum lacked

T4ap, it was still able to adhere to tobacco suspension cells and to tomato roots. Moreover,
the mutant strain was also capable of causing wilt disease in both young and mature tomato

plants, albeit slower than the parent strain in mature plants (#ahg 2002). This therefore
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suggests the presence of as yet unidentified structures that may influence the adherence and
virulence properties oR. solanacearum. Subsequent to the above-mentioned studieR. in
solanacearum, a novel T4bp pilus biogenesis and secretion system involved in adherence and
colonization has been describedAnactinomycetemcomitans (Kachlanyet al., 2000), and
homologues of this system have since been identified in the genomes of a wide variety of
Gram-negative and Gram-positive bacteria (Plahat, 2003; Tomichet al., 2007). Notably,

it has also been reported that the novel Flp pilus assembly and secretion system plays a role in
virulence ofA. actinomycetemcomitans (Schreineset al., 2003),H. ducreyi (Nika et al., 2002;
Spinolaet al., 2003) andPasteurella multocida (Fuller et al., 2000).

Therefor e, based on the above, the objectives of this study were:

. To identify homologues iR. solanacearum of genes previously described to compose
the Flp pilus biogenesis and secretion system, thrauglico analysis of the available

genome sequence.

. To investigate the importance of the Flp pilus biogenesis and secretion sysiem in
solanacearum virulence on potato, through the generation of an appropriate mutant
strain and comparison of the strain to the parent strain with regards to its ability to

induce disease on potato.
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CHAPTER TWO

IN SILICO IDENTIFICATION AND CHARACTERIZATION OF FLP
PILUS BIOGENESISAND SECRETION SYSTEMSIN

Ralstonia solanacearum
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21 INTRODUCTION

Bacterial wilt, of whichRalstonia solanacearum is the causal agent, is an economically
important plant disease globally (Poussteral., 2000; Swansoret al., 2005). Despite the
devastation caused by the disease, little progress toward controlling this phytopathogen has
been made. Management of bacterial wilt is complicated by, amongst other, increased
resistance ofR. solanacearum to various antibiotics and metals (Mergeayal., 2003;
Swansoret al., 2005), an ever-widening plant host range (Williamebal., 2002; Janset

al., 2004), and its ability to adapt and thrive in diverse environmental niches (Elphiestone
al., 1998; Pradhanareg al., 2000; van Elsast al., 2000; Janset al., 2004). In addition to its

many secreted virulence factors (Scleelél., 1994; McGarveyet al., 1999; Gonzaleet al.,

2007), R. solanacearum is also capable of readily acquiring novel genes, possibly through
horizontal gene transfer (Sarkar and Guttman, 2004) or through modification of pre-existing
genes (Lavieet al., 2004; Genin and Boucher, 2004). The observed genetic versatility thus
also contributes to the successRokolanacearum to grow and survive in different ecological

niches, as well as to cause infections in diverse plant species (Salagi@ih2002).

The complete sequence of tResolanacearum GMI1000 genome, comprising a chromosome

and megaplasmid, has been determined (Salanetlaat 2002). Whole-genome sequence
analysis indicated that not only are many genes in the chromosome duplicated in the
megaplasmid, but also that the megaplasmid harbors a considerable number of virulence and
pathogenicity genes (Salanoulsttal., 2002; Genin and Boucher, 2004). The ability of
phytopathogens, including. solanacearum, to adhere to plant tissues is a crucial first step in

the pathogenesis process (Hendemtaad., 1999). In this regard, it is particularly interesting

to note thatR solanacearum encodes a large number of putative proteins that may aid
adherence of the bacterium to surfaces (Salanaatbalt, 2002). Using a reverse genetics
approach, both flagella and type 1Va pili (T4ap) have been implicat&®l $olanacearum
adherence andrulence (Liuet al., 2001;Tans-Kersteret al., 2001; Kanget al., 2002). The
results, however, do not exclude the involvement of other as yet uncharacterized surface
appendages, since a mutant strairRosolanacearum deficient in T4ap was reported to be

capable of both adhering to plant cells and causing wilt disease é&aing2002).
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Research performed during the last decade has led to the identification and characterization of
a novel class of type IVb pili (T4bp) (Kachlastal., 2000). These pili, commonly referred to

as Flp pili, have been identified in human pathogenic bacteria sudggaegatibacter
actinomycetemcomitans (Kachlanyet al., 2000),Haemophilus ducreyi (Nika et al., 2002) and
Pseudomonas aeruginosa (van Schalkwyk, 2003; de Bentzmaetnal., 2006). Theflp gene,

which encodes the major fimbrial subunit, proved to be part of a large gene cluster, termed the
tad locus, which encodes a secretion system for the assembly and release of the pili (Kachlany
et al., 2000; de Bentzmanet al., 2006). It has been reported that the locus is required by

A. actinomycetemcomitans andP. aeruginosa for adherence since cells containing mutations

in this gene cluster failed to adhere to surfaces (Kachdaal, 2001; de Bentzmanet al.,

2006). Moreover, it has been reported that mutations irntadh& gene, which encodes a
secretion ATPase, significantly reduced virulence Ayactinomycetemcomitans and H.

ducreyi (Schreineret al., 2003; Spinolaet al., 2003). Although homologues of the Flp pilus
biogenesis and secretion system have since been identified in the genomes of a wide variety
of Gram-negative and Gram-positive bacteria (Plahet., 2003; Tomichet al., 2007), the

best studied Tad systems are thosA. @fctinomycetemcomitans andP. aeruginosa.

Since Flp pili have been implicated in adherence and virulence, the aim of this part of the
study was therefore to determine whetResolanacearum possesses a pilus biogenesis and
secretion system similar to that described above. This was investigated by searching for
homologues of théad locus genes in thR. solanacearum genome sequence, followed by
sequence analysis of the putatiResolanacearum proteins to identify conserved features that

may be related to their function.

2.2 MATERIALSAND METHODS
221 Computational analyses

Nucleotide sequences 8 solanacearum potentially coding for proteins similar to tffip,

rcp andtad gene products of\. actinomycetemcomitans and P. aeruginosa were identified
using the BLAST program to search tRe solanacearum GMI1000 genome sequence
(available at httpisequenceoulouseinra.fr/R.solanacearurhtml). Amino acid sequences of

the putativeR. solanacearum proteins were then compared to entries of the GenBank database
by making use of the BLAST-P program (Altsclatlal., 1997) available on the National
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Centre for Biotechnology Information web page (http://www.ncbi.nim.nih.gov/BLAST/).
Default settings of the BLAST program were used and the names of previously identified
sequences obtained from these searches were retained in this study. Pair-wise alignments
were performed with BLAST-P, while multiple alignments were carried out with MAFFT v.6
(Katoh et al., 2002). Phylogenetic analyses were conducted with MEGA v.4 (Taehata

2007), and Neighbor-Joining (NJ) distance-based phylogenetic trees were constructed (Saitou
and Nei, 1987). Branch support was estimated with non-parametric bootstrap analysis based
on 1000 replicates (Felsenstein, 1985).

The amino acid sequence of individialsolanacearum proteins was analyzed with different
programs, as indicated in Table 2.1, to gain a better understanding regarding their possible
function. Conserved motifs or domains were identified with the SMART tool, signal peptide
prediction was performed with SIGNALP and the cellular location of proteins was predicted
with PSORT. Domains typical of cell membrane-associated proteins were identified with
DAS, whilst transmembrane domains were predicted with TMPRED. Lipoproteins were
identified with LipoP.

Table 2.1 Programs used to identify different featurefirsolanacearum proteins

Program Uniform Resource L ocator (URL) address Reference
SMART tool http://smart.embl-heidelberg.de/smart Letunicet al. (2009)
SIGNALP http://www.cbs.dtu.dk/services/SignalP Bendtseret al., (2004)
PSORT http://psort.ims.u-tokyo.ac.jp Nakai and Kanehisa (1991)
DAS http://www.sbc.su.se/~miklos/DAS Cserzoet al. (1997)
TMPRED http://www.ch.embnet.org/software/TMPRED Hofmann and Stoffel (1993)
LipoP http://www.cbs.dtu.dk/services/LipoP Rahmaret al. (2008)

The G+C content oR. solanacearum genomic regions was calculated with the DNA/RNA

GC Content Calculator (at http://www.endmemo.com/bio/gc.php), whilst the theoretical
molecular mass (Mw) of the different proteins was determined with the pl/Mw tool (at
http://ca.expasy.org/tools/pi_tool.html). Searches for promoter sequences and transcription
start sites were performed with BPROM tools (at http://www.softberry.com/berry.html) and
SAK software (Gordomt al., 2003).

27

© University of Pretoria



TEIT VAN PRETO
ITY OF PRETO
ITHI YA PRETO

mn
«Z

23 RESULTS

2.3.1 Identification of gene clustersin R. solanacearum homologous to the tad loci of
different bacteria

BLAST searches of thR. solanacearum genome with each of the proteins encoded byethe

gene clusters inA. actinomycetemcomitans and P. aeruginosa, respectively, led to the
identification of twotad loci (Fig. 2.1). The first of these is present in a 12.633-kb region of
the R. solanacearum megaplasmid, located at nucleotides 137 0181-138 2814, and contains
14 open reading frames (RSP1079 through RSP1092). Although these ORFs encode predicted
proteins with homology to most of the known Tad system proteins, homologues of a second
Flp prepilin protein, as well as TadE and RcpB proteins encoded btadhecus of A.
actinomycetemcomitans could not be identified. These proteins are also absent from the Tad
system ofP. aeruginosa. Moreover, protein RSP1081 displayed amino acid sequence identity
with PA4298 ofP. aeruginosa. This protein has thus far been reported only intédegene

cluster of P. aeruginosa, but its function is not yet known (de Bentzmagtnal., 2006).
Proteins RSP1079 and RSP1088 appear to be unique tadthecus in the megaplasmid,
although protein RSP1079 displayed amino acid sequence identity with the transcriptional
regulator PilR (Darzins and Russell, 1997). The G+C content of genes comprising the
megaplasmidad locus ranged between 61% (RSP1092) and 74% (RSP1088) and the locus
has an average G+C content of 69.5%, which is similar to the average G+C content of the
megaplasmid (66.8%) (Salanoulketal., 2002).

The secondad locus is present in a 11.156-kb region of Bhesolanacearum chromosome,
located at nucleotides 695 339-706 494, and also contains 14 ORFs (RSC0648 through
RSCO0661). Despite the presence of a similar number of ORFsadHacus differs from that
in the megaplasmid in that it encodes four putative Flp prepilin proteins and lacks
homologues to three of the proteins encoded by the megapltahiocus (.e. RSP1079,
RSP1081 and RSP1088). Moreover, the chromostaddbcus does not encode a homologue
of the RcpB protein oA. actinomycetemcomitans, and appears to also lack homologues of the
TadD and TadF proteins. The chromosotadllocus encodes for a protein, RSC0654, which
does not display homology with any known proteins, but appears to possess properties of a
lipoprotein. Examination of the G+C content of genes comprising the chromosohhatus
indicated that it ranged between 60% (RSC0660 and RSC0661) and 72% (RSC0658) with an
average G+C content of 67.6%, which is similar to the average G+C content of the
chromosome (67.04%) (Salanoubgal., 2002).
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Fig. 2.1 Organization of the megaplasmid and chromosadiagigene clusters iR solanacearum
compared to the homologous gene clusters Pof aeruginosa (Bernard et al., 2009), A.
actinomycetemcomitans (Kram et al., 2008) andH. ducreyi (Tomichet al., 2007). ORFs with similar
predicted protein products (as determined by BLAST analyses) are indicated in the same colour. The
transcriptional orientation and approximate size of the different ORFs are indicated by the direction
and the length of the arrows. ORFs that are unique tB.tb@anacearum chromosomatad locus are
indicated by a dashed outline.
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3.3.2 Identification of putative consensus promoter sequences

To identify consensus promoter sequences the genomic sequerie solfanacearum
encompassing the megaplasmid and chromostadddci, together with up- and downstream
flanking sequences, were analyzed with different programs. These analyses indicated the
presence of two different promoters in regions upstream of the respictigene clusters

only (Fig. 2.2). The sequence of the putative promoters upstream tdctHecus in the
megaplasmid corresponded to that of a sigmas7)-dependent promoter (TTGACT-14 bp-
TTGAAT) and ac>*dependent promoter (GGCGGTTTTCGTGC). Similarly, the region
upstream of the chromosomtd locus was predicted to contains&-dependent promoter
(TTGGCC-18 bp-TTAAAT) and &>*-dependent promoter (GGTGAAGTCGGGGGAGC).

In contrast tas’°, which is involved in expression of most genes during exponential growth
(Lonettoet al., 1992),6°* appears to play a role in many different biological activities across
the eubacteria (Merrick, 1993; Barriessal., 1999). Among the proteobacteria, the functions
carried out by the products @f’-dependent transcription include utilization of various
nitrogen and carbon sources, energy metabolism, chemotaxis and flagellation (Merrick,
1993). InP. aeruginosa, ¢>* is important, amongst other, for flagella and pilus synthesis
(Ishimoto and Lory, 1989; Totteat al., 1990). The lack of any obvious theme in the diverse
functions carried out by products of*-dependent transcription has been suggested to be
indicative ofc™* being biologically important and advantageous (Bargbsl., 1999). A
review of theR. solanacearum GMI1000 genome sequence identified two genes, annotated as
rpoN1 (RSC0408 in the chromosome) amgbN2 (RSP1671 in the megaplasmid), which
encode homologues @f*. The R. solanacearum ¢°* putative proteins display 43% amino
acid sequence identity to each other, and RpoN1 and RpoN2 are, respectively, 45% and 38%

identical tos™* of P. aeruginosa.
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RSP1092 stop codon e TFAGCAGTACCTGUTGTGUTCTTGALAGGTGUGOGGEGCETG
TTCCOGTCGETCCGOGCAT T TITTT CAGCCAGGECGGAGAGGEGAGCEITITTGTG
TTCAGGGAATAATGGARAALACCCTGGCGAATALAT CTGETGGAGGCGETTTTCGTGC
GEGATTTACATTGTTTITTCAATGTG COOCCTTATT TS E IR T (54 G A

AT T CACTCTAATTCAACGCAAGT ACCTTCTTT GAGTTATTCCGTTTGCGCTGCGGE
ACGCOCTATAALACCGTTACGGTACGTTACGT GACACGOGTGACATGCCGETAACA
ACTTGTAGICAATGTAGTAACGETGGEGET GETCECAGECCATTCGT GATITITITC
ACAAGAGEOGAAAACGATTGCOGAATATCGGETTICGGTTTICGATGTOGCGGALAAT
GEETCGOCGETCAGT OCGECTGOCAGOGGT CGAATCCACTCCT CCT GG TITITGE
GATTCCATAACTGAACCGGCCACGATGGAGCOGETCATAGGCCGGET CATGACTCAACA
ACATCCGCAGGGUGAGT GUACGTUACAGGAGAGACAGCATG —— RSP1092 siart codon

(b)

RSC0662 mmmmpe AGACACCGICGGCOGGOCCAACCGCOCGEIGCGETCTTCGATCAA
CGGTGAAGTCGGGG GAGCCAGTCTTGT CACGTITGCGTTCOGEAACGT GCCGATCC
GUATCGGCATGGCGCCGGCACT CGCACGUGATTICCCGGAACCCCCGA iZ

TAGCCGGCCTGCCCGCONNAMNCTCGCGCCCFGTCTT CAGCGGGETGCGCGCTIC
CTCAAACCATGACGTCAAGGAGAAGGACCATS m—f RSC0661 start codon

Fig. 22 Sequences of the predicted promoters located upstream of the megaplasmid (a) and
chromosomal (bjad gene clusters oR. solanacearum. The predicted -10 and -35 hexamerss 0%
dependent promoters are shown in black and grey boxes, respectively, and the predicted
transcriptional start sites are shown in large font. The predistédependent promoters are
underlined and indicated in bold letters. The arrows indicate the direction of transcription, starting
with the first gene of each gene cluster.
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2.3.3 Insilico characterization of proteinsencoded by the tad loci in R. solanacearum

To detect homologues of the predicted protein products encoded By sblanacearum tad

loci, each of the different proteins were compared to proteins in the GenBank database using
the BLAST-P tool (Altschulet al., 1997). The proteins were also analyzed with various
different programs, as indicated under Materials and Methods, to gain a better understanding
regarding their possible function(s). The results of these analyses for the predicted proteins
encoded by thdad loci in the megaplasmid and chromosome Rofsolanacearum are

summarized in Tables 2.2 and 2.3, respectively.

2.3.3.1 Flp pilin and pilin-like proteins
Homologues of the Flp prepilin protein

The precursor of the major structural component of Flp pili is encoded iypthgene ofA.
actinomycetemcomitans (Inoue et al., 1998; Kachlanyet al., 2001) andP. aeruginosa (de
Bentzmannet al., 2006). However, irtad loci, genes encoding Flp subunits may also be
found closely linked to other probablgp alleles (Tomichet al., 2007). For example, the
genomes ofH. ducreyi (Nika et al., 2002) contain three clusterdigh alleles, whereag\.
actinomycetemcomitans has two alleles (Kachlangt al., 2001), butP. aeruginosa has a

single allele (de Bentzmamtal., 2006).

Homology searches indicated that protein RSP1092, encoded btadhbcus in the
megaplasmid, displays amino acid sequence identity with the Flpl and Flp2 protéins of
actinomycetemcomitans (51% and 52% sequence identity, respectively). Likewise, proteins
RSC0658, RSC0659, RSC0660 and RSC0661, encoded kgdtteeus in the chromosome,

are all predicted to be Flp prepilin proteins. Although proteins RSC0658, RSC0660 and
RSCO0661 display homology with the Flp proteirPoferuginosa (34%, 23% and 27% amino

acid sequence identity, respectively), RSC0658 is the only protein that displays significant
amino acid sequence identity with the Flp protein Aof actinomycetemcomitans (30%
sequence identity with Flp1).

Members of the Flp subfamily of T4b pilin proteins are readily identifiable by the presence of
a Flp motif (G-XXXXEY) at the amino (N)-terminus of the mature protein, which occurs
within a stretch ofca. 20 hydrophobic non-polar, aliphatic amino acids. It has been shown

that the Flp prepilin protein is cleaved at a site following the glycine (G) residue in the above
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consensus sequence (Inoeteal., 1998; Kachlanyet al., 2001; Tomichet al., 2006). In
addition, members of the subfamily usually contain a phenylalanine (F) residue close to the
middle of the hydrophilic carboxy (C)-terminus (Kachlaatl., 2001; Tomiclet al., 2006).
Analysis of the different Flp putative proteins i solanacearum indicated that only the
megaplasmid-encoded protein RSP1092 contained all of these features. In contrast, the
chromosomally encoded Flp putative proteins all lacked a phenylalanine residue in the C-
terminus, whilst protein RSC0659 lacked the Flp motif (Fig. 2.3a). Interestingly, in contrast to
the megaplasmid-encoded Flp putative protein (RSP1092), those encoded by the chromosome

clustered as a distinct group within the Flp subfamily of T4b pilin proteins (Fig. 2.3b).

Analysis of protein RSP1092 indicated that it consists of 58 amino acid residues and has an
estimated molecular mass of 5.9 kDa. The protein contains a Flp processing motif, as
indicated above, with the cleavage site between;,Ghnd Alas in the sequence
10RDEQGJATAIEY 0, thus yielding a mature protein with a molecular mass of 4.3 kDa.
Analysis of proteins RSC0658, RSC0660 and RSC0661, each of which is comprised of 53
amino acid residues and has an estimated molecular mass of 5.7 kDa, indicated that cleavage
of the Flp processing site between Glgnd Alas in the sequencesRNEDG|AASTEY o
(RSC0658) 0iREEDG|AAGVEY 2 (RSC0660 and RSC0661) would yield mature proteins

of 4.1 kDa.

Homol ogues of Tad pseudopilin proteins

Thetad locus ofP. aeruginosa encodes a single pseudopilin protein (TadF) (de Bentzmtann

al., 2006), whilst that ofA. actinomycetemcomitans encodes two pseudopilin proteins (TadE

and TadF) (Kachlangt al., 2000). In contrast tB. aeruginosa (Bernardet al., 2009), it has

been reported that both pseudopilin proteins are essential for Flp biogenesis in
actinomycetemcomitans (Kachlany et al., 2000; Tomichet al., 2006). Although the
mechanism by which these pseudopilin proteins functioA. iactinomycetemcomitans Flp
assembly and secretion is not clear, Tonetcdl. (2007) proposed that they may function in a
manner analogous to that described for pseudopilins of type Il secretion (T2S) systems. The
latter pseudopilins are thought to form a pilus-like structure in the periplasmic space, which
may function as a piston that extrudes the secretion substrate through the outer membrane
(Sandkvist, 2001).
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R, colanacearum (NP_522653) REPLO9Z =wwm=emmemmemm——— MEHATLOFLRDECEATATE CLLACLIAAVIACTY ILGT====E IKT AJGNVCTAIKGSA==Cm=mummnmn= 58
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R. solanacearum (NP_518782) R22lEEl ====-=====e==a=- MEAMFEREVREEL G ALLLTFVALVMITYGTVET====AVGNINNSIATAL-======ssssssssas 53
R solenacearum (NP_518779) Racl653 —-——-—--------——- HNTVVOREIRNELEAAS TERYALLVI FVALVH LAY G ALQG- — —~TYKSARSQIARRF -~ — -~ -———=---——~- 52
R. solenacearum (NP_518780) REalE5d —mmmmom e MREECDAARABH ARLPVFGARVMYSY GTVEA--—- AVDGINSALSAAL - -——--—-------—- 45
. éerugirosa (NP_252995) Flp  ====-=---- MENLTLE VY CEVRAE LADEE) ATONY AVIAGLIAVALIAVLETREG IVGGLE VEERVGGELA--PTAN--—---- T2
. ducreyi (NP_B73744) Plpl HLEVIMTOAYISATESIRT STORFRENGC) ATERY CLTAVAVATLT TAVE HHOG-FIMETET DLATG IS8 ANGTTSLHEFK-~---85
K. ducreyi (NP_B73743) Flpd MLEVIMTOAYISATESIRT SIORERENQC) AT CLIAVAVAILITAVF HNQG-FIMKIKT DLATGISAQS--VSFNN-—-—-—- a1
. ectinomycetemcomitans (AAL33Z69) Flpl ===-HLNTLTTKAYIKATEATREF RENEAR T A TEMY LT AT AVAVLIVAVE SHNG-F IKGLON] QLTSTVSEAN=- ~18(Q======== s
. duereyi (NP_6T3742) Flpi MLITIITHEYLSMEETLI SKENCE KINOKE? A TB CLIAVAVATI LI TAVF SESG-FLFRAIKE EGGYGKARPDSYLLNFNKGRLES
. gotinomyoetemoomitans (AAKOD3IZT) FlpE @ ===== HMMDL LY E Y ROVVEESCHEYRNROIET T 5 VERY CLI AVAIAVEVVAVL GDHS-FIKALSG DLTTTVYSGAI--VEKSE-—-—-—- 76
I
Flp ot
Leader peptide Ivdiophobie regron Hrdrophilic variable carboxy

terminug

Fig. 2.3a Alignment of the putative Flp proteins Bf solanacearum with several proteins of the Flp
subfamily of T4b pilin proteins. The Flp prepillin proteins comprise of three domiaéng, leader

peptide, hydrophobic region and hydrophilic variable C-terminus, and contain a conserved Flp motif
(underlined). The conserved glycine (G), glutamate (E) and tyrosine (Y) residues in the FIp motif, as
well as the phenylalanine (F) residue frequently found within the C-terminal region of Flp pili are
indicated by asterisks. The putative Flp prepillin protein encoded by the megapiadhaicls ofR.
solanacearum is indicated by a circle, whilst those encoded by the chromostadalocus are
indicated by squares. For all sequences included in the analysis, the GenBank accession numbers are
indicated in brackets.

® R. solanacearum (NP_522653)RSP1092
10 P. aeruginosa(NP_252996)Flp

o5 A. actinomycetemcomitans (AAL93287) Flp2
_E A. actinomycetemcomitans (AAL93269) Flp1
99| ——— H. ducreyi(NP_873742)Flp3
EQ H. ducreyi(NP_873743)FIp2

1001 H. ducreyi(NP_873744)Flpl
—— M R solanacearum (NP_518779)RSC0658
o B R sclanacearum(NP_518782)RSC0661

4_«-L B R solanacearum (NP_S518781)RSC0660

56 B R solanacearum (INP_518780)RSC0659

75

0.1

Fig. 2.3b Phylogeny of Flp proteins. The tree was generated with Neighbor-Joining distance analysis,
and bootstrap support values are indicated at the internodes. The putative Flp prepillin protein encoded
by the megaplasmithd locus ofR. solanacearum is indicated by a circle, whilst those encoded by the
chromosomatad locus are indicated by squares. GenBank sequence accession numbers are indicated
in brackets.
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Each of thead loci in R. solanacearum encodes a single protein that displays homology with
previously described pseudopilin proteins. The megaplasmid-encoded protein RSP1090
displays significant amino acid sequence identity with the TadF prot&naefuginosa only

(33% sequence identity). Whether the chromosome-encoded protein RSC0649 could be
related to TadE or TadF is unclear, as it displays 30% amino acid sequence identity with the
TadE protein ofA. actinomycetemcomitans and 37% amino acid sequence identity with the

TadF protein oP. aeruginosa.

The domain architectures of pseudopilin proteins exhibit striking similarity to not only each
other, but also to that of the Flp prepillin protein (Tomgthl., 2006). Both pseudopilin and

Flp proteins contain a N-terminal signal sequence, followed by a hydrophobic domain. In the
case of pseudopilin proteins, the N-terminal signal sequence is flanked by a highly conserved
sequence, G-XXXXEF/L, which strongly resembles the Flp motif in the prepillin proteins (G-
XXXXEY) (Tomich et al., 2006). In the case oA. actinomycetemcomitans, it has been
reported that the TadE and TadF pseudopilin proteins are both processed by the TadV prepilin
peptidase after the glycine (G) residues within their N-termini, and the processing step
appears to be crucial for the functions of the TadE and TadF proteins (Tetnaich2006).
Analysis of theR. solanacearum proteins RSP1090 (163 amino acid residues, 15.2 kDa) and
RSC0649 (144 amino acid residues, 17 kDa) indicated that they share several of these
features common to pseudopillin proteins. Proteins RSP1090 and RSC0649 possess three and
two transmembrane domains, respectively, and are both predicted to be localized to the inner
membrane. Both these proteins also contain the consensus pseudopilin processing site (Fig.
2.4) with the cleavage site predicted to be betweerngGind Vajy in the sequence
2dRGCRG VAAVEY 34 of protein RSP1090, and between fglgnd This in the sequence
11IRRMAG|TAAVEY ,; of protein RSC0649. Cleavage at these sites would yield mature
proteins of 13.5 and 13.9 kDa, respectively.

2.3.3.2 Prepilin peptidase
Homologues of Flp prepilin peptidases

For pili to be assembled, a peptidase is required that processes the signal peptide in the
prepilin protein (Christie, 1997; Soto and Hultgren, 1999 Iactinomycetemcomitans, the
TadV protein has been reported to be both required and sufficient for maturation of the Flp

pilin and pseudopilin proteins (Tomickt al., 2006). Likewise, the FppA protein of
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P. geruginosa (AAGO7682) TadF --MTTSIKDADRGCOLMLGKAF RRROHEAY A IBTATFLLFFALVYGLISYS IPLLELOSFND AAAVGARAAIAVD-~-~PSDAGYESLAEARARDELLA 168
®R. solanacearum (NP_522651) Repl090HPTLQREUVSAHRGRVGLRALARRGC: A 163
BR. solanacearum (NP_518770) RSCO649- H3QSNRRTARRN. 144

A. actinomycetemcomitans (AAP43992) TadE = ~HEKFLSNKI 191

H. ducreyi (NP_873732) TadE - ~MKKATHRF INNV. 168

P. multocida (NP_245782) TadE mmmmmm s MKKFLSNT! 195

P. multocida (Np_245781) TadF - MKESGLVKFKHF WKNK] 187

H. ducreyi (NP_873731) TadF - MEKIKKF LKNN 203

V. fischeri (YP_206186) TadF - ~---MPLEFKCQ! 178

A. aphrophilus (YP_003006703) TadF - ~-MNITDFFSSHSKNFRTNK] 200

A. actinomycetemcomitans (AAD38177) TadF ~ -~ WANHWYENMKKN IL TNTKKF FHNK 200

A. actinomycetemcomitans (AAP43993) TadF ~-MVNHRYKNMKKN I ITS IKKFFRNK] 200

A. @ctinomycetemcomitans (ZP 0663565%) TadF ——ooooeeoo) MKKNIITS IKKFFRNKES - 192

Flp pseudoprepilin domain

Signal peptide

Fig. 2.4 Alignment of the putative pseudopilin proteins Rfsolanacearum with those encoded by

other Tad systems. The leader peptide sequences are shown in grey and the region, indicating the
conserved sequence present in pseudopilin proteins, is underlined. The putative pseudopilin protein
encoded by the megaplasniédi locus ofR. solanacearum is indicated by a circle, whilst that encoded

by the chromosomahd locus is indicated by a square. For all sequences included in the analysis, the
GenBank accession numbers are indicated in brackets.
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P. aeruginosa, a homologue of TadV, has also been reported to be required for Flp prepilin

processing (de Bentzmaehal., 2006).

Homology searches indicated that tRe solanacearum proteins RSP1091 and RSCO0657,
encoded by thetad locus in the megaplasmid and chromosome, respectively, exhibit
homology with the prepillin peptidases FppA Rf aeruginosa (36% and 25% amino acid
sequence identity, respectively) and TadVAofactinomycetemcomitans (33% amino acid

sequence identity in both cases).

Analysis of proteins RSP1091 (168 amino acid residues, 17.8 kDa) and RSC0657 (172 amino
acid residues, 17.3 kDa) indicated that they both lack an apparent signal peptide sequence,
possess four transmembrane domains and are predicted to be localized to the inner membrane.
BLAST-P searches indicated that thésesolanacearum proteins display homology with the
prepilin peptidases and signal peptidases of the PilD-GspO/PulO group, which are
respectively required for T4ap biogenesis (PilD) (Stetral., 1993; Pepe and Lory, 1998)

and proteolytic processing of proteins that are secreted by T2S systems (GspO/PulO) (Strom
et al., 1993; Francetic and Pugsley, 1996; Paettedl., 2002). Some of the prepilin
peptidases of this group are bifunctional since they have, in addition to peptidase activity, also
N-methyltransferase activity, which is responsibleNemethylation of +1 residues of mature

T4a pilins and pseudopilins of T2S systems (Stetnal., 1993; Paetzeét al., 2002). In
contrast to the above-mentioned prepilin peptidases, TadV and its homologues in other Tad
systems lack N-terminal transferase domains and is thus proposed to form a novel subclass of
non-methylating prepilin peptidases (de Bentzmahral., 2006, Tomichet al., 2006).
Comparison of th&k. solanacearum proteins to the PilD prepilin peptidase ”faeruginosa
indicated that both proteins RSP1091 and RSC0657 lack the putative methyltransferase box,
LGGKCS, described as being essential forNkhmethyltransferase activity of PilD (Pepe and

Lory, 1998). Moreover, botiR. solanacearum proteins each contain two aspartic acid-
containing domains (Fig. 2.5a) that correspond to the consensus sequences, D(I/L)XXRXL
and (G/A)(G/A)GDXKL, reported for Flp prepilin peptidases (Tomathal., 2006). The
aspartic acid residues (D) in these consensus sequences were reported to be critical for
prepilin peptidase-dependent maturation of Flp pili (de Bentzraiaain 2006; Tomiclet al.,

2006). Phylogenetic analysis, however, revealed that protein RSP1091, in contrast to protein
RSCO0657, groups closely with the TadV/FppA prepilin peptidases required exclusively for
proteolytic maturation of Flp pili and Tad pseudopilin proteins (Fig. 2.5b).
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. asrugirosa (MP_z53z18) PilD ~——-NPLLDYLASHPLAF-VLCTILLGLLVGSFLNVVVHRLE EAREALGLEPEPKOATYNLVLPNSACPRCGHE IRPUENTPLVS YLALGGRCSSCKALIG 105
P. putida (NF_742793) PilD/Xcpd ~——-NTLWALLAEQPAYF-LTLATVLGLLYGSF INVLWYRLP INLERQVQRE A QEVLGL~PTTQHARF DLCLPASRCPHC AHRTRAVEN TPV IS TLALGGRCSSCKNRIS 10%
R. selanacearum (NP_520948] PilD MNP GHFYIPTLAQLF AUFV IGAGTLLGLLYGSFLNVY IHRLPRNIERE-EANY IAELRNEPLPHFEF TNLYVFRSACPSCOHOIKAVEN IFVLEULALRGRCS ACKTPIS 109
@F. solanacearum -
(NP_522652) RSP1091

BE. solanacearun (NP 518778) RSCO657

. duczeyi (NP_873741) ORFE

A. pleuropneumonias (TP_001053264) Tadv

A. ACLInOMYCEtemcomitans | vpTnasciisgy Taay

P. aernginosa (NP 252085] Fpph

P. sernginess (NP_253218] PilD KRVPLVELATALLEGYVAWHF GF TUQAGANLLLTHGLLAMSL IBADHQLLPDVLVLPLLULGL- - TANHF GLF - ASLDD---- ALFGAVFGYLELUSVFVLFKLVTGREG 208
P. putida [NP_742793) P1lD/Xcph LEYPVVEVASLLLSLWVANRFGASWEALVALPLTUCLLALSL I8 ADHQLLPDWLYLPTHULGL- ~ IVNAF GIH-VPLAD-——- ALUGAVAGYLSLUTWYWWFRLVTGKEG 207
R. solanacearunt (NP_520948) PilD WRYPAVELVTGVLTGACLUHFGPTUVAVASAALLUFLIAGSNINAD TOLLFD AITOPLLYLGL-- LVNLF SUF - ARLFD---- AVIGATAGYLFLUAIYWATKLLRGREG 212
R. solanscearum (NP 522652) RSP1091 — —MYSHAD LAGWASVVVLAVLY I TENLRSRRVPNULY AVGLYLE I-~VL¥KF GEVVAL AY- DURDVWL GGATALAGFLPLY——————— ALGU 30
R. solanacearum (NP_518778] RSCO657 ——HMSTPTALANLSLLVLVVTAAVHNEURTRRIPNRLYALGLLAAL T - AQC AHLGPWAGAL A-——— ULGGAUAGHGLC IGL

H. auereyi (NP_873741) ORFE ~MYDYARLYLFSFIVLLL IULS YTl IRSRITTNKVVLALFCAIL-~---PFSUFTOGN--~--¥YFHFAL ICLVIGFVL

A. plenropnenmonias (YP_001053264) TadV ——NTLFISTLIATMVCLLLVVCUTELRYRL ISNRVINALLLVIT- FSYLUYGT- LEWLPAVLCLVIGFVL

A. actinomycetemcomitans \ypTnn3555379] Taav — ——MNUF INALVITMLLLLITLS TN TRSRL ISNRVVLFLLLYII-———— PFSLLEYQT-———— IFVIPALCTLIIGFLLF——

P. aeraginosa (NP 252985) Fpph L ALALWASVCGTQY IKRLR¥SNIL ILGGF L ISFVYLYVKESSL TGATV---NHANTALF IGVCLSLFGY-

g. aeruginosa (NP_253218) PilD BGYGEFELLAMLGAVGGWOILPLTILLSSLYGAILGVINLRLRNAE -~ ---SGTPIPFGPYLAIAGUIALLVGDOITRTYLOFAGFK-- 290

P. putida (MP_742793) PilD/Xcph NGYGMFKLUAL IGAVGGWOVLPLTLLLESVVGALF GLCLLRFRRDA-— ~NGTAIPFGPYLATAGUIAVLWGDEIYASTHOLLGY-—— 288

R. solanacearum (MP_520948) P1ilD MGYGEF KLHGALGAWF GWQALPLLVLLS SYVGLVF GVV-RILRGAT-— ~SESPFSFGPF TAGAGWIALLAGPQLVALTGLAPLLAR-— 294

. solanacearum (NP_S22652) RSPL091 NGAGRVEFF AVAGLLAGWHGLVAIULYSSVL AGVHALAILLLRRAD ASAP AGUNLIN--— ~-R¥CPALARVRAGTPDRPAGALFRTPPTHQIGC 168

R. solanacesrum (NP_518778) RSCOE57 NGAGEVELNGAIGAF TGPLAALHVGLASCVAGGVLAVANVALD ARKNMGHALLF - - -5 APVADROTOPKESVRRGNATRLPYAVAF AAGTLLVKUGVL—— 172

#. ducreyi X (MP_873741) ORFE IGAGE LKLMAVLHLAWPPEYTIFFLFF TTCAGLGL IIIGGLFFRQV-— —— IVEKGLPYGVATSVGF IATQLLF IL—— 144

#. pleuropneumonise (YP_O01053264) TadV IGAGRVELLAVLMLAVPSSFAIFFLFLTACSGLLIIIIGVLFYRQT-— ~-IREKGLP¥GIAISTGFLTTLLLFN-- - 142

A, ectimomycetemcomitens yp nn3p55375) Tadv IGAG TKLASVLNLAVPSDEVFSFFFFTTF AGLGLITTGVLFFRES —— —~IKENGLPYGVATSLGF M INLALEN. - 14z

B. aeruginosa (WP 252985) Fpph LGAAMSVEYLARLGLASDPLTVLYSLAFGCLLC [ALF ILVKLFKRSVEKS AMNEEVR-———— LERAPSKNKSFPF IF ANGAGLLAHL IINKII—— 160

Fig. 2.5a Alignment of the putative prepilin peptidasesRfsolanacearum with those encoded by

other Tad systems, as well as the PilD prepilin peptidase. The conserved aspartic acid (D) sequence
present in the respective prepilin peptidases, needed for catalytic activity, is shown in black. The
methyltransferase box only present in PilD is shown in grey. The putative signal peptidase protein
encoded by the megaplasniadi locus ofR. solanacearum is indicated by a circle, whilst that encoded

by the chromosomahd locus is indicated by a square. For all sequences included in the analysis, the
GenBank accession numbers are indicated in brackets.

§ R solanacearum (NP_522652)RSP1091
— P. aeruginosa(NP_252996) FppA

A. pleuropneumoniae (YP_001053264) TadV FlppA/TadV (FIpSS)

§ A. actinomycetemcomitans (YP 003255379) TadV

0 R. solanacearum (NP_518778)RSC0657

n

E. coli(YP_002928222) GspO

7l ) FspO/PulO (T2SS)
K. preumoniae(YP_002240378) PulO
% 0 P. fluorescens (YP_002870455) PilD ]
L P. aeruginosa(NP_253218)PilD

n P, putida(NP_742793)PilD PilD (T4ap)
P. atlantica (YP_662902) PilD
R. solanacearum (NP_520948) PilD

02

Fig. 2.5b Phylogeny of prepillin peptidases. The tree was generated with Neighbor-Joining distance
analysis, and bootstrap support values are indicated at the internodes. The putative Flp prepillin signal
peptidase encoded by the megaplastaitiocus ofR. solanacearum is indicated by a circle, whilst

that encoded by the chromosontadi locus is indicated by a square. GenBank sequence accession
numbers are indicated in brackets. Abbreviations: FIpSS, Flp pilus secretion system; T2SS, Type |l
secretion system; T4ap, Type IVa pili.
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2.3.3.3 Cytoplasmic proteins
Homologuesto TadZ

The TadZ protein is a unique component of the Tad systems, and is found in almost all
bacterialtad loci, except those from Archaea (Tomietal., 2007). Although the function of
TadZ has not yet been elucidated, it is proposed to play a role in cellular localization of the
Tad apparatus (Tomicd al., 2007).

Homology searches indicated that tRe solanacearum proteins RSP1086 and RSC0653,
encoded by the megaplasmid and chromosdaddbci, respectively, display homology with
the TadZ proteins of botR. aeruginosa and A. actinomycetemcomitans. Protein RSP1086
displays 28% and 21% amino acid sequence identity with TadZ protdhs@iuginosa and

A. actinomycetemcomitans, respectively, whilst protein RSC0653 displays 22% and 20%

amino acid sequence identity with the TadZ proteins of the respective bacteria.

Proteins RSP1086 (439 amino acid residues, 47.5 kDa) and RSC0653 (397 amino acid
residues, 43 kDa) both lack an apparent signal peptide sequence and are predicted to localize
to the cytoplasm, although they may be peripherally associated with the inner membrane by
means of a single transmembrane domain. Based on sequence comparisons, the TadZ protein
of A. actinomycetemcomitans has been reported to be a member of the MinD/ParA
superfamily of proteins (Tomiclet al., 2007). In this regard, it is noteworthy that both
RSP1086 and RSC0653 display amino acid sequence identity to MinD, a probable septum site
determining protein, dRhizobium leguminosarum (GenBank accession no. YP_002277926.1,

23% and 41% sequence identity, respectively). Cell division follows chromosome replication
and involves separation of the daughter chromosomes and movement to the centre of the
prospective daughter cells (partitioning), followed by septum formation and cell separation
(Schmid and von Freiesleben, 1996). These functions are performed, amongst other, by ParA
and MinD, respectively (Davigt al., 1992; Raskin and de Boer, 1999). This therefore
suggests that the production of the Flp pili might be linked to cell shape and/or division. Such

a link has been suggested fcaul obacter crescentus and it was reported that transcription of

the pilA gene, a homologue dip-1, is cell cycle-regulated and occurs only in late
predivisional cells (Skerker and Shapiro, 2000). Moreover, it was subsequently shown that the
TadZ homologue CpaE @. crescentus is localized to the pole of the bacterial cells and plays

a role in localizing the Tad apparatus to this location (Viokieal., 2002). Based on the

39

© University of Pretoria



TEIT VAN PRETO
ITY OF PRETO
ITHI YA PRETO

mn
«Z

above, it is tempting to speculate that Biesolanacearum proteins RSC0653 and RSP1086

may play a role in guiding placement of the Tad apparatus to the poles of bacterial cells.

Homologuesto the TadA secretion NTPase

All known secretion systems have at least one protein that is thought to use NTP hydrolysis to
provide energy for secretion complex assembly or the movement of macromolecules across
membranes (Thanassi and Hultgren, 2000; Christie, 2001). The TadA protef of
actinomycetemcomitans has been reported to have ATPase activity and is required to energize
the assembly or secretion of Flp pili for tight non-specific adherence of the bacteria to
surfaces (Bhattacharjest al., 2001). Likewise, inactivation of the TadA proteins tof

ducreyi (Nika et al., 2002) andP. aeruginosa (de Bentzmanret al., 2006) was shown to
greatly reduce the ability of the bacteria to adhere to abiotic surfaces. NeaadBlynutants

of all three these bacteria were reported to lack Flp pili on the surface of the bacterial cells.
Interestingly, inactivation of the TadA proteins Af actinomycetemcomitans (Schreineret

al., 2003) andH. ducreyi (Spinolaet al., 2003) has been reported to result in bacterial strains

attenuated for virulence.

Homology searches indicated that fResolanacearum proteins RSP1085, encoded by the
megaplasmidtad locus, and RSC0652, encoded by the chromosdamhllocus, display
significant amino acid sequence identity with the TadA proteirR. aekruginosa (49% and
51% sequence identity, respectively) aadictinomycetemcomitans (48% and 46% sequence

identity, respectively).

Proteins RSP1085 (439 amino acids, 49.4 kDa) and RSC0652 (397 amino acid residues, 43
kDa) both lack a putative signal peptide sequence and are predicted to be localized to the
cytoplasm. However, both proteins contain a single transmembrane domain, indicating that
they may also be peripherally associated with the inner membrane. Analysis of the amino acid
sequences indicated that both proteins contain four conserved domains present in all secretion
NTPases (Fig. 2.6a). These comprise two canonical nucleotide-binding motifs, designated as
Walker boxes A and B, and two conserved regions, designated as the Asp and His boxes
(Walker et al., 1982; Whitchurchet al., 1991; Possot and Pugsley, 1994), suggesting that
nucleotide binding and/or hydrolysis may be critical to the function of tResaancearum

proteins. Notably, BLAST-P searches revealed that proteins RSP1085 and RSC0652 display
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significant sequence identity to secretion NTPases that belong to the TrbB/VirB11 family of
proteins, which are involved in DNA uptake, extracellular secretion and pilus assembly
(Hobbs and Mattick, 1993; Christie, 1997). Phylogenetic analysis not only confirmed this
close relationship between the proteins, but also indicated that the NTPases of different Tad
systems, including proteins RSP1085 and RSC0632 sdflancearum, form a distinct clade

(Fig. 2.6b).

2.3.3.4 Inner membrane proteins
Homologuesto TadB and TadC

Protein secretion systems require the concerted activities of different proteins to produce
energy that is amplified and converted to a mechanical force in order to push the secreted
proteins across the cell membranes (Crowsbed., 2005). It has been proposed that TadB

and TadC may function as molecular pistons that channel the energy of ATP hydrolysis from
TadA into Flp pilus polymerization or, alternatively, they might serve as an inner membrane

scaffold for the assembly of the pilus biogenesis apparatus (Tetrath2007).

Proteins RSP1084 and RSCO0651, encoded by Rheolanacearum megaplasmid and
chromosomaltad loci, respectively, display amino acid sequence identity with the TadB
proteins of P. aeruginosa (33% and 27% sequence identity, respectively) and
actinomycetemcomitans (26% and 22% sequence identity, respectively). The downstream
proteins RSP1083 and RSC0650 show homology with the TadC protefhsaefuginosa
(32% and 26% sequence identity, respectively)Arattinomycetemcomitans (22% and 23%

sequence identity, respectively).

In addition to the pseudopilin proteins and prepilin signal peptidases discussed earlier, all four
of the aboveR. solanacearum proteins are predicted to be localized to the inner membrane.
The TadB homologues, proteins RSP1084 (308 amino acid residues, 33.9 kDa) and RSC0651
(321 amino acid residues, 36 kDa), are both predicted to possess five transmembrane
domains. Whereas the first 25 amino acids of the RSP1084 sequence possess characteristics
of a signal peptide, with the cleavage site predicted to be betweenafld Glys in the
sequencexLMLWA |[EAVRRyg, the first 18 amino acids of the RSC0651 sequence possess

characteristics of a signal peptide, with the cleavage site predicted to be betwgeanAla
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Fig. 2.6a Alignment of the putative TadA proteins Bf solanacearum with several members of the
TrbB/VirB11 family of secretion NTPases. Only the region of the proteins containing conserved
Walker A and B boxes, as well as the consensus Aspartic acid (Asp) and Histidine (His) boxes are
shown in the alignment. The putative secretion NTPase encoded by the megatdddouds ofR.
solanacearum is indicated by a circle, whilst that encoded by the chromostandbcus is indicated

by a square.

10 I: A. actinomycetemcomitans (YP_003255374) TadA
57 H. ducreyi (NP_8737736) TadA
8 B R. solanacearum (NP_518773)RSC0652 CpaF/TadA (FlpSS)
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Fig. 2.6b Phylogeny of secretion NTPases. The tree was generated with Neighbor-Joining distance
analysis, and bootstrap support values are indicated at the internodes. The putative NTPase encoded by
the megaplasmidlad locus of R. solanacearum is indicated by a circle, whilst that encoded by the
chromosomatad locus is indicated by a square. GenBank sequence accession numbers are indicated
in brackets. Abbreviations: FIpSS, Flp pilus secretion system; T4SS, Type IV secretion system; T2SS,
Type Il secretion system.
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Lews in the sequencesFVAIA |[LGVLG,,. Cleavage at these sites would yield mature
proteins of 31.4 and 34.1 kDa, respectively. The TadC homologues, proteins RSP1083 (326
amino acids, 35.9 kDa) and RSC0650 (315 amino acids, 34.8 kDa), possess three and four
transmembrane domains, respectively. The first 28 amino acids of the RSP1083 sequence
possess characteristics of a signal peptide, with the cleavage site predicted to be between
Alay7 and Vajg in the sequencglAVHA |VLMRH3,. Cleavage at this site would yield a
mature protein of 33.3 kDa. Likewise, protein RSC0650 possess a signal peptide with the
cleavage site predicted to betweenAlnd Ala; in the sequencgGAVLA |ALTLL 7, thus

yielding a mature protein of 32.6 kDa. Notably, all four of Resolanaceaum proteins

contain a conserved protein F domain. Proteins with this domain have been reported to form a
platform for the T2S machinery, as well as the type IV pili and the archaeal flagellae (Py

al., 2001). Consequently, it is tempting to speculate that these proteins may play a role in

anchoring of théR. solanacearum Tad system to the inner membrane.

Homologuesto TadG

The TadG protein was initially identified in Flp pilus preparations Af
actinomycetemcomitans and was thus proposed to be a structural subunit of Flp pili (Ir@uye

al., 1990). However, it was more recently proposed that the TadG protein may function to
anchor the Flp pilus to the cell (Wang and Chen, 2005). Nevertheless, TadG is reported to be
essential for Flp pilus assembly An actinomycetemcomitans since aadG mutant was either
non-piliated (Kachlanyt al., 2000) or displayed a reduction in Flp pilus biogenesis (Wang
and Chen, 2005).

Homology searches indicated that proteins RSP1080 and RSC0648, encodethdbiothién
the megaplasmid and chromosome, respectively, displayed significant amino acid sequence
identity with the TadG protein oP. aeruginosa only. Proteins RSP1080 and RSC0648

display 37% and 40% amino acid sequence identity, respectively, with the TadG protein.

Proteins RSP1080 (541 amino acid residues, 49.5 kDa) and RSC0648 (347 amino acid
residues, 35.4 kDa) are both predicted to be localized to the inner membrane and posses nine
and three transmembrane domains, respectively. The first 25 amino acids of protein RSP1080
possess characteristics of a signal peptide sequence, with the cleavage site betwesd Gly
Asnps in the sequencgySVDIG|NVFFT,g, thus yielding a mature protein of 48.2 kDa.
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Protein RSC0648 is also predicted to have a N-terminal signal sequence with cleavage
occurring between Alg and Vaj; in the sequencgeVGALA |VDVARu;, to yield a mature
protein of 33.3 kDa. The TadG proteins have been suggested to facilitate protein-protein
interactions with other Tad components through the presence of a von Willebrand factor A
(VWA) domain in the TadG protein &. actinomycetemcomitans (Wang and Chen, 2005) or
leucine zipper motifs in the TadG proteinRfaeruginosa (van Schalkwyk, 2003). However,

no similar domains or motifs could be identified in proteins RSP1080 or RSCO6R8 of
solanacearum. In this regard, it is interesting to note that Tometlal. (2007) reported that

the VWA domain appears to be restricted to the TadG proteins of the Pasteurellaceae, the
Vibrionaceae andYersinia spp., indicating that the domain may have a specialized function in

these species.

2.3.3.5 Outer membrane proteins
Homologues to the RcpA secretin

The RcpA protein has been identified in outer membrane preperationsA. of
actinomycetemcomitans (Haaseset al., 1999; Clocket al., 2008). Based on its presence in the
outer membrane the RcpA protein was proposed to form the channel through which Flp pili
traverse the outer membrane (Kachlahgl., 2001). Although the function of RcpA proteins

as secretins has yet to be confirmed, it was nevertheless shown that a lack of expression of the
RcpA protein inA. actinomycetemcomitans is associated with little or no expression of Flp

pili (Haaseet al., 1999).

The R. solanacearum proteins RSP1087 and RSC0655, encoded by the megaplasmid and
chromosomaltad loci, respectively, exhibit homology with the RcpA proteins Af
actinomycetemcomitans and P. aeruginosa. Both proteins RSP1087 and RSC0655 exhibit
greater amino acid sequence identity with the RcpA protelh aéruginosa (40% and 37%
sequence identity, respectively) compared with thah. aictinomycetemcomitans (28% and

33% sequence identity, respectively).

Proteins RSP1087 (454 amino acid residues, 47.2 kDa) and RSC0655 (634 amino acid
residues, 64.8 kDa) both contain four transmembrane domains and are predicted to be
localized to the outer membrane. The first 28 amino acids of protein RSP1087 possess

characteristics of a signal peptide, with the cleavage site predicted to be betwegemdla
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Glngg in the sequencesPAAHA | QGMPA;,. Cleavage at this site would yield a mature
protein of 44.6 kDa. Likewise, the first 39 amino acids of the protein RSC0655 possess
characteristics of a signal peptide, with the cleavage site predicted to be betwgemdla
Glnsg in the sequencaGTAHA | QAGVE.,3, to yield a mature protein of 60.8 kDa.

Notably, both proteins RSP1087 and RSC0655 possess a secretion protein motif
(GGX12VP[L/FILXXIPXIGXL[F/L]), located near the C-terminus of the proteins (Fig. 2.7a).
This motif resembles that of the bacterial T2S system protein D (GspD). Protein D is involved
in the general (type Il) secretion pathway within Gram-negative bacteria and, being located in
the outer membrane, is thought to be involved in transporting exoproteins from the periplasm,
across the outer membrane, to the extracellular environment (Hobbs and Mattick, 1993). The
notion that theseR. solanacearum proteins may function as a secretin is furthermore
supported by BLAST-P analysis, which indicated that the proteins share significant sequence
homology to PilQ and members of the GspD/PulD family of outer membrane proteins. These
proteins, also referred to as secretins, are involved in pilus biogenesis and extracellular
secretion, respectively (Russel, 1998; Nouwtesd., 1999). They are believed to function as a
gated channel in the outer membrane through which protein substrates are secreteét(Russel
al., 1997; Guilvoutet al., 1999; Nouweret al., 1999). Within this family of outer membrane
secretin proteins the RcpA/CpaC proteins of Tad systems, includinB. te@anacearum
proteins RSP1087 and RSC0655, formed a distinct clade that is most closely related to the
GspD/PulD family of secretion proteins (Fig. 2.7b).

Homologues to RcpC

The RcpC protein appears to be unique to Flp biogenesis and secretion systems € omich
al.,, 2007). In the case oA. actinomycetemcomitans, the RcpC protein is thought to be
responsible for glycosylating the Flp pili (Tomiehal., 2006) and/or to facilitate extrusion of
the glycosylated Flp pili through the secretin ring (Tométhal., 2007). It has also been
suggested that the RcpC proteinRofaeruginosa may be responsible for modifying the Flp
pilin, thus promoting Flp-dependent adhesion to eukaryotic cells (Beznalrgd2009).

Homology searches indicated that two proteins encoded biadHeci of R. solanacearum
display significant sequence identity with the RcpC proteirPoBeruginosa only. The
megaplasmid-encoded protein RSP1089 and the chromosome-encoded protein RSC0656

displayed 37% and 29% amino acid sequence identity, respectively, with the RcpC protein.

46

© University of Pretoria



UNIVERSIT
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

EIT VAN PRETORIA

(0333‘

®FK. solanzcearum (NP_5SE22648) R3SP1087 ATVPAIVTRRADTTVELGDGESFVIEELVSRTTL SNV D KFMED VIS [ B TFI RLNTNQEERELVI IV TPRLVRPM- ARNAPIDENLEG 422
R. sutropha (VP 728351) Cpacz AVVPAIVTRRADTTVELGDGESFV I el VS RN TSV ERE 1 AFE:NLNFHQEDRELMWTFRWKFL,AKGAPM ,,,,, 437
W&, solanacearum (MP_518776) RSCOG55 SILPLITTRRASTTLOVEDGOSF AIEEL TESNVTGSLEATIZG TleA LIRS TSFOODOTELLFVV TPHLVEPL -PANYPHP-——-T 516
A. actinomycetemcomitans (AAE‘HBEH) Rcpi -NIPFFNTRKAKSLFEVANGESF I T{ELFSSNDLEGIN] ILESF ATTERDKKELVIVATVNVVEPVNEEDVWYP-—-DF 425
T. loihiensis (YP_156407) PulD --—-IINERELKTTVHADDGETIVL (&L IDEDVQESVS ILEF LI S TS TSEQKRN LIV IRPTIVRDGHRMRELSS ————— 663
E. coli (CRQ33305) Pulb ————VFGERKLKTTVLANDGEL IVL (LMD DOAGE SV L Tl LS T A D KEE KRN L MVF TRPTILRDGHAADGVSG ———— g37
R. eutrophka (YP_727970) GapD ---PTTNVRSIETHNVLVDDGQIIVL (QEL IEDSVGD GV W LG L YENEN R AR THL LY FLRPYWHRTAGLADRLTQ-——-~ 710
R. solanacearum (NP_SZIZSEJ GapD —-—-PTTNVRESIETNVIANDGOVIVL (QELLEDNYOD SEQ] LEALRR S ESKTREKTNLLYFLREYILRTAEATGALSD--—-= 713
B. petrii (TP _0D1631475) GspD ———LVTNERAIDTSVLVDDGOIIVL{gELLEDRVTS TTS Ry 1,108 0 LI ¥ D KRORTESHLITVF LREFVVRD ARDS ANV TL————— 6aa
P. geruginosa (YP7001350166) GspD ———VVTNERAIDTS ILLDDGQINVL ELLODNVOLN T Gy VIS LR TOKRSRTK THLMVFLRP ¥ IVRD A AAGRSITL————— 743
R. eutrophka (YP_'?Z'?E'?ZJ PilQ =——=AIDTEHVQTQVLVENGGTVV I (&I ¥ TOTESNETD. LT L AKVRNRTELLYFLTPRILNES VS L —————————— 0
R. solanacearum (NP 521092) FilQ ———— AINTEHVOTOVLVENGGTVY I & T Y TONERTDVN! e L) T AK THD RTEL LYFLTPRVLED OLEL ————

P. asruginosa (NF 253727) PilgQ ——VPPINKNEVNARILVNDGETIVI TSNEQSKSVEEHY VLIERLERRD TV TDRKHMELLVFLTPRIMNNQALAIG———————— 1

Secretin conserved motif

Fig. 2.7a Alignment of the putative secretin proteinsRofsolanacearum with several members of the

PilQ and GspD/PulD family of outer membrane proteins. Only the regions of each protein, containing
the secretion protein motif (underlined), is shown. The putative secretin protein encoded by the
megaplasmidtad locus of R. solanacearum is indicated by a circle, whilst that encoded by the
chromosomatad locus is indicated by a square.
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Fig. 2.7b Phylogeny of secretin proteins. The tree was generated with Neighbor-Joining distance
analysis, and bootstrap support values are indicated at the internodes. The putative secretin protein
encoded by the megaplasniédi locus ofR. solanacearum is indicated by a circle, whilst that encoded

by the chromosomatad locus is indicated by a square. GenBank sequence accession numbers are
indicated in brackets. Abbreviations: FIpSS, Flp pilus secretion system; T2SS, Type Il secretion
system; T4SS, Type IV secretion system.
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Proteins RSP1089 (208 amino acids, 22.6 kDa) and RSC0656 (288 amino acids, 30.4 kDa)
are both predicted to be localized to the outer membrane and they each contain two
transmembrane domains. Both these proteins also contain an apparent signal peptide
sequence. The first 25 amino acids of RSP1089 possess characteristics of a signal peptide,
with the cleavage site predicted to be betweenyAland Trps in the sequence
20LGVVA |WKNAH 54, whereas the first 30 amino acids of RSC0656 possess characteristics
of a signal peptide, with the cleavage site predicted to be betwegramié Glng in the
sequencesSRWLI|QQGNS,. Cleavage at these sites would yield mature proteins of 20.2
kDa and 27.2 kDa, respectively. Notably, both these proteins were identified as belonging to
the SAF superfamily, which comprises proteins witblip structural motifs. In agreement

with this prediction, it has been reported that the RcpC proteins, including those of
actinomycetemcomitans, H. ducreyi and P. aeruginosa, contain twop-clip motifs (lyer and
Aravind, 2004). It was furthermore proposed that these motifs may function by binding

carbohydrate moieties of peptidoglycan to assemble structures like the Flp pili.

Homologuesto TadD

In contrast to the TadD protein d?. aeruginosa, some functional studies have been
performed on the homologous proteinfofactinomycetemcomitans. The TadD protein oA.
actinomycetemcomitans is reported to be a lipoprotein and its expression is required for
multimerization and localization of the RcpA secretin to the outer membrane (€latk

2008). It has also been suggested that TadD may influence the assembly, transport and/or

function of the individual outer membrane Rcp proteins (Tordieth., 2007).

During the assembly and annotation of fResolanacearum GMI1000 genome, proteins
RSP1082 and RSCO0654, encoded by the megaplasmid and chromosaiméaci,
respectively, had been annotated as lipoproteins (Salaret@yt2002). Homology searches
revealed that protein RSC0654 does not display homology with any known protein. In
contrast, protein RSP1082 displays significant amino acid sequence identity (28%) with the

TadD protein oP. aeruginosa.

Analysis of proteins RSP1082 (305 amino acid residues, 32.6 kDa) and RSC0654 (102 amino
acid residues, 10.8 kDa), which are predicted to be localized to the outer membrane, indicated

that they both contain a single transmembrane domain and a predicted site for N-terminal
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cleavage by signal peptidase IlI. In prokaryotes, signal peptidase Il is responsible for cleaving
membrane lipoproteins and cleaves upstream of a cysteine (C) residue to which a glyceride-
fatty acid lipid is then attached (Hayashi and Wu, 1990; Paettak] 2000). Such lipoprotein
modification provides a versatile mechanism by which proteins may be anchored within the
cell envelope (Sutcliffe and Russell, 1995). The signal peptide cleavage sites are predicted to
be between Ghg and Cys; in the sequencgALLAG |CGSLS; of protein RSP1082, and
between Gly, and Cyg; in the sequencgALLAG |CMTTT 7 of protein RSC0654. Cleavage

at these sites would yield mature proteins of 30 kDa and 8.6 kDa, respectively. A possible
outer membrane localization of these proteins is furthermore supported by the absence of
aspartate residues at position +2 of the mature proteins. It has been reported that the presence
of these residues in mature lipoproteins function to retain them in the inner membrane, whilst
the presence of other residues allows lipoprotein targeting to the outer membrane (Yamaguchi
et al., 1988).

In contrast to protein RSC0654, the amino acid sequence of protein RSP1082 contains two
tetratricopeptide repeat (TPR) domains, spanning amino acid residues 138-171 and 172-205.
Not only do TPR domains facilitate protein-protein interactions (Batyah, 2006; Clocket

al., 2008), but they are also common among a class of outer membrane lipoproteins, called
docking proteins. These docking lipoproteins have been implicated in the assembly of secretin
oligomers, in outer membrane insertion of secretins and in general stabilization of assembled
secretin complexes (Bayaat al., 2006). Interestingly, these results appear to suggest that
protein RSP1082, but not RSC0654 encoded by the chromosmiiatus, may be a pilotin

with functions analogous to the TadD proteinAofactinomycetemcomitans, i.e. to ensure

proper assembly and/or function of the secretin complex (Toehih 2007).

2.3.3.6 Proteins encoded by the tad loci of R. solanacearum to which a function could
not be assigned unambiguously

Protein RSP1088

Protein RSP1088, annotated as a hypothetical protein, is encoded tay tloeus in the
megaplasmid genome d. solanacearum. BLAST-P searches indicated that the protein
displays significant amino acid sequence identity (66%) with the uncharacterized CpaB
protein of Ralstonia picketti (GenBank accession no. ACS65600). The CpaB proteins are

considered to be homologues of the RcpC protein and, in the c&serefcentus, has been
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reported to be involved in pili biogenesis, although its exact function is not known (Skerker
and Shapiro, 2000). However, compared to the RcpC homologues identified earlier in these
analyses (proteins RSP1089 and RSC0656), protein RSP16&8hilf the size (105 amino

acid residues, 10.6 kDa) and lacks an apparent N-terminal signal peptide sequence. Moreover,
no putative or conserved domaiegy. B-clip motifs associated with RcpC proteins, could be
identified in protein RSP1088. Further research would therefore be required to elucidate the

possible function of protein RSP1088.

Protein RSP1081

Protein RSP1081, annotated as a signal peptide protein, is encodeddoyldiceis present in

the megaplasmid genome & solanacearum. BLAST-P searches indicated that protein
RSP1081 exhibits 33% amino acid sequence identity with PA4298, an uncharacterized
protein encoded only by thad locus present i. aeruginosa (de Bentzmanret al., 2006).

These proteins have a number of features in common; they are of similar size (RSP1081: 109
amino acid residues, 10.5 kDa and PA4298: 94 amino acid residues, 10.4 kDa), both are
predicted to contain a single transmembrane domain and they each contain a putative N-
terminal signal peptide sequence. However, clarification regarding their possible function in

Flp pili biogenesis and secretion awaits further research.

Protein RSP1079

Protein RSP1079, annotated as a sigmacB3-iteracting transcriptional regulator protein,

is encoded by theéad locus in the megaplasmid genome Rf solanacearum. Protein
RSP1079 is comprised of 467 amino acid residues with an estimated molecular mass of 51.7
kDa. The RSP1084 protein lacks an apparent signal peptide sequence and is predicted to be
localized to the cytoplasm, although it may be associated with the inner membrane via a
single transmembrane domain. BLAST-P homology searches indicated that the protein
belongs to the NtrC family of response regulators. In addition to a N-terminal receiver domain
that is the site of phosphorylation and a C-terminal DNA binding domain, they also possess
an additional central domain that is responsible for ATP hydrolysis and interaction®vith
(Buck et al., 2000). Analysis of the protein sequence of RSP1079 indicated that it contains a
c>* interaction domain and is predicted to have NTPase activity through two ATP-binding
signature sequences 16{VMLYGETGAGKERI174 and 2/GYFEQANGGTLFLDEL:3y).
Moreover, protein RSP1079 also contains a helix-turn-helix (HTH) DNA-binding motif in its
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C-terminus that resembles that of the Factor for Inversion Stimulation (FIS) protein. The latter
is a regulator of different bacterial functions and has been shown to play a role in the
regulation of virulence factors in bofalmonella typhimurium andEscherichia coli (Wilson

et al., 2001; Goldberget al., 2001). Notably, protein RSP1079 displays 38% amino acid
sequence identity with the PilR protein Bf aeruginosa, which is an activator of T4ap
expression (Matticket al., 1996; Darzins and Russel, 1997). Based on the presence of
domains characteristic of prokaryotic regulatory proteins and its homology to PIlR, it is
tempting to speculate that protein RSP1079 may be involved in regulating expression of the
megaplasmidad locus ofR. solanacearum. In this regard, it is particularly interesting to note
that tad gene expression . aeruginosa is positively controlled by a PprB response
regulator, which is present within tkexl locus (Bernardt al., 2009).

24 DISCUSSION

Secretion of proteins such as extracellular proteases, pili and toxins can provide selective
advantages to bacteria in various environmental niches, and many of the secreted proteins are
important colonization and virulence factors released by pathogenic bacteria. Of these, pili,
found on a wide variety of Gram-negative bacteria, play an important role in adherence of
pathogenic bacteria to their host (Hahn, 1997; Keiray., 1997), biofilm formation (O’'Toole

and Kolter, 1998), twitching motility (Wall and Kaiser, 1999; Cretigl., 2004), conjugative

DNA transfer (Krauset al., 2000; Christie, 2001) and bacteriophage infection (Maétiek.,

1996; Skerker and Shapiro, 2000). In addition to the well characterized T4ap, studies on
several human bacterial pathogens have revealed the presence of T4bp, termed Flp pili, that
mediate adherence to surfaces, formation of microcolonies and biofiims (Kaatlahy

2000; Nikaet al., 2002; de Bentzmanet al., 2006), and contribute to the virulence of some
bacterial species (Fullet al., 2000; Schreineat al., 2003; Spinolat al., 2003).

In this part of the study, two distintad gene clusters were identified in the megaplasmid
(RSP1079-1092) and chromosome (RSC0648-066H. ablanacearum, respectively, that
encode predicted proteins that are similar to those involved in the biogenesis and secretion of
Flp pili in both A. actinomycetemcomitans andP. aeruginosa (Tables 2.2 and 2.3). WHy.
solanacearum has two distinctad loci is not clear, but phylogenetic analyses have indicated

that thetad locus has experienced a complex history of duplication, loss, gene shuffling
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Table 2.2 Characteristics of the Tad system proteins encoded bR.teaanacearum megaplasmid

tad locus, listed together with homologous proteiné.cdctinomycetemcomitans andP. aeruginosa

Protein RSP Percent Percent Protein Protein Predicted protein
name’ number?® Homologue® identity™ similarlity™ length (aa)* weight (kDa)® location and function ¢
Flp 1092 58 59 IM/Secreted ; Pilin
Flp2 /A. actinomycetemcomitans (9/17) 52 (13/17) 76 75 8.1
Flp1 /A. actinomycetemcomitans (15/29) 51 (20/29) 68 76 8.3
Flp /P. aeruginosa (23/54) 42 (32/54) 59 72 7.3
RSC0660 / R. solanacearum (22/53) 41 (32/53) 60 53 5.7
RSC0661 / R. solanacearum (21/53) 39 (31/53) 58 53 58
RSC0658 / R. solanacearum (16/53) 30 (27/53) 50 53 5.7
RSC0659 / R. solanacearum NSH 45 48
CpaA2 1091 168 178 IM ; Prepilin peptidase
FppA /P. aeruginosa (27/74) 36 (38/74) 51 160 175
TadV /A. actinomycetemcomitans (23/65) 33 (36/65) 55 142 15.8
RSC0657 / R. solanacearum (48/152) 31 (64/152) 42 172 17.3
TadG2 1090 163 17.0 IM ; Pseudopilin
RSC0649 / R. solanacearum (23/55) 41 (35/55) 63 144 15.2
TadF /P. aeruginosa (17/55) 30 (27/55) 49 168 18.1
TadF /A. actinomycetemcomitans NSH 200 23.0
TadE /A. actinomycetemcomitans NSH 191 21.7
CpaB2 1089 208 226 OM ; Unknown
RcpC /P. aeruginosa (56/151) 37 (78/151) 51 303 31.8
RSC0656 / R. solanacearum (47/162) 29 (83/162) 51 288 30.3
RSP1088/ R. solanacearum NSH 105 10.6
RcpC /A. actinomycetemcomitans NSH 274 304
Hypothetical 1088 105 10.6 Cyt ; Unknown

NSH to known proteins

CpaC2 1087 454 47.2 OM ; Secretin
RcpA /P. aeruginosa (156/388) 40 (225/388) 57 416 443
RSCO0655 / R. solanacearum (125/432) 28 (213/432) 49 634 64.8
RcpA /A. actinomycetemcomitans (117/441) 28 (198/441) 44 460 50.1
CpaE2 1086 439 475 Cyt ; Localization?
TadZ /P. aeruginosa (95/330) 28 (163/330) 49 394 424
RSCO0653 / R. solanacearum (63/286) 22 (121/286) 42 397 43.0
TadZ /A. actinomycetemcomitans NSH 317 41.6
CpaF2 1085 450 494 IM/Cyt ; ATPase
TadA /P. aeruginosa (193/391) 49 (269/391) 68 421 46.8
TadA /A. actinomycetemcomitans (167/345) 48 (242/345) 70 426 47.1
RSCO0652 / R. solanacearum (182/386) 47 (268/386) 69 453 50.6
TadB2 1084 308 339 IM ; Scaffold?
TadB /P. aeruginosa (60/177) 33 (103/177) 58 294 324
TadB /A. actinomycetemcomitans (38/144) 26 (65/144) 45 295 34.4
RSCO0651 / R. solanacearum (53/210) 25 (99/210) 47 325 36.0
TadC2 1083 326 359 IM ; Scaffold?
TadC /P. aeruginosa (75/234) 32 (135/234) 57 303 337
RSCO0650 / R. solanacearum (65/253) 25 (119/253) 47 315 349
TadC /A. actinomycetemcomitans (45/201) 22 (101/201) 50 288 32.2
TadD2 1082 305 326 OM ; Pilotin
TadD /P. aeruginosa (63/221) 28 (98/221) 44 245 26.6
RSC0654 / R. solanacearum NSH 102 10.8
TadD /A. actinomycetemcomitans NSH 253 28.5
Hypothetical 1081 109 105 IM ; Unknown
PA4298 [P. aeruginosa (32/95) 33 (44/95) 46 94 10.4
Hypothetical 1080 540 495 IM ; Unknown
TadG /P. aeruginosa (130/442) 30 (208/442) 47 556 56.4
RSC0648 / R. solanacearum NSH 347 354
Hypothetical 1079 467 51.7 IM ; Unknown
PilR /P. aeruginosa (133/353) 38 (187/353) 53 452 50.6

2R. solanacearum megaplasmid Tad system protein names and RSP numbers, as given during the genome annotation (@alan2002].

"Homologues were identified using BLAST-R..solanacearum proteins are indicated in bold.

"The percentage identity and similarity was calculated using BLAST-P. Proteins with no significant homology (NSH) are shown for comparison purpose.
4 Length of predicted proteins and molecular mass were calculated for full-length proteins.

¢Predicted localization of eadh solanacearum protein (cytoplasmic (Cyt); inner membrane (IM); periplasmic; outer membrane (OM); or secreted) was
obtained using PSORT, SMART, SIGNALP and TMPRED.
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Table 2.3 Characteristics of the Tad system proteins encoded Y. $ubanacearum chromosomal
tad locus, listed together with homologous proteiné.cdctinomycetemcomitans andP. aeruginosa

Protein RSC Percent Percent Protein Protein Predicted protein
name’ number® Homologue® identity™ similarlity®  length (@)’  weight (kDa)* _location and/or function®
Flp4 0661 53 57 IM/Secreted ; Pilin
RSC0660 / R. solanacearum (48/53) 90 (51/53) 96 53 57
RSC0659 / R. solanacearum (26/45) 57 (33/45) 73 45 48
RSC0658 / R. solanacearum (28/53) 52 (37/53) 69 53 57
RSP1092 / R. solanacearum (21/53) 39 (31/53) 58 58 59
Flp /P. aeruginosa (10/37) 27 (22/37) 59 72 7.3
Flp1 /A. actinomycetemcomitans NSH 76 8.3
FIp2 /A. actinomycetemcomitans NSH 75 8.1
Flp3 0660 53 57 IM/Secreted ; Pilin
RSC0661 / R. solanacearum (48/53) 90 (51/53) 96 53 58
RSC0659 / R. solanacearum (26/45) 54 (33/45) 73 45 48
RSC0658 / R. solanacearum (29/53) 54 (38/53) 71 53 57
RSP1092/ R. solanacearum (22/53) 41 (32/53) 60 58 59
Flp / P. aeruginosa (9/38) 23 (23/38) 60 72 7.3
Flp1 /A. actinomycetemcomitans NSH 76 8.3
Flp2 /A. actinomycetemcomitans NSH 75 8.1
Flp2 0659 45 48 IM/Secreted ; Pilin
RSC0661 / R. solanacearum (26/45) 57 (33/45) 73 53 58
RSC0660 / R. solanacearum (26/45) 54 (33/45) 73 53 57
RSC0658 / R. solanacearum (20/45) 44 (27/45) 60 53 57
RSP1092/ R. solanacearum NSH 58 5.9
Flp1 /A. actinomycetemcomitans NSH 76 8.3
Flp2 /A. actinomycetemcomitans NSH 75 8.1
Flp /P. aeruginosa NSH 72 7.3
Flp1 0658 53 57 IM/Secreted ; Pilin
RSCO0660 / R. solanacearum (29/53) 54 (38/53) 71 53 5.7
RSC0661 / R. solanacearum (28/53) 52 (37/53) 69 53 5.8
RSC0659 / R. solanacearum (20/45) 44 (27/45) 60 44 4.8
Flp /P. aeruginosa (10/29) 34 (21/29) 72 72 7.3
RSP1092/ R. solanacearum (16/53) 30 (27/53) 50 58 59
Flp1 /A. actinomycetemcomitans (12/39) 30 (23/39) 58 76 8.3
FIp2 /A. actinomycetemcomitans NSH 75 8.1
CpaAl 0657 172 173 IM ; Prepilin peptidase
TadV /A. actinomycetemcomitans (24/70) 33 (32/70) 45 142 15.8
FppA /P. aeruginosa (37/144) 25 (60/144) 41 160 17.5
CpaB1 0656 288 304 OM ; Unknown
RcpC /P. aeruginosa (38/129) 29 (62/129) 48 303 31.8
RcpC /A. actinomycetemcomitans NSH
CpaC1 0655 634 64.8 OM ; Secretin
RCpA /P. aeruginosa (101/266) 37 (141/266) 53 416 443
RcpA /A. actinomycetemcomitans  (58/165) 33 (94/165) 56 460 50.1
Hypothetical 0654 102 10.8 OM ; Unknown
NSH to known proteins
CpaEl 0653 397 43.0 Cyt ; Localization?
TadZ /P. aeruginosa (68/297) 22 (118/297) 39 394 42.4
TadZ /A. actinomycetemcomitans (41/205) 20 (78/205) 38 317 41.6
CpaFl 0652 453 50.6 IM/Cyt ; ATPase
TadA /P. aeruginosa (195/381) 51 (270/381) 70 421 46.8
TadA /A. actinomycetemcomitans (185/396) 46 (280/396) 70 426 47.1
TadB1 0651 325 36.0 IM ; Scaffold?
TadB /P. aeruginosa (43/155) 27 (80/155) 51 294 324
RSP1084 / R. solanacearum (53/210) 25 (99/210) 47 308 33.9
TadB /A. actinomycetemcomitans (43/192) 22 (82/192) 42 295 344
TadC1l 0650 315 348 IM ; Scaffold?
TadC /P. aeruginosa (77/288) 26 (125/288) 43 303 33.7
TadC /A. actinomycetemcomitans (47/200) 23 (103/200) 51 288 32.2
TadG1 0649 144 15.2 IM ; Pseudopilin
TadF /P. aeruginosa (12/32) 37 (19/32) 59 168 18.1
TadE /A. actinomycetemcomitans (13/42) 30 (22/42) 52 191 21.7
TadF /A. actinomycetemcomitans NSH 200 23.0
Hypothetical 0648 347 354 IM ; Unknown
TadG /P. aeruginosa (20/50) 40 (27/50) 54 556 56.4

2R. solanacearum megaplasmid Tad system protein names and RSC numbers, as given during the genome annotation (&ahnabog).

"Homologues were identified using BLAST-R..solanacearum proteins are indicated in bold.

"The percentage identity and similarity was calculated using BLAST-P. Proteins with no significant homology (NSH) are shown for comparison purpose.
4 Length of predicted proteins and molecular mass were calculated for full-length proteins.

®Predicted localization of eadh solanacearum protein (cytoplasmic (Cyt); inner membrane (IM); periplasmic; outer membrane (OM); or secreted) was
obtained using PSORT, SMART, SIGNALP and TMPRED.
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(recombination) and horizontal gene transfer between distant bacterial relatives éPdhnet
2001; 2003). Consequently, it has been proposed th&adhecus is a mobile genome island,
termed the “widespread colonization island” (WCI), in order to reflect its requirement for the
colonization of diverse environmental niches (Plaet., 2003). Given that horizontal gene
transfer may play an important role in the evolution oftéitelocus, the G+C content of the
respectiveR. solanacearum tad loci was examined and found to be similar to the average
G+C content of the genome (66.97%) (Salanowbatl., 2002). Although such sequence
composition analyses is considered to be inaccurate indicators of horizontally transferred
genes (Eisent al., 2000; Koskiet al., 2000), the results do not exclude the possibility that the
tad gene cluster may have been acquired either from a bacterial species with a similar
nucleotide composition to that & solanacearum or through an ancient horizontal gene
transfer event. This is not unlikely & solanacearum has a propensity to acquire and
recombine exogenous DNA through natural transformation (Bertellaal., 1997).
Nevertheless, determination of ancestry of fa@olanacearum tad gene cluster, as well as
establishment of a relationship between the megaplasmid and chrontaedayeaes in terms

of paralogy must await a more comprehensive analysis.

As indicated under Results, homologues to most of the Tad system proteins are encoded by
thetad gene clusters present in the megaplasmid and chromosdrisatdinacearum. In the

case ofR solanacearum the respectivead loci encode one and four Flp putative proteins,
respectively. Flpl pilin is the major structural component ofAhactinomycetemcomitans

Flp pili, and the mature pilin is a product of a proteolytically modified pre-Flpl protein,
encoded byflp-1 (Kachlanyet al., 2001; Tomichet al., 2006). Despite containing twitp

alleles, it has been shown thht-2, in contrast tdlp-1, is not required for the production of

Flp pili or for adherence oA. actinomycetemcomitans (Perezet al., 2006). Although the
predicted singular Flp protein (RSP1092) encoded byRtiselanacearum megaplasmidad

locus shares features typical of Flp proteins (Kachkirgl., 2001; Perezt al., 2006), the
predicted four Flp proteins (RSC0658-0661) encoded by the chromosanialcus show
differences in these features. The Flp motif is absent in protein RSC0659 and all of the
putative proteins are missing a conserved Phe residue in their C-terminus that is present in
most predicted Flp proteins (Fig. 2.3a). Why haolanacearum chromosomalad locus has

the genetic information to produce three similar Flp-like proteins (RSC0658, RSC0660 and
RSCO0661) is not clear. It is nevertheless interesting to note that these three Flp putative

proteins have identical residues at equivalent positions, most notably the sequence of the
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putative prepilin peptidase site (GEY) (Kachlanyet al., 2001; Tomichet al., 2006),
suggesting conservative maintenance of key functional amino acids by natural selection.
Thus, whether one or more of the putatiife genes of the chromosom&ld locus may
represent pseudogenes that have become dispensable for Flp pilin biogenesis, as in the case of

flp-2 of A. actinomycetemcomitans, or might still have a function remains to be determined.

The R solanacearum tad loci are predicted to each encode a single pilus-like protein
(RSP1090 and RSC0649) that displays homology with the TadE and TadF pseudopilin
proteins. Pseudopilins are components of T2S systems in different Gram-negative bacteria,
including the T2S system dflebsiella oxytoca (Pugsley and Dupuy, 1992), the Xps system

of Xanthomonas campestris (Hu et al., 2002) and the Xcp system Bf aeruginosa (Lu et al.,

1997; Blevest al., 1998). Based on their ability to form a periplasmic pilus-like structure, it
has been suggested that the pseudopilins may function in extruding the substrate through
intermittent rounds of polymerization and depolymerization (Hobbs and Mattick, 1993;
Sandkvist, 2001). It is, however, unclear what roles the pilus-like proteins may play in
bacterial pilus biogenesis, and especially in Flp pili biogenesis. Reports in this regard have
been conflicting, indicating that they are indispensible for Flp biogenesisA.in
actinomycetemcomitans (Tomich et al., 2006) but not required for Flp biogenesis Rn
aeruginosa (Bernardet al., 2009). These results may thus suggest that despite the presence of
homologous Tad proteins, Tad systems in different bacteria may have slightly different modes

of operation.

The pilin and pseudopilin proteins of Flp biogenesis and secretion systems are cleaved by
prepilin peptidases, namely TadV Af actinomycetemcomitans (Tomich et al., 2006) and

FppA of P. aeruginosa (de Bentzmanmt al., 2006). The predicted gene products RSP1091
and RSCO0656, encoded by thad loci in the R. solanacearum megaplasmid and
chromosome, respectively, have homology to TadV/FppA, and to type IV pilus (T4P) and
T2S system prepilin peptidases. TRe solanacearum proteins are predicted to lack a
cleavable signal sequence and to have four transmembrane domains, which are features
consistent with a possible function as a prepilin peptidase ($traim 1993; La Pointet al.,

2000; Akahaneet al., 2005). In addition, proteins RSP1091 and RSCO0656 contain two
conserved aspartic acid residues that have been shown to be critical for the catalytic function
of the A. actinomycetemcomitans TadV (Tomichet al., 2006) and th®. aeruginosa FppA (de
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Bentzmannret al., 2006) prepilin peptidases. It is therefore likely that the predicted proteins
RSP1091 and RSC0656 may function in the maturation dR.teaanacearum Flp pili.

The predicted amino acid sequence of Rheolanacearum proteins RSP1085 and RSC0652
showed significant homology with the TadA proteinsAofactinomycetemcomitans and P.
aeruginosa, as well as to members of the TrbB/VirB11 family of secretion NTPases. The
proteins are predicted to be localized to the cytoplasm and to be associated with the inner
membrane. This is typical of other secretion NTPases such as the PulE protein of the T2S
system for pullulanase secretion (Possot and Pugsley, 1994; 1997), as well as the T4S system
NTPase VirB1ll, encoded by Ti plasmids (Rashkewal., 1997). TheR. solanacearum
proteins contain two conserved motifs for nucleotide binding and hydrolysis, commonly
found in NTPases: Walker A and B boxes (Waldteal., 1982) and an Asp box (Sandkwetit

al.,, 1995). A His box of unknown function and conserved in T4S system NTPases is also
present (Whitchurclet al., 1991; Possot and Pugsley, 1994). Mutations introduced into the
tadA genes ofA. actinomycetemcomitans (Kachlanyet al., 2000; Bhattacharjeet al., 2001),

P. aeruginosa (de Bentzmanet al., 2006) andH. ducreyi (Nika et al., 2002) were reported to

result in bacterial strains lacking Flp pili. The NTPases of T4P, T4S and T2S systems have
been shown to interact with other components of the secretion apparatus that are embedded in
the inner membrane (Gralehal., 2000; Krauset al., 2000; Rashkovet al., 2000). The most

likely candidates for interaction with thB. solanacearum TadA putative proteins are
homologues of the TadB (RSP1084 and RSC0651) and TadC (RSP1083 and RSCO0650)
proteins. These fouR. solanacearum putative proteins are predicted to be inner membrane
proteins and, in homology searches, showed similarity to PilC-like proteins, which are
integral inner membrane proteins of the T2S system (Peaatly 2003). Thus, it is likely

that these proteins may be required for stability of other proteins of the Tad systems,
potentially as an inner membrane scaffold. Alternatively, these proteins may act as molecular
pistons that channel energy generated by TadA into Flp polymerization, as had been

suggested foA. actinomycetemcomitans (Tomichet al., 2007).

Sequence predictions indicated that three putative proteins of each of the resRBective
solanacearum tad loci may localize to the bacterial outer membrane. These include a
homologue of the RcpA protein (RSP1087 and RSCO0655), which are like Rcpd of
actinomycetemcomitans and P. aeruginosa, members of the GspD/PulD family of outer

membrane proteins. Moreover, all of these proteins contain a C-terminal motif that is
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conserved among known secretin proteins, including PulD required for pullulanase secretion
and PilQ, an assembly protein of T4ap (Martnal., 1993; Drake and Koomey, 1995).
Therefore, it is likely that the putative proteins RSP1087 and RSC0655 may each operate as a
secretin through which Flp pili of the respective Tad secretion systems traverse the outer
membrane. In contrast, predicted homologues of the outer membrane protein RcpC (RSP1089
and RSC0656) do not have a strongly predicted function. However, Rhaskanacearum

proteins do contain tw@-clip motifs that have been suggested previously to facilitate
assembly of Flp pili (lyer and Aravind, 2004). An RcpC-dependent electrophoretic mobility
shift of Flp pilin has been reported A actinomycetemcomitans (Inoueet al., 2000; Tomich

et al., 2006) andP. aeruginosa (Bernardet al., 2009), indicating that RcpC may be involved

in post-translational modification of Flp pili. Interestingly Rnaeruginosa, anrcpC mutation

had no effect on adherence to an abiotic surface, but decreased adhesion to epithelial cells
(Bernardet al., 2009). These results could suggest that the RcpC protein is multifunctional,
with independent roles in Flp assembly, modification and adhesion. ABBaitlanacearum

tad loci are predicted to encode lipoproteins that may localize to the bacterial outer
membrane. However, only protein RSP1082, encoded by the megaptadnhaicus, displays
homology with the TadD lipoproteins of bacterial Tad systems. In contrast, the predicted
lipoprotein encoded by the chromosortaal locus (RSC0654) is truncated (being one third of

the length of Tad homologues) and lacks the typical domains associated with TadD proteins.
The protein sequence of RSP1082 contains, in addition to a predicted site for N-terminal
cleavage by signal peptidase Il, a TPR domain that is important for interaction during
secretion complex assembly (Bayetral., 2006; Nudlemat al., 2006). The TPR domain is

also a common feature among docking proteins, a class of outer membrane lipoproteins, such
as PilwW ofNeisseria meningitides and Tgl ofMyxococcus xanthus, which have known roles

in positioning secretin proteins at the outer membrane (Carbomhalle 2006; Nudlemanet

al., 2006).

It has been proposed previously that the RcpA protein, together with the RcpC and TadD
proteins, constitute an outer membrane complex unique to Tad machines (de Bemzmann
al., 2006; Tomichet al., 2007). The lack of a discernibl&dD homologue in the
chromosomakad locus of R. solanacearum is therefore particularly interesting, especially
since it was reported that RcpA could not be detected imad® mutant of A
actinomycetemcomitans (Clock et al., 2008). It was shown that without TadD there is severe

destabilization and near complete degradation of the RcpA protein. Thus, TadD appears to
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play a crucial role in mediating the association of the RcpA subunits and acting as an
assembly factor for the insertion of RcpA into the outer membrane. Notably, the abundance of
RcpC in thetadD mutant was also reported to be reduced, albeit not as drastically as in the
case of RcpA (Cloclet al., 2008). Based on the above, it is therefore tempting to speculate
that the chromosomad locus ofR. solanacearum may not be capable of assembling into a
functional Flp secretion system. In contrast, althoughtaddocus in theR. solanacearum
megaplasmid lacks homologues of genes present withintatiegene cluster ofA.
actinomycetemcomitans (e.g. a secondlp gene, a second pseudopilin gene apd gene), it

may still be able to function as a Flp pilus biogenesis and secretion system. This is based on
the observation thaP. aeruginosa, which also lacks homologues of thesel genes, is

capable of assembling functional Flp pili in their absence (de Bentzenahn2006).

In silico analysis of théR. solanacearum tad loci also led to the identification of putativad

gene cluster promoters that resentbleoli ¢’° promoter sequences (Fig. 2.2). In this regard,

it is interesting to note that &° promoter upstream of thip-1 gene was necessary and
sufficient for transcription of théad locus of A. actinomycetemcomitans (Wang and Chen,

2005; Kramet al., 2008). In contrast, th®. aeruginosa tad locus is transcribed as five
independent transcriptional units and it was shown that gene expression was positively
controlled by a response regulator, PrpB, which is transcribed independently withaa the
gene cluster (Bernaret al., 2009). Interestingly, in the case Rfsolanacearum, the regions
upstream of théad gene clusters were also predicted to contafrpromoter sequences. This
warrants further discussion, especially considering that protein RSP1079, encoded by the
megaplasmidtad locus only, displays homology with PilR, an activator of pilin gene
transcription (Matticlet al., 1996).

Both protein RSP1079 and PilIR belong to the NtrC family of response regulators éStock
al., 2000). These regulators bind to regions of DNA upstreamd3f-dependent promoter
and, through ATP hydrolysis, convert thé* RNA polymerase into an open transcription
complex, thereby allowing transcription to occur (Bugtkal., 2000; Zhanget al., 2002).
Expression of T4ap i. aeruginosa and a variety of other Gram-negative bacteria has been
reported to be regulated loy*, PilS (membrane-bound sensor kinase) and PilR (cytoplasmic
response regulator) (Ishimoto and Lory, 1992; Ho#tbal., 1993; Wu and Kaiser, 1997;
Parkeret al., 2006; Liet al., 2007). However, in this study, no homologue encoding a putative

sensor for the RSP1079 response regulator could be identified within the megapésmid
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locus of R solanacearum. The lack of a discernible sensor raises interesting questions
regarding the activity of the putative RSP1079 regulator. In this regard, it is interesting to note
that several bacterial species contain two-component response regulators with atypical
activity. In Helicobacter pylori, the response regulator Hp166 has been shown to have activity
in the absence of its cognate sensor kinase (Beier and Frank, 2000etSth&005). InP.
aeruginosa, the AIgR response regulator is capable of activating a number of genes it
regulates in the absence of its cognate sensor FimSe{Mh, 1998). Similarly, theP.
aeruginosa AlgB response regulator has been shown to have activity in the absence of
phosphorylation (Maet al., 1998; Leeckhet al., 2008). InKingella kingae, T4ap expression
appears to be independent of the PilS sensor (Kehét-ed., 2009). Moreover, PrpB-
dependent activation of thiad gene cluster ifP. aeruginosa appears to be independent of its
sensor kinase, PrpA (Bernargt al., 2009). Cumulatively, these results indicate that
expression of Flp pili byR. solanacearum may be complex and multilayered, and tRat
solanacearum possibly combines aspects of regulation from bathctinomycetemcomitans

andP. aeruginosa.

In conclusion, based on the results of thesilico analyses performed, the putative Tad
proteins encoded by the megaplasmid, and to a lesser extent those encoded by the
chromosome, may be capable of forming a macromolecular structure for the assembly and
secretion of Flp pili inR. solanacearum. By analogy withA. actinomycetemcomitans andP.
aeruginosa, the tad genes ofR. solanacearum may also be important for adherence and
colonization of diverse environmental niches. Consequently, the elucidation of the specific
roles of the Tad proteins could be important to understariisglanacearum colonization

and pathogenesis. This knowledge may not only provide significant insights about the
functions of Tad proteins in other phytopathogens, but may also lead to improved control

strategies for this devastating phytopathogen.
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CHAPTER THREE

A FLP PILUSBIOGENESISAND SECRETION SYSTEM
CONTRIBUTES TO ADHERENCE OF Ralstonia solanacearum
TO ROOTSAND VIRULENCE IN VIVO
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3.1 INTRODUCTION

Ralstonia solanacearuis a soil-dwelling Gram-negative bacterium that causes bacterial wilt
disease in over 450 plant species (Swaretoal, 2005). Amongst these, solanaceous plants
including economically significant hosts of global importance, such as potato, tomato, peanut
and eggplants, are the most affected species (8aate2004). The bacterium enters the host
through wounded roots or sites of secondary root emergence and once inside a host, it quickly
spreads and multiplies (Schell, 2000; Vasgeal, 2005). During plant infectionR.
solanacearuntolonizes the xylem vessels where the bacterium reaches population of 10
CFU/mI of xylem fluid (McGarveyet al, 1999).R. solanacearurpossesses various virulence
factors that act quantitatively to cause disease. These include extracellular polysaccharide |
(EPS 1) (Denny and Baek, 1991; McGarvey al, 1999), cell wall-degrading enzymes
(Gonzalez and Allen, 2003; Liat al, 2005), flagellar and twitching motility (Kaet al,

1992; Tans-Kerstest al, 2001; Liuet al, 2001), and type lll-secreted effectors (Cunetc

al., 2004; Geniret al, 2005). Most of the virulence factors are controlled by a complex
regulatory signal transduction pathway (Schell, 2000; Hikathal, 2007) that responds to

both environmental signals and quorum sensing (Bettal, 1999; Genin and Boucher,
2004). Although much is understood about these virulence factors and their regulation, less is

known about hovR. solanacearureffectively adheres, colonizes and spreads in the host.

The ability of R. solanacearunto attach to the host is of special importance, since physical
contact with the plant is required to induce expression of the type Ill secretion (T3S) system
(Aldon et al, 2000). This secretion system is responsible for delivering the majority of
virulence factors into the host cells and thus contributes significantly to virulence (van
Gijsegemet al, 2000). It therefore follows that appendages that facilitate pathogen-host
adherence may be important determinants in disease development. Based on the results of
whole-genome sequence analysis, it has been reporteR.teatanacearunmay encode for

an abundance of proteins that promote adherence of the bacterium (Sala@ib&002;

Genin and Boucher, 2004). In addition to flagella and type IVa pili (T4ap), which have been
suggested to mediate movement to and inside the host tissues (Tans-Kem@te2001;
Kanget al, 2002), two distinctad-related gene clusters have also been identified (Salanoubat
et al, 2002; Chapter 2). Notably, thdad gene cluster of Aggregatibacter
actinomycetemcomitansas reported to be required for the biogenesis and secretion of a

novel type IVb pilus (T4bp), designated Flp, which is required for tight non-specific
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adherence of the bacterium to surfaces (Kach&tngl, 2000). Homologous gene clusters
have since been identified in a wide variety of Gram-negative and Gram-positive bacteria
(Planetet al, 2003; Tomichet al, 2007), and the encoded Flp pili have been implicated in
processes such as adherence (Mikal, 2002; de Bentzmanat al, 2006) and virulence
(Fulleret al, 2000; Schreinegt al, 2003; Spinolat al, 2003) of human pathogenic bacteria.
However, the functional significance of thed gene cluster in plant pathogens have not yet

been determined or reported.

In the previous Chapter, an silico approach was adopted to analyze tédgene clusters
present on the chromosome and megaplasmid. afolanacearun@MI1000. Although the
function of these genes R. solanacearurmay be deduced through silico predictions and

by comparative analysis of the respective genes, it is, however, only through the construction
of mutations irnR. solanacearurthat their actual function in this bacterium can be elucidated.
Various different strategies, including transposon mutagenesis and allelic exchange, have
been described whereby mutant bacterial strains can be generated (€oelho2000;
Schweizer, 2008). Transposons, being mobile genetic elements, are capable of inserting
themselves randomly into genes, thereby disrupting their function. Transposon mutagenesis
therefore represents a potentially powerful approach towards identifying genes involved in a
specific function, provided that a high-throughput screen is available (Reznikoff and
Winterberg, 2008; Choi and Kim, 2009). Indeed, this approach was used to identdy the
gene cluster as being required for tight adherencg. @fctinomycetemcomitarte surfaces
(Kachlany et al, 2000). In contrast, allelic exchange involves using plasmids that are
conditional for replication (“suicide plasmid”) to deliver emvitro-inactivated or -modified

allele of the gene of interest into the genome (Skorupski and Taylor, 1996; Ortiz-&aatjn

2006). In such instances, a copy of a chromosomal gene of interest, which has been disrupted
through the insertion of a suitable marker such as an antibiotic resistance gene, is cloned into
a plasmid and then introduced into a recipient strain where the plasmid cannot replicate. Since
the plasmid cannot replicate, selection for some property of the plasmid, such as the newly
introduced antibiotic resistance marker, results in isolates that have integrated the cloned
disrupted DNA fragment into the host genome via homology between the DNA fragment and
the corresponding region of the recipient genome. Since mutations made by allelic exchange
are targeted, it thus represents a powerful approach to elucidating gene functioet @&ika

2002; Wang and Chen, 2005).
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Although flagella and T4ap have both been implicated in adheremtesofanacearuro the

host (Tans-Kersteret al, 2001; Liu et al, 2001), it is notable that a mutant B
solanacearundeficient in T4a pili was reported to be capable of adhering to plant cells and
roots, and was also capable of causing wilt disease in tomato plantsgkan@002). Since
fimbriae other than T4a pili may thus play a role in adherené&e sblanacearunto the host,

and considering that the Flp pili &. actinomycetemcomitanslaemophilus ducreyand
Pseudomonas aeruginoseve been shown to play a role in adherence of these bacteria to
different surfaces, the aim of this part of the investigation was to determine the importance of
the Flp biogenesis and secretion system in the abilitg.afolanacearunto adhere to and
cause disease on potato plants. For this purpdResalanacearunstrain was generated in
which thecpaF2 (RSP1085) gene that is present in the megaplasditbcus was mutated.

This gene encodes a putative NTPase that functions as the energizer for Flp pilus assembly
(Bhattacharjeeet al, 2001), and is highly conserved in tted loci of different bacteria
(Planetet al, 2001; Tomichiet al, 2007).

3.2 MATERIALSAND METHODS
3.21 Bacteria, plasmidsand culture conditions

The bacterial strains and plasmids used in this study are listed in Tabie 8dlanacearum

strain NB336, a potato isolate, was obtained from Coen Bezuidenhout Seed Testing (Pretoria,
South Africa).R. solanacearurstrains were cultured at 30°C in casein hydrolysate-peptone-
glucose (CPG) broth (0.1% [w/v] casein hydrolysate, 1% [w/v] peptone, 0.1% [w/v] yeast
extract, 0.2% [w/v] glucose; pH 7.3-7.5) (Hendrick and Sequeira, 1984) or on 2, 3, 5-
triphenyltetrazolium chloride (TZC) agar (CPG broth amended with 1.5% [w/V]
bacteriological agar and 0.005% [v/v] TZC) (Kelman, 19%8cherichia coliDH5a strains

were cultured at 37°C in Luria-Bertani (LB) broth (1% [w/v] tryptone, 1% [w/v] NaCl, 0.5%
[w/v] yeast extract; pH 7.4) and on LB agar (LB broth amended with 1.5% [wi/V]
bacteriological agar). The bacterial cultures were maintained on agar plates at 4°C or at -70°C
as glycerol cultures, whildR. solanacearunstrains were also stored in sterilized ,@Hat

room temperature. When appropriaté, coli growth media were supplemented with
ampicillin (50 pg/ml), tetracycline (10 pg/ml) or gentamycin (7 pg/ml), Rndolanacearum
growth media were supplemented with tetracycline (10 pg/ml) or gentamycin (15 pg/ml). All

antibiotics were obtained from Roche Diagnostics (Mannheim, Germany).
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3.22 DNA isolation and purification

Plasmid DNA was extracted froe coli with a Zyppy Plasmid Miniprep Kit, whilst genomic

DNA was isolated fronR. solanacearunwith a ZR Fungal/Bacterial DNA Isolation Kit.
Restriction DNA fragments were purified from agarose gels by use of a Zymoclean Gel DNA
Recovery Kit. These kits were all obtained from Zymo Research Corporation (Orange, CA,
USA) and the procedures were performed in accordance with the manufacturer’s instructions.
PCR amplicons were purified with the QIAqufcPCR purification kit (Qiagen, Hilden,

Germany) according to the manufacturer’s instructions.

3.2.3 DNA amplification and analysis
3.2.3.1 Primers

Oligonucleotide primers used in PCR assays to amplify selected genomic regionR.from
solanacearumNB336 were designed using DNAMAN v.4.12 (Lynnon Biosoft, Quebec
Canada) on the basis of the published complete genome sequdtcsotdnacearunstrain
GMI1000 (Salanoubadt al, 2002). To facilitate subsequent cloning procedures involving the
PCR-amplified products, unique restriction endonuclease recognition sites were included at
the 5’ terminus of the different oligonucleotides. The primers, indicated in Table 3.2, were

synthesized by Integrated DNA Technologies (Coralville, IA, USA).

3.2.3.2 Polymerase chain reaction (PCR)

Each of the PCR reaction mixtures (@% contained 100 ng of template DNA, 10 pmol of
each of the sense and antisense primers, 5% (v/v) DMSO, 1 x PCR buffer (75 mM Tris-HCI
[pH 8.8], 16 mM (NH).SO,, 0.1% [v/v] Tween-20), MgGlat 1.5 mM, each deoxynucleotide
triphosphate (dNTP) at a concentration of 280 and 0.5 U of Biotag DNA polymerase
(Bioline Inc., Randolph, MA, USA). The tubes were placed in an Eppendorf MastefCycler
(Eppendorf, Hamburg, Germany) or GeneAn®¥00 thermal cycler (Applied Biosystems,
Foster City, CA). The thermocycling profile consisted of an initial denaturation step at 95°C
for 10 min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at the
appropriate temperature for 30 s and elongation at 72°C for 1 min. After the last cycle, the
reactions were kept at 72°C for 7 min to complete synthesis of all DNA strands. For control
purposes, reaction mixtures identical to those above were prepared, except that template DNA
was omitted. Aliquots of the PCR reaction mixtures were subsequently analyzed by agarose

gel electrophoresis.
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Table 3.1 Bacterial strains and plasmids used in this study

Strain/plasmid Relevant characteristics* Reference
or source

Strains

E. coliDH5a F recAl endAl hsdR17 deoR thi-1 supE44 gyrA96 ralfacZYA- Invitrogen

R. solanacearurhlB336

NB336AcpaF2
NB336AcpaF2:cpaF2

Plasmids
puUC1¢

pUC19-TadABZ

pGEM-Gent

pUC19-TadABZ-Gent

pBluescript SHI (+)
pLAFR6
pLAFR6-LacP

pLAFR6-LacP-CpaF2

argF)U169)\" [®80dacZAM15]
Wild-type, potato isolate; SWinTwt*, HR", EPS

NB336::Gn’; Swni', Twt', HR", Gl EPS
NB336AcpaF2with complementation plasmid; GnTc

Cloning vector ColE1 Amp', LacZapeptide

2.3-kb amplicon, comprising full-lengttpaF2 gene (RSP1085) and
flanking up- and downstream regions, cloned intoBbeRI| andHindlll
sites of pUC19

pGEM’-T Easy vector containing gentamycin resistance'j@assette

pUC19-TadABZ with a Gincassette inserted at tNetl andPst sites of
thecpaFz ORF

Cloning vector ColE1 Amp', LacZapeptide
Inc P, RK2-derived plasmid vector; Tc

lac promoter (235 bp) from pBluescript SKII (+) cloned into Hiadlll
andXbd sites of pLAFR6

pLAFR6-LacP with the 1.35-kbpaF2 (RSP1085) gene cloned into the
Xba andEcoRlI sites downstream of thac promoter

CBS, Pretoria

This study
This study

Stratagen

This study

Smith (2003)
This study

Stratagen

Huynhet al. (1989)

This study

This study

* Swm, swimming motility; Twt, twitching motility; HR, hypersensitive response on tobacco; EPS, exopolysaccharide slime;

Amp', Gnl, TC, resistant to ampicillin, gentamycin and tetracycline, respectively

Table 3.2 Primers used in this study

Primer Nucleotide sequence* Restriction Tm of
site primer
TadAZ-F 5 - CGTCGAJaattcCGGGCAGTTGC 3’ EcoRlI 58°C
TadAB-R 5 - CAACCGCCTGC@agcttCTTCG -3 Hindlll 58°C
Gm-R 5 - GCGCTCGAGTTAGGTGGCGGTACTTGGGTCG - 3’ 60°C
CpaF-F 5 - CGACCAGAGCG(gaattcAGACATGGAATC - 3’ EcoFl 62°C
CpaF2-R 5 - GGAACGGAAGctagaTGACACAACCCATCG -3 Xba 62°C
TadB2-F 5 - GATGGTCGACCAGAGCGTGCCG - 3 60°C
LacP-F 5' - CGGT#ctagaTTTTGTTCCCTTTAGTGAG - 3' Xba 62°C
LacP-R 5' - TAATGCAGCTGGCACG#AagcttTCCC - 3 Hindlll 62°C
M13-F 5 - GTAAAACGACGGCCAGT - 3 55°C
M13-R 5'- GTTTCCCAGTCACGAC - 3 55°C
CpaFl-F 5 - ATCGCACGGAGCGCATCATGTCACTGC -3 62°C
CpaFl-R 5'- ATCCATGATGCCTCTCCCTAGACTTCGTACTG - 3' 62°C

* In primer sequences, the restriction endonuclease sites are indicated in bold lower case letters, while the annealing positions

of the respective primers on tRe solanacearurgenome are shown in Fig. 3.5a.
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3.2.3.3 Agarose gel electrophoresis

DNA was analyzed by agarose gel electrophoresis (Sambrook and Russell, 2001). For this
purpose, horizontal 1% (w/v) agarose gels were cast and electrophoresed in 1 x TAE buffer
(40 mM Tris-HCI, 20 mM NaOAc, 1 mM EDTA; pH 8.5). The agarose gels were
supplemented with 0.pg/ml ethidium bromide to allow visualization of the DNA on a UVP
Model M-15 UV transilluminator (Vilber Lourmat, Paris, France). Where appropriate, DNA
fragments were sized according to their migration in the agarose gel as compared to that of
standard DNA molecular weight markers, namely Hyperladdér (Bioline), and

O'RangeRuler or FirstRuler' DNA markers (Fermentas, St. Leon-Rot, Germany).

3.24 Nucleotide sequencing

The nucleotide sequence of PCR amplicons and of cloned insert DNA was determined with
the ABI-PRISM® BigDye™ Terminator v.3.1 Cycle Sequencing Ready Reaction kit (Applied
Biosystems) according to the instructions of the manufacturer. The oligonucleotides used in
the sequencing reactions were the same as those used in the PCR reactions (Table 3.2). The
sequencing reactions contained 100 ng of purified template DNA, 0.5 pl of BigDye
Termination Mix, 1 x sequencing buffer, 3.2 pmol of sequencing primer and ‘Salza&r to

a final volume of 10ul. Cycle sequencing reactions were performed in a Gen&Aip0
thermal cycler (Applied Biosystems) with 25 of the following cycles: denaturatiorf @86

10 s, annealing at 8G for 5 s and extension at®Dfor 4 min. The extension products were
subsequently precipitated by addition of|2®f Sabax water, 2ul of 3 M NaOAc (pH 4.6)

and 48ul of absolute ethanol to each of the sequencing reactions. The tubes were incubated
for 15 min at -20C, centrifuged at 13 000 g for 10 min and the supernatant carefully
aspirated. The DNA pellets were rinsed with 70% ethanol, air-dried and then submitted to the
University of Pretoria’s DNA Sequencing Core Facility for electrophoresis on an ABI
PRISM" 3100 Genetic Analyzer (Applied Biosystems). Nucleotide sequences were analyzed
with DNAMAN v.4.12 (Lynnon BioSoft) and BioEdit Sequence Alignment Editor v.7.0.4.1
(Hall, 1999) software programs, and identified by BLAST-N searches against the GenBank
database (available at http://www.ncbi.nlm.nih.gov/BLAST).
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3.25 Cloning of DNA fragmentsinto plasmid vectors
3.25.1 Restriction endonuclease digestions

Restriction endonuclease digestions were performed in microcentrifuge tubes in a final
volume of 20ul and contained the appropriate concentration of salt (using the 10x buffer
supplied by the manufacturer) for the specific enzyme and 5-10 U of enzymeg peDNA.

The reaction mixtures were incubated for 2 h at 37°C. All restriction enzymes were supplied
by Fermentas. The digestion products were analyzed on a 1% agarose gel in the presence of a
DNA molecular weight marker, and the appropriate DNA fragments were purified from the

agarose gel and used in ligation reactions.

3.25.2 Ligation reactions

Digested PCR amplicons (250 ng) and vector DNA (50 ng) were ligated in a final volume of
20 pl, which contained ¥ DNA ligase buffer (2 mM Tris-HCI, 0.1 mM EDTA, 0.5 mM
DTT, 6 mM KCI, 5% [v/v] glycerol; pH 7.5) and 1 U of T4 DNA ligase (1 U/ul; Roche

Diagnostics). The ligation reactions were incubated overnight at 16°C.

3.25.3 Preparation of competent E. coli DH5a cells

CompetentE. coli DH5a cells were prepared and transformed according to the methods
described by Sambrook and Russell (2001). A single colony of a freshly streaked cuture of
coli DH5a was inoculated into 100 ml of LB broth and cultured overnight at 37°C with
shaking. An aliquot (1 ml) of the overnight culture was then used to inoculate 100 ml of LB
broth, pre-warmed to 37°C. The culture was incubated at 37°C with shaking and the optical
density (OD) was measured at 600 nm every 30 min until ag@D0.5 was reached. The
flask was then incubated on ice for 15 min to inhibit further bacterial growth. The cells from
30 ml of the culture were collected by centrifugation in an Eppendorf 5804R centrifuge at
4000 xg for 10 min at 4°C. The cell pellet was gently suspended in 10 ml of ice-cold 0.1 M
CaClh and incubated on ice for 1 h. The cells were harvested, as described above, and
suspended in 1 ml of the 0.1 M CaGblution. The competent cells were incubated on ice for

1 h prior to transformation or, alternatively, were stored at -70°C until further use.
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3.25.4 Transformation of competent cells

To transform the prepared competéntcoli DH5a cells, 100 pl of the competent cells was
mixed in a pre-chilled microcentrifuge tube with 10 pl of the ligation reaction mixture. After
incubation on ice for 1 h, the tubes were subjected to a heat shock by incubating the tubes at
37°C for 10 min. Subsequently, 500 pl of pre-warmed (37°C) LB broth was added to the
tubes followed by incubation for 2 h at 37°C. As controls, competent cells were transformed
with DNA of a known concentration to determine the transformation efficiency, and
untransformed cells were used to test for contamination. Aliquots of the transformation
mixtures were subsequently plated onto LB agar supplemented with the appropriate antibiotic.
For plasmids containinglacZ’ marker gene (pUC19), the cells were plated together with 50

ul of 2% (w/v) X-Gal and 10 pl of 100 mM IPTG. The agar plates were incubated overnight
at 37C.

3.2.6 Plasmid constructions

All molecular cloning techniques employed in the construction of recombinant vectors were
performed according to the procedures described in the preceding sections. All plasmid
constructions were verified by PCR assays, restriction endonuclease digestion and nucleotide

sequencing.

» Allelic exchange vector pUC19-TadABZ-Gent

Primers TadAZ-F and TadAB-R were used with genomic DNR.a$olanacearumB336 as
template DNA to PCR amplify a 2.303-kb DNA fragment containing 531 bp of the upstream
cpaE2(RSP1086) gene, the full-lengtipaF2 (RSP1085) gene (1.350 kb) and 422 bp of the
downstreamadB2(RSP1084) gene. The amplicon was digested with BotiR andHindlll,

and then cloned into pUC19 that had been prepared in an identical manner. The recombinant
plasmid, designated pUC19-TadABZ, was digested with RothandPst, which cuts in the

cpaF2 ORF, and a 1.34-kb gentamycin resistance cassette, recovered from pGEM-Gent
(Smith, 2003) by digestion witNotl andPstl, was ligated into the deletion site to construct

the allelic exchange vector pUC19-TadABZ-Gent. The cloning strategy is indicated

diagrammatically in Fig. 3.1.
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Fig. 3.1 Construction of allelic exchange vector pUC19-TadABZ-Gent, in which the mutpsde?
(RSP1085) gene (blue) is flanked by sequences of the upsteaE? (RSP1086) gene (red) and
downstreantadB2(RSP1084) gene (brown).

68

© University of Pretoria



TEIT VAN PRETO
ITY OF PRETO
ITHI YA PRETO

mn®
«Z

» Complementation plasmid pL AFR6-L acP-CpaF2

Towards construction of the complementation plasmid, the 23Bbgpromoter of the
plasmid pBluescript SKII (+) was PCR amplified with primers LacP-F and LacP-R, digested
with both Hindlll and Xba and then cloned into identically digested pLAFR6 (Huwtlal,

1989). The recombinant plasmid was designated pLAFR6-LacP. Subsequently, the 1.35-kb
cpaF2gene (RSP1085) was PCR amplified by making use of primers CpaF2-F and CpaF2-R
together with genomic DNA frorR. solanacearunNB336 as template DNA. The amplicon

was digested with botBcoR and Xba and cloned into identically digested pLAFR6-LacP
plasmid DNA to generate the complementation plasmid pLAFR6-LacP-CpaF2. The cloning

strategy is indicated diagrammatically in Fig. 3.2.

3.27 Construction of a cpaF2 mutant R. solanacearum strain

CompetentR. solanacearunNB336 cells were prepared and transformed with the allelic
exchange vector pUC19-TadABZ-Gent according to the procedures described previously
(Section 3.2.5.3), except that the transformation mixture was incubated overnight at 30°C
prior to plating onto TZC agar supplemented with dgml of gentamycin. Following
incubation for 48-72 h at 30°C, single colonies were selected from the agar plates and
maintained on TZC agar containing gentamycin. One of these, desidghasethnacearum

NB336AcpaF2 was selected and used in subsequent investigations.

3.28 Characterization of the R. solanacearum NB336AcpaF2 strain

The replacement of the wild-typepaF2 gene with the mutant allele in the selected
solanacearumstrain was verified by Southern blot analysis (Southern, 1975) and PCR

analyses.

3.2.8.1 Southern blot analysis
* Preparation of the labelled probe

For Southern blot analysis, the gentamycin resistance cassette was used as probe and labelled
with digoxigenin-dUTP (DIG-dUTP) by making use of the DIG-High Prime DNA Labelling

and Detection Starter kit (Roche Diagnostics) according to the manufacturer’s instructions.
The gentamycin resistance cassette was PCR amplified from plasmid pGEM-Gent with

primers M13-F and M13-R, as described previously (Section 3.2.3.2).
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Fig. 3.2 Construction of complementation plasmid pLFR6-LacP-CpaF2.
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To prepare the DIG-dUTP labelled probe, 500 ng of the purified amplicon was diluted with
Sabax water to a final volume of 16l. The DNA was denatured by boiling in a water bath

for 10 min and then chilled in an ice water bath. The labelling reaction was initiated by
addition of 4pul of DIG-High Prime labelling mix (containing random primers, nucleotides,
DIG-dUTP, Klenow polymerase and buffer components) and then incubated for 20 h at 37°C.
Following incubation the reaction was terminated by addition dfd 0.2 M EDTA (pH 8)

and heating to 65°C for 10 min. The DNA probe concentration was quantified using the

labelled control DNA provided with the kit according to the manufacturer’s instructions.

* Preparation of the membrane

Genomic DNA of theR. solanacearumvild-type NB336 and mutant NB3A6paF2 strains

was digested witlHindlll before being resolved by electrophoresis on a 1% (w/v) agarose
gel. The PCR amplified gentamycin resistance cassette was included in the analysis as a
control to confirm probe specificity. The DNA fragments were transferred from the agarose
gel to a Hybond-N nylon membrane (GE Healthcare Bio-Sciences, Uppsala, Sweden) by
capillary blotting. For this purpose, the DNA was first denatured by soaking the gel for 30
min with constant agitation in denaturing solution (1.5 M NaCl, 0.5 M NaOH), rinsed in
dH,O and then neutralized, as above, in neutralization solution (1 M Tris-HCI [pH 7.2], 1.5 M
NaCl). Six pieces of filter paper, soaked in 20 x SSC (3 M NaCl, 0.3 M sodium citrate; pH
7.0), were stacked in a shallow container. The inverted gel was then placed onto the filter
paper, followed by the nylon membrane and then four pieces of filter paper, all of which were
pre-soaked in 2 x SSC. Two additional dry filter papers and several paper towels were stacked
on top of the wet filter papers and weighed down by a light weight. Transfer was allowed to
proceed at room temperature for at least 18 h, after which the DNA fragments were cross-

linked to the membrane by UV irradiation for 5 min on each side on a transilluminator.

* Hybridization

The hybridization temperature was calculated using the following formula (Roche
Diagnostics): | = 49.82 + 0.41(%G+C) — (60)/ wherel is the length of the hybrid in bp.

The optimum hybridization temperature was then calculated using=Tr, - 25°C. The
optimal hybridization temperature for the gentamycin probe was calculated to be 42°C. The
membrane was incubated with gentle agitation for 30 min in 10 ml of DIG-Easy Hyb buffer,

pre-heated to 37°C. The pre-hybridization buffer was decanted and replaced with 10 ml of
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DIG-Easy Hyb buffer containing the labelled DNA probe at a concentration of 25 ng/ml. The
DNA probe was denatured, prior to its addition to the hybridization buffer, by boiling in a
water bath for 5 min and rapidly cooling in an ice water bath. Hybridization was performed at
42°C for 4 h, after which the membrane was washed twice for 5 min each in 2 x SSC, 0.1%
SDS at room temperature, followed by two washes of 15 min each in 0.5 x SSC, 0.1% SDS at
60°C.

» Detection of the hybridized DNA probe

To detect the hybridized DNA probe the membrane was rinsed in washing buffer (0.1 M
maleic acid, 0.15 M NacCl, 0.3% [v/v] Tween-20; pH 7.5), followed by a 30-min incubation in
blocking solution (supplied in the kit and prepared according to the manufacturer's
instructions). The membrane was then incubated for 30 min at room temperature in 20 ml of
an antibody solution, comprising a 1:5 000 dilution of the alkaline phosphatase-conjugated
anti-digoxygenin antibody in fresh blocking solution. The membrane was washed twice for 15
min each in washing buffer, followed by equilibration for 5 min in detection buffer (0.1 M
Tris-HCI, 0.1 M NaCl; pH 9.5). The detection buffer was discarded and the membrane was
then immersed in 10 ml of freshly prepared alkaline phosphatase enzyme substrate solution
(NBT/BCIP stock diluted 1:50 in detection buffer). Once the bands became visible, the color

reaction was stopped by rinsing the membrane yOdH

3.2.8.2 PCR analyses

The R. solanacearunNB336AcpaF2strain was analyzed for the presence of the gentamycin
resistance cassette within thgaF2gene by PCR analyses. For this purpose, primers CpaF2-

R and Gm-R were used to amplify a hybrid amplicon consisting of the 3’-end of the
gentamycin resistance cassette and the 5-end of the interege€@ gene, whereas primer

pairs CpaF2-F and CpaF2-R, as well as CpaF2-R and TadB2-F (Table 3.2) were used to
amplify thecpaF2gene interrupted by the gentamycin resistance cassette in mutant genomic
DNA. The PCR reactions were performed, as described previously (Section 3.2.3.2), except
that primer annealing was performed at 60°C for 30 s for all primer pairs. For all of the
analyses, Sabaxwater served as a negative control, while chromosomal DNA extracted from
the parental and mutant strains provided sample template DNA. Following PCR
amplification, aliquots of the respective reaction mixtures were analyzed by agarose gel

electrophoresis and their identity confirmed by nucleotide sequencing.
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3.29 Complementation of the R. solanacearum NB336AcpaF2 mutant strain

The complementation plasmid pLAFR6-LacP-CpaF2 was introduced into Rhe
solanacearum NB336AcpaF2 mutant strain by electroporation. Electrocompetdt
solanacearumNB336AcpaF2 cells were prepared, as described previously (Aderal,

1991). Briefly, an overnight culture was diluted 1:50 into 100 ml of fresh CPG broth and
incubated at 30°C until an Qg of 0.6 was reached. The flask was incubated on ice for 20
min to inhibit further bacterial growth. The bacterial cells were harvested by centrifugation at
5000 xg for 5 min and the cell pellet was suspended in 50 ml of ice-cold 10% (v/v) glycerol.
This step was repeated three times, except that the cell pellet was suspended in 25 ml, 5 ml
and 500 pl of the ice-cold 10% (v/v) glycerol solution, respectively. For electroporation, the
cells (100 pl) were mixed with pg of purified pLAFR6-LacP-CpaF2 plasmid DNA. The
cells were transferred into a 0.1-cm inter-electrode gap electroporation cuvette (Eppendorf)
and exposed to a single electrical pulse using an Eppendorf MultiSosebrat 2000 V.
Immediately following the electrical discharge, 1p0of CPG broth was added to the
electroporation cuvette and incubated on the bench for 20 min. The contents of the cuvette
was subsequently transferred to a sterile test tube containingud860 CPG broth and
incubated for 16 h at 30°C with gentle agitation. Aliquots of the electroporated cells were
plated onto TZC agar containing both gentamycin and tetracycline, and then incubated for 48
h at 30°C.

3.2.10 Phenotypic characterization of R. solanacearum NB336AcpaF2
3.2.10.1 Growth curves

The R. solanacearunwild-type NB336, mutant NB33&paF2 and complemented mutant
NB336AcpaF2:cpaF2strains were cultured overnight at 30°C with shaking in 10 ml of CPG
broth supplemented with the appropriate antibiotics. The overnight cultures were diluted 1:50
in fresh broth and incubated until mid-exponential phase was reacheg, (©D.5). The
cultures were subsequently used to inoculate 200 ml of CPG broth toapd®D.03 and the
flasks were incubated at 30°C with shaking. Thegdf@Deading of each culture was
determined every 2 h for the first 10 h and again between 20 h and 30 h with a Spe2Bonic
Genesys spectrophotometer (Spectronics Corporation, New York, NY, USA). Three

independent assays were performed for each bacterial strain.
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3.2.10.2 Scanning electron microscopy (SEM)

The cells of stationary phase-cultures (24 h) of Rhesolanacearunwild-type, mutant and
complemented mutant strains were collected by centrifugation at 49@0r>6 min and then

fixed for 1 h at room temperature in fixing solution (2.5% gluteraldehyde in 0.075 M
phosphate buffer). The fixed cells were subsequently filtered through a 0.2-pm filter
(Millipore Corporation, Billerica, MA, USA) and washed three times for 10 min each with
0.075 M phosphate buffer (pH 7.4), before being dehydrated by sequential treatment for 10
min each in 30%, 50%, 70%, 90% and 100% ethanol. The treatment with 100% ethanol was
repeated twice more to ensure complete dehydration of the samples. The filters were then
placed onto grids, scatter-coated with gold and observed on a JSM 5800 scanning electron
microscope (JEOL, Tokyo, Japan) at 10 kV.

3.2.10.3 Quantification of extracellular polysaccharides (EPS)

The method described by Jaegal (2005) was used to quantify EPS. TResolanacearum
wild-type, mutant and complemented mutant strains were cultured in 50 ml of LB broth at
30°C for 96 h. The cultures were subsequently standardized to @ @D.5, centrifuged at

5000 xg for 20 min at 4°C and the supernatants were carefully removed and stored at 4°C.
The cell pellets were washed twice with 0.1 M NacCl, suspended in 500 puLOfaltdl stored

at -20°C overnight. To recover EPS, culture supernantants were adjusted to 0.1 M NaCl and
four volumes of absolute ethanol were added followed by incubation overnight at 4°C. The
precipitated material was recovered by centrifugation (50801% min, 4°C), dissolved in 1

ml of dH,O, heated at 65°C for 15 min and then centrifuged for 20 min to remove insoluble
maerial. The concentration of hexosamines, which is a reliable indication of EPS content
(Brumbley and Denny, 1990), was estimated using a modified Elson-Morgan reactioat(Jang
al., 2005). EPS samples (500 ul) were placed in screw-capped tubes and 200 ul of 6 M HCI
was added slowly to dissolve the EPS polymer. The tubes were purged with liquid nitrogen
before being closed tightly. Standard solutions of galactosamine hydrochloride (10-100
pg/ml) were heat-treated simultaneously. The hydrolysis was carried out in an autoclave at
115°C for 1 h. The hydrolysis reaction was terminated by cooling the samples in an ice water
bath and neutralized with an equal volume (200 ul) of 6 M NaOH. The neutralized samples
and standard solutions were mixed with 500 pl of freshly prepared acetylacetone reagent
(4.8% [v/v] acetylacetone in equal volumes of 1 M NaH@@d 1 M NaCQO;; pH 9.6). The

solutions were autoclaved at 105°C for 15 min, after which acetylation was terminated by
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cooling the samples in an ice water bath. Subsequently, 2.5 ml of absolute ethanol, followed
by 0.5 ml of Ehrlich reagent (0.8mdimethylaminobenzaldehyde in 30 ml each of absolute
ethanol and concentrated [35%] HCI) was added. The tubes were placed at 65°C for 10 min,
cooled to room temperature and the absorbance was measured at 530 nm. The amounts of
total hexosamines liberated during hydrolysis were calculated from the standard plot between

Aszoand galactosamine concentrations (10-100 pg/ml).

3.2.10.4 Motility assays

Flagella-dependent swimming motility was assayed as described btlLal. (2001).
Standardized cultures (Qf = 0.1) of the R. solanacearumwild-type, mutant and
complemented mutant strains were stab inoculated into 3-mm-thick motility agar (1% [w/V]
tryptone, 0.3% [w/v] agar). The agar plates were incubated for 48 h at 30°C and the zone of
colonization was subsequently compared. T4ap-mediated twitching motility was assayed as
described by Liwet al. (2001). For this purpose, standardized culturesg(®® 0.1) of the
respective bacterial strains were inoculated onto fresh CPG agar and incubated overnight at
30°C. Colonies were examined for twitching motility by placing a Petri dish, without its lid,

on the stage of a Nikon light microscope equipped with a 10x objective (Nikon Optiphot,

Tokyo, Japan). The images were acquired with a Nikon DXM 1200 digital camera.

3.2.10.5 Biofilm assay

Biofilm formation on an abiotic surface was determined using a quantitative plate assay, as
described by Yao and Allen (2007). A 96-well polyvinyl chloride (PVC) plate (Nunc,
Roskilda, Denmark), containing 50 pl of CPG broth, was inoculated with 150 pl of
standardized cultures (@8 = 0.1) of the R solanacearumwild-type, mutant and
complemented mutant strains. The plates were sealed with plastic wrap and incubated at 30°C
for 48 h under static conditions. Following incubation, the cultures were aspirated and the
wells rinsed three times with sterile gbito remove unattached cells. The plates were dried at
65°C for 20 min, before staining with 300 pl of a 1% (w/v) solution of crystal violet (Sigma-
Aldrich, St. Louis, MO, USA). Following incubation at room temperature for 20 min, the
wells were rinsed three times with water to remove excess stain and then filled with 300 pl of
methanol prior to measuring the optical density at 600 nm. Three independent assays were

performed for each bacterial strain.
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3.211 Plant assays
3.211.1 In planta growth curves

For determination oin planta growth curves, mid-exponential phase cultures 9B 0.5)

of the R. solanacearurwild-type NB336 and mutant NB338paF2 strains were inoculated

to an ORgo of 0.1-0.2 in sterile dpD. An aliquot of the standardized bacterial culture$ (10
CFU/ml) were then injected into the stems of 30-day old potato plapiEn(m tuberosum

BP1) and incubated in a greenhouse at 28-30°C. A 3-cm segment of the stem, obtained from 1
cm above the point of inoculation, was excised at each time interval and surface sterilized by
rinsing the stems in di® and then in 70% ethanol. The stems were then rinsed wi@ dH

and macerated in 5 ml of sterile gbl with a mortar and pestle. Serial dilutions of the stem
homogenates were prepared in sterile@tnd plated in triplicate onto TZC agar containing

the appropriate antibiotic. The agar plates were incubated for 48 h at 30°C, after which

colonies were counted on plates containing between 30 to 300 colonies and then averaged.

3.2.11.2 Potato root colonization assay

Quantitative root attachment assays were performed according to the method of Anderson and
Guerra (1985). Healthy 30-day old potato plants were inoculated by drenching 0.5 kg of soil
with 50-ml suspensions of tHe. solanacearunwild-type, mutant and complemented mutant
strains (1 x 1DCFU/mI). After 15 days in a greenhouse at 28-30°C, the potato plants were
removed from their pots and the roots were rinsed with steri}© dithd blotted lightly on
absorbent paper. Then, one set of roots was excised and prepared for scanning electron
microscopy (Section 3.2.10.2). A matched set of potato roots was excised, weighed and 2 g of
material was ground in 10 ml of sterile fH A dilution series was prepared, as described
above, and plated onto TZC agar to quantify the total bacteria adhering to roots. The cell
numbers were normalized to root fresh weight. The assay was repeated three timesRor each

solanacearunstrain, and a negative control (sterile,@H was also included.

3.2.11.3 Survival of R. solanacearum strainsin soil

Five ml of bacterial suspensions of Resolanacearumnwild-type, mutant and complemented
mutant strains (1 x 0CFU/mI) was inoculated into 25 g of potting soil in triplicate glass
beakers for sampling on days 0, 5 and 15 after inoculation. The inoculated soil was placed in

a greenhouse at 28-30°C. At each sampling date, the soil samples were transferred into sterile
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plastic bags and thoroughly mixed before weighing out a 10-g sub-sample. The soil sub-
samples were mixed with 10 ml of sterile gflHand serial dilutions were prepared. From the
dilutions, 0.1-ml volumes were plated onto TZC agar and the agar plates were incubated for
48 h at 30°C. The assay was repeated three times forReasblanacearunstrain, and a

negative control (sterile i) was also included.

3.2.11.4 Potato pathogenicity trials

Virulence tests of theR. solanacearumwild-type NB336, mutant NB33G&paF2 and
complemented mutant strains were conducted on potato plants, as describedebyalLiu
(2001). The plants were not watered for 24 h prior to inoculation (Williaresah, 2002).
Subsequently, potato plants (30-day old, 15 cm in height) were inoculated by drenching the
soil in 20-cm pots with 50 ml of the bacterial suspension (15CEW/mI) or by applying 5

pl of the inoculum to the stub of freshly severed leaf petioles. As controls, potato plants were
likewise inoculated with sterile . The plants were maintained under greenhouse
conditions that favor bacterial wilt developmente. temperature of 28-30°C, relative
humidity of 85-95% and natural day/night cycles (Pabmial, 1996). The plants were rated
daily for 30 days using a O to 4 disease index as follows: O = healthy plant, 1 = one leaf
wilted, 2 = 2-50% of leaves wilted, 3 = 75% of leaves wilted, and 4 = 100% of leaves wilted
(Focket al, 2000; 2001).

To test for elicitation of the defensive hypersensitive reaction (HR), standardized cultures (1 x
106 CFU/m) of the respectivR. solanacearunstrains were infiltrated into leafs of tobacco (a
non-host plant), as described by latial (2001). Sterile dbD andXanthomonas campestris

were included in the assay as a negative and positive control, respectively. For infiltration, a
hole was made in the leaf by pressing the blunt end of a syringe against the leaf surface while
supporting the other side of the leaf with a finger, and gently injecting a small volume of

inoculum. The plants were observed daily for 7 days.

3.212 Statistical analyses

Quantitative assays were analyzed by using analysis of variance (ANOVA) at the 95% level,
and Tukey’s honestly significant difference test for mean comparison. All statistical analyses
were performed using JMP v.5 software (SAS Institute Inc., Cary, NC, USA).
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33 RESULTS
3.3.1 Construction of allelic exchange vector puC19-TadABZ-Gent

To obtain thecpaF2 (RSP1085) gene, together with flanking regions to facilitate homologous
recombination, primers TadAZ-F (containing BeoRl site) and TadAB-R (containing a
Hindlll site) were used in a PCR with genomic DNAR solanacearunNB336. An aliquot

of the reaction mixture was analyzed by agarose gel electrophoresis and a single discreet
amplicon ofca. 2.3 kb was observed (Fig. 3.3b, lane 2). The amplicon corresponded in size to
the full-lengthcpaF2gene (1.350 kb), flanked by 531 bp of the 3’-end of the upstopaB2

gene and 422 bp of the 5’-end of the downstréaaB2 gene. In contrast, no amplification

products were observed in the negative control in which template DNA was omitted.

Towards construction of the desired allelic exchange vector the purified amplicon was
digested with botiEccRl and Hindlll, and ligated into similarly prepared pUC19 vector
DNA. Following transformation of competekt coli DH5a cells, recombinant transformants
with a Lac phenotype were selected from X-gal - containing indicator plates and cultured in
LB broth supplemented with ampicillin. The extracted plasmid DNA was analyzed by agarose
gel electrophoresis. Plasmid DNA migrating slower than the parental pUC19 vector DNA
were selected and analyzed for the presence of a cloned insert DNA by restriction enzyme
digestion. Digestion of recombinant plasmid DNA with bettoR| andHindlll yielded DNA
fragments ofta. 2.7 and 2.3 kb, which is in agreement with the expected size of the pUC19
vector and insert DNA, respectively (Fig. 3.3b, lane 5). A recombinant clone, designated
pUC19-TadABZ, was selected and the integrity of the cloned insert DNA was verified by

nucleotide sequencing of both terminal ends.

Recombinant plasmids pGEM-Gent (Smith, 2003) and pUC19-TadABZ served as sources for
the construction of the allelic exchange vector pUC19-TadABZ-Gent (Fig. 3.3a). Digestion of
recombinant plasmid pUC19-TadABZ wiist and Notl, which respectively cuts twice and

once in thecpaF2gene, yielded three DNA fragments of 4.253, 0.440 and 0.321 kb. The 4.3-
kb DNA fragment was excised from the agarose gel and purified. This DNA fragment harbors
the cpaR2 gene from which the Asp and His boxes, as well as Walker B motif, essential for
NTPase functioning (Whitchurcét al, 1991; Possot and Pugsely, 1994), has been deleted.
The 1.34-kb gentamycin resistance cassette was subsequently recovered from plasmid pGEM-

Gent by digestion wittPst and Notl, purified from the agarose gel and ligated into the
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deletion site of pUC19-TadABZ. Following transformation of compeerdoli DH5a cells,

plasmid DNA from gentamycin-resistant transformants were characterized first by agarose gel
electrophoresis and then by restriction enzyme digestion. Digestion of the recombinant
plasmid DNA with bothEcaRl andHindlll yielded DNA fragments of 2.863 and 2.686 kb,

which were difficult to resolve on the agarose gel due to their similar sizes (Fig. 3.3b, lane 7).
Therefore, the recombinant plasmid DNA was digested with Bsthand Notl and resulted

in DNA fragments of 4.3 and 1.4 kb (Fig. 3.3b, lane 8). These results thus confirmed that the
gentamycin resistance cassette had been cloned successfully. A recombinant clone, designated
pUC19-TadABZ-Gent, was selected for further use.

3.3.2 Engineering of an CpaF2 mutant R. solanacearum strain
3.3.21 Generation of mutant strains

A mutant of the wild-typeR. solanacearunNB336 strain was generated by introducing the
allelic exchange vector pUC19-TadABZ-Gent into the wild-type NB336 strain, and selecting
for subsequent homologous recombination events betweerR.thsolanacearumDNA
flanking the gentamycin resistance cassette in the vector and the wild-type locus on the
megaplasmid genome. RecipidRt solanacearunstrains harbouring an integrated copy of

the cpaF2:Gni mutant allele were selected by plating onto selective agar medium, as
described under Materials and Methods (Section 3.2.7). A gentamycin-resRtant

solanacearunstrain was selected and designdedolanacearurlB336AcpaF2

3.3.2.2 Southern blot analysis of R. solanacearum NB336AcpaF 2

To determine whether the gentamycin resistance cassette was present in the genome of the
mutant strain, Southern blot analysis was performed. The genomic DRAsmlanacearum
NB336AcpaF2 was isolated, digested withHindlll and separated by agarose gel
electrophoresis. The DNA fragments were transferred onto a nylon membrane by capillary
blotting and the membrane was then hybridized with a DIG-dUTP - labelled DNA probe
specific for the gentamycin resistance cassette. In this analysis, the PCR amplified
gentamycin resistance cassette from plasmid pGEM-Gent was included as a positive control,
while Hindlll-digested genomic DNA of the wild-typR. solanacearunNB336 strain was
included as a negative hybridization control. SiRtesolanacearunpossesses twiad loci

that each contains an NTPase-encoding gene, it was of importance to determine which of

these loci harbored tlepaF2:Gnl mutant allele. Consequently, the NTPase-encoding genes
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Fig. 3.3a Plasmid map of allelic exchange vector pUC19-TadABZ-Gent.

Fig. 3.3b Characterization of allelic exchange vector pUC19-TadABZ-Gent by restriction enzyme
digestion. Lane 1, negative control PCR reaction mixture lacking template DNA; lane 2, amplicon
obtained by PCR amplification usifd) solanacearunrNB336 genome DNA as template and primers
TadAZ-F and TadAB-R; lane 3, DNA molecular weight marker; lane 4, uncut recombinant vector
pUC19-TadABZ; lane 5, recombinant vector pUC19-TadABZ digested withBboaR and Hindlll;

lane 6, uncut vector pUC19-TadABZ-Gent; lane 7, recombinant vector pUC19-TadABZ-Gent
digested wittEcoR andHindlll; lane 8, recombinant vector pUC19-TadABZ-Gent digested Wiith
andPstl. The sizes of the DNA molecular weight marker in base pairs, O’GeneRL0&-bp DNA
Ladder Plus (Fermentas), are indicated to the left of the figure.
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cpaFl and cpaF2 present in thead loci of the chromosome and megaplasmid genomes,

respectively, were PCR amplified and also included in the analysis.

The results (Fig. 3.4) indicated that the probe specific for the gentamycin resistance cassette
hybridized to the PCR amplified gentamycin resistance cassette, as well as to a DNA
restriction fragment from th&. solanacearunNB336AcpaF2 genomic DNA. Importantly,

the probe also hybridized to thpaF2(RSP1085) gene PCR amplified from the megaplasmid
genome ofR. solanacearumNB336AcpaF2 but not with thecpaFl (RSC0652) gene
amplified from the chromosome genome. The probe neither hybridized to the digested
chromosomal DNA of th®. solanacearunNB336 strain nor with the PCR amplifiepaF1
andcpaF2genes of this wild-type strain. These results therefore indicated that a single copy
of the cpaF2:Gnl mutant allele was integrated into the megaplasmid genom®&. of

solanacearunNB336AcpaF2

3.3.23 PCR analyses of R. solanacearum NB336AcpaF2

To confirm the location of the integrated mutant allele inRhsolanacearunNB336AcpaF2

strain and to determine whether integration occurred by means of a single or double crossover
event, PCR analyses were performed using different pairs of oligonucleotide primers (Fig.
3.5a). These amplified hybrid products only if the gentamycin resistance cassette was located
within the mutated¢paF2gene of the megaplasmid genome. Moreover, oligonucleotides were
also used that annealed to genomic sequences flanking the region in which the mutant allele

was integrated.

Primers CpaF2-F and CpaF2-R, which anneal to the 3'- and 5-end afp#ie2 gene,
respectively, were used to amplify either a 1.35-kb product in the absence of the gentamycin
resistance cassette, or a 1.94-kb product in the presence of the 1.34-kb cassette. A 1.94-kb
product was produced wheR. solanacearunNB336AcpaF2 genomic DNA was used as
template, but template DNA of wild-typR. solanacearunNB336 generated the 1.35-kb
product (Fig. 3.5b). Moreover, primers CpaF2-R and Gm-R were used to amplify a 1.674-kb
hybrid product if the gentamycin resistance cassette was located within the nopfed
(RSP1085) gene. The product was produced vihesolanacearunNB336AcpaF2 genomic

DNA was used as template. As expected, when wild-B/psolanacearunNB336 genomic

DNA was used as template in the PCR reactions no products were amplified with this primer
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Fig. 3.4 Southern blot analysis of genomic DNA extracted fromRheolanacearunmutant strain
NB336AcpaF2 containing a mutatedpaF2 gene. Genomic DNA extracted from the wild-type
NB336 (lanes 2) and mutant NB38&paF2 (lanes 5) strains were digested witndlll, resolved by
agarose electrophoresis (a) and transferred to a nylon membrane for Southern blotting (b). The
membrane was probed with a DIG-labelled gentamicin resistance cassette. An amplicon of the
gentamycin resistance cassette (lanes 1) was included as a positive hybridization control. Amplicons
of the chromosomatpaF1 (RSC0652) and megaplasmigaF2 (RSC1085) genes of the wild-type
NB336 strain (lanes 3 and 4, respectively), as well as those of the mutantA¢paB@ strain (lanes

6 and 7, respectively) were also included in the analysis. The sizes of the DNA molecular weight
marker in base pairs (lanes 8), FirstRUlbtiddle Range DNA Ladder (Fermentas), are indicated to

the right of the Fig. 3.4a.

82

© University of Pretoria



TEIT VAN PRETO
ITY OF PRETO
ITHI YA PRETO

mn
«Z

pair (Fig. 3.5c). In the final analysis, primers were used that annealed to genomic sequences
downstream of thepaF2 gene in which the mutant allele was integrated. Thus, primers
CpaF2-R and TadB2-F were used to amplify either a 2.274-kb or a 2.863-kb product in the
absence or presence of the 1.34-kb gentamycin resistance cassette, respectively. As expected,
a 2.863-kb product was produced whensolanacearunNB336AcpaF2 genomic DNA was

used as template, whilst template DNA from wild-typesolanacearumNB336 generated the
2.274-kb product (Fig. 3.5d). Cumulatively, these results therefore confirmed that a single
copy of thecpaF2:Gnl mutant allele was integrated into the megaplasmid genoni®e of

solanacearunNB336AcpaF2 and that it occurred by means of a double crossover event.

3.3.3 Construction of complementation plasmid pL AFR6-L acP-CpaF2

To determine whether any altered phenotypes that may be displayedRyshi@nacearum
NB336AcpaF2 mutant strain was due to mutagenesis of the wild-typaF2 gene, a
complementation plasmid, containing a wild-type copy of ttaF2 gene under
transcriptional control of &ac promoter, was constructed whereby the mutant strain could be
complemented. Since complementation studies would require that the plasmid DNA is
capable of replicating irR. solanacearumthe broad-host-range plasmid pLAFR6 was
selected for construction of the complementation plasmid. This plasmid vector contains a
RK2 replicon that permits replication in a wide variety of Gram-negative bacteria, including
E. coli and R. solanacearumIn addition, the plasmid vector also harbors a tetracycline
resistance marker to allow for plasmid selection and maintenance in the respective bacterial
hosts (Huyntet al, 1989).

The lac promoter was obtained by PCR amplification using primers LacP-F (containing a
Xbd site) and LacP-R (containingHindlll site) and pBluescript SKIl (+) plasmid DNA as
template. Following PCR, the 235-bp amplicon was digested withXimihand Hindlll, and

cloned into the pLAFR6 plasmid vector to generate pLAFR6-LacP. To complete construction
of the complementation plasmid, the 1.35¢mF2 gene, obtained by PCR amplification
using primers CpaF2-F (containing BaodR|I site) and CpaF2-R (containingXda site) and
genomic DNA ofR. solanacearunNB336 as template, was digested with bBtoR|l and

Xba and cloned into pLAFR6-LacP that had been prepared identically. The complementation
plasmid, designated pLAFR6-LacP-CpaF2 (Fig. 3.6a), thus containé&tthemoter facP)

in the correct transcriptional orientation relative to¢haF2gene.
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Fig. 3.5a Schematic representation of a portion of the locus on the megaplasmid genomeRof
solanacearumindicating the primer annealing positions and direction of amplification in the wild-
type (top panel) and mutant (lower panel) strains. The sizes of the different amplicons, as expected for
a double crossover event, are indicated by brackets.

Figs. 3.5b-d Agarose gel electrophoretic analysis of the amplification products obtained, following
PCR analysis of th&. solanacearunwild-type NB336 and mutant NB336paF2 strains using
primers CpaF2-F and CpaF2-R (b), CpaF2-R and Gm-R (c) and CpaF2-R and TadB2-F (d). Lanes 1,
DNA molecular weight marker; lanes 2, negative control PCR reaction mixture lacking template
DNA,; lanes 3, genomic DNA from wild-type strain NB336; lanes 4, genomic DNA from mutant strain
NB336AcpaF2 The sizes of the DNA molecular weight marker in base pairs, Hyperiadder
(Bioline), are indicated to the left of each figure.
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To verify the presence of tHacP-cpaF2insert DNA, plasmid pLAFR6-LacP-CpaF2 was
digested withXbd and eitherHindlll or EcoRI. Digestion withXba and EcarRl resulted in

the excision of a 1.35-kb DNA fragment corresponding in size tecph&2 gene, whereas
digestion of the recombinant plasmid wikba and Hindlll yielded two DNA fragments
corresponding to the size of the pLAFR-CpaF2 vector DNA (22.350 kb) and the toRed
promoter (235 bp) (Fig. 3.6b, lanes 6 and 7, respectively). The integrity of the cloned insert

DNA was furthermore confirmed by nucleotide sequencing.

The complementation plasmid pLAFR6-LacP-CpaF2 was subsequently introduced into the
constructedR. solanacearunNB336AcpaF2 mutant strain by electroporation, and a strain
that displayed resistance to both gentamycin and tetracycline on TZC agar was selected for
further use.

3.34  Phenotypic characterization of R. solanacearum NB336AcpaF2
3.34.1 Growth curves

It has been noted previously that mutagenesis may influence the growth properties of the
mutant strain (Liuet al, 2005). Therefore, it is possible that the observed effects on
adherence and virulence, following mutagenesis, may be due to growth impairment of the
mutant strain. To investigate whether the introduced mutation influenced the growth
properties of the mutant strain, thRe. solanacearumwild-type NB336 and mutant
NB336AcpaF2strains were cultured in CPG broth, and their growth was followed by taking
optical density readings at 600 nm over a time period of 30 h. The results indicated that the
mutant NB33@AcpaF2 strain displayed a growth rate very similar to the wild-type NB336
strain. Likewise, the mutant NB3&6paF2strain complemented with a wild-type copy of the

cpaF2gene on pLAFR6-LacP-CpaH2transalso did not display impaired growth (Fig. 3.7).
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Fig. 3.6a Plasmid map of complementation plasmid pLFR6-LacP-CpaF2.
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Fig. 3.6b Characterization of complementation plasmid pLAFR6-LacP-CpaF2 by restriction enzyme
digestion. Lane 1, negative control PCR reaction mixture lacking template DNA; lane 2 amplicon
obtained by PCR amplification using pBluescript SKIl (+) plasmid DNA as template and primers
LacP-R and LacP-F; lane 3, amplicon obtained by PCR amplification RsisglanacearunNB336
genome DNA as template and primers CpaF2-R and CpaF2-F; lanes 4 and 8, DNA molecular weight
marker; lane 5, uncut recombinant vector pLAFR6-LacP-CpaF2; lane 6, recombinant vector pLAFR6-
LacP-CpaF2 digested with boEcoR and Xbd; lane 7, recombinant vector pLAFR6-LacP-CpaF2
digested with bottXba and Hindlll. The sizes of the DNA molecular weight marker in base bairs,
O’'GeneRuler’ 100-bp DNA Ladder Plus (Fermentas), are indicated to the right of the figure.
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3.3.4.2 Colony and cell mor phology

The differentR. solanacearunstrains were investigated with regards to colony morphology
on TZC agar medium, which is capable of distinguishing between virulent and non-virulent
colony types (Kelman, 1954; Champoisegtual, 2009). Colonies of the virulent type are
irregularly-round, pink or white and fluidal, which contrast with the round, smaller, deep-red
and butyrous (dry) non-virulent colonies. Following incubation for 48 h, colonies of the
respectiveR. solanacearunstrains displayed phenotypes that were in agreement with those
described previously for virulent strains, albeit that slight differences were noted. Whereas
colonies of theR. solanacearunwild-type NB336 strain were fluidal and white with a pale

red center, those of the mutant NBA8paF2 strain were also fluidal, but were entirely
white. Complementation of the mutant strain with the wild-tgpaF2genein transyielded
colonies that resembled those of the wild-typesolanacearunNB336 strain (Fig. 3.8a).

Cells from stationary phase-cultures of tiRe solanacearumwild-type, mutant and
complemented mutant strains were also examined by scanning electron microscopy (Fig.
3.8b). No noticeable differences in the morphology of the cells from these strains were
observed. The respective bacterial cells were short, straight rods and similar in size to each
other (1.3+£0.3 pm in length and 0.4+0.1 pm in width). These results indicated that disruption

thecpaF2gene has no apparent effect on colony and cell morphology.

3.3.4.3 Quantification of EPS

Amongst the many virulence factors producedRogolanacearumit has been reported that
exopolysaccharide | (EPS 1) is essential for wilting and killing of host plants (Denny, 1995;
McGarveyet al, 1998). EPS | is produced in copious amounts bothitro andin plantaand

is believed to function by clogging the xylem vessels, resulting in wilt. EPS | has also been
reported to aid in the systemic colonization of susceptible tomato cultivars €aille1997;
Araud-Razouet al, 1998). Consequently, EPS produced byRhesolanacearumvild-type,

mutant and complemented mutant strains were quantified following growth in LB broth for
96 h. For this purpose, the concentration of galactosamine was determined as it is a major
constituent of the acidic EPS | polymer (Deretyal, 1988; Araud-Razoat al, 1998) and is

also considered to be reliable indicator of the total EPS produced (Brumbley and Denny,
1990). The results (Fig. 3.9) indicated that the respe&iveolanacearunstrains produced
comparable amounts of EPS (43-45 pg/ml). Based on the results, it was concluded that
inactivation ofcpaF2 gene did not affect EPS production in the mutantsolanacearum

strain.
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Fig. 3.7 Growth curves of wild-typ&R. solanacearunNB336 (M), mutant NB33&cpaF2 () and
complemented mutant NB386paF2:cpaF2 ( @) strains in CPG broth. The results are the mean of
three independent experiments and the error bars represent the standard error of the mean.
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Fig. 3.8 Colony and cell morphology of thé&k. solanacearumwild-type NB336, mutant
NB336AcpaF2 and the complemented mutant NBa8paF2:cpaF2 strains. (a) The respectir.
solanacearunstrains were plated onto TZC agar medium and the colony phenotypes were examined
after incubation at 30°C for 48 h. (b) Representative scanning electron microscopy micrographs of
cells from stationary phase cultures (24 h) of the respeRtigelanacearurstrains.
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Fig. 3.9 EPS production byR. solanacearumwild-type NB336, mutant NB33&paF2 and the
complemented mutant NB3&6paF2:cpaF2 strains. The respective. solanacearunstrains were

cultured in LB broth at 30°C for 96 h and the concentration of hexosamine was determined using a
modified Elson-Morgan reaction andgalactosamine hydrochloride standard cufMee results

are the mean of three independent experiments and the error bars represent the standard error of the
mean. Differences in EPS production were not significaRt=a0.05.
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3.3.4.4 Motility assays

Both swimming motility mediated by flagella and twitching motility mediated by T4ap have
been reported to be required for virulencé&irsolanacearunfLiu et al, 2001; Tans-Kersten

et al, 2001; Kanget al, 2002). Swimming motility is thought to make its contribution early

in disease development by enabling the pathogen to move towards the host rhizosphere, attach
to the host roots and invade root tissue (Tans-Keesteat, 2001). Twitching motility has

been proposed to be important for colonization of root surfaces, invasion of the root interior,
and movement within xylem vessels or migration through other plant tissues ¢Kahg

2002). Due to the important role that motility playsRn solanacearunvirulence, it was
subsequently investigated whether inactivation of ¢haF2 gene influenced its motility

properties.

To evaluate swimming motility, the wild-type NB336, mutant NB8G6aF2 and the
complemented mutant NB3&6paF2:cpaF2 strains were stab inoculated into motility agar

and examined 48 h following inoculation. The colonies of these bacterial strains were
surrounded by an even white halo, indicative of flagellum-driven motility (Tans-Keesten

al.,, 2001). Moreover, the motility halo of the wild-type NB336, mutant NB&p&EF2 and

the complemented mutant NB38&paF2:cpaF2 strains was similar in size (Fig. 3.10a). To
assess twitching motility, the respective bacterial strains were inoculated onto CPG agar and
following incubation for 24 h, the colonies were examined under a light microscope. Light
microscopy revealed that the colonies of the wild-type, mutant and the complemented mutant
strains growing on the surface of the agar medium were indistinguishable from each other.
Colonies from the bacterial strains were serrated in appearance, resembling colonies of
twitching R. solanacearunpictured in the literature (Liet al, 2001). Also, individual rafts

of cells with jagged edges were observed, indicating that they were the result of cells
migrating over the agar surface rather than being due to multiplication away from the centre
of the colony (Fig. 3.10b). From the above observations, it was thus concluded that the mutant
NB336AcpaF2 strain was motile, exhibiting swimming and twitching motility that was

comparable to that of the wild-type NB336 strain.

90

© University of Pretoria



NB336AcpaF2 NB336AcpaF2::cpaF2

NB336 NB336AcpaF2 NB336Acpal-2::cpaF2

Fig. 3.10 Motility assays ofR. solanacearunwild-type NB336, mutant NB33GpaF2 and the
complemented mutant NB386paF2:cpaF2 strains. (a) For flagellar-mediated swimming motility,

the bacterial strains were stab inoculated into motility agar and the zone of colonization was compared
after incubation at 30°C for 48 h. (b) For twitching motility, the bacterial strains were cultured on CPG
agar and examined 20-24 post-inoculation under a light microscope. For the wild-type, mutant and the
complemented mutant strains, motile rafts could be seen, indicative of twitching motility across the
agar surface. AilQ mutant ofR. solanacearunthat does not display twitching motility (from L&t

al., 2001) is shown in the inset for comparative purposes. Bar = 10 pum.
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3.3.4.5 Biofilm development

Many plant-associated bacteria form biofilms in contact with biotic or abiotic environments
(O'Toole and Kolter, 1998; Dowt al, 2003; Koutsoudigt al, 2006; Danhorn and Fuqua,
2007). Although biofilms are suspected of playing a rolR.isolanacearurhost interaction
(Morris and Monier, 2003), few studies have been undertaken and the factors thaR.affect
solanacearumbiofilm formation are still unknownR. solanacearunhas been reported to

form biofilm-like aggregations on a PVC surface (Kaigal, 2002; Yao and Allen, 2007)

and on the surface of tomato seedling roots (Ketngl, 2002; Yao and Allen, 2006). It has
been proposed that once inside the plant, biofilms could help either to protect the pathogen
from host defenses and thus contribute to bacterial survival during latent infections and
saprophytic life (Stemmer and Sequeira, 1987; kaal, 1992), or it may enable the
pathogen to remain anchored to xylem cell walls and filter nutrients from the dilute flow of
xylem liquid (Yao and Allen, 2007). Having established that the mRargolanacearum
NB336AcpaF2 strain was capable of swimming and twitching motility, indicating normal
production of flagella and T4ap, it was next investigated whether the mutant strain was
capable of forming biofilms. For this purpose, a quantitative microtiter plate assays was used,
as described in Materials and Methods (Section 3.2.10.5).

The results indicated that although each ofRhsolanaceraunstrains formed biofilm bands

at the air-liquid interface, differences were noted in the amount of biofilm formed.
Interestingly, the mutant NB3a@paF2 strain consistently formed significantly more biofilm
than the wild-type NB336 strain. However, strain NB&8BaF2:cpaF2 in which the
mutation was complementeaal trans produced a similar amount of biofilm compared to the
wild-type NB336 strain (Fig. 3.11). These results indicated that the niRtastlanaceraum
strain had significantly higher biofilm formation ability on an abiotic surface than the wild-

type under tested conditions.

3.35 Plant assays
3.3.5.1 In planta growth curve

Previously, it was shown that th&®. solanacearumwild-type NB336 and mutant
NB336AcpaF2 strains displayed similar growth rates in CPG broth (Fig. 3.7). To determine
whether these bacterial strains also displayed similar growth propértipdanta the

respective bacterial strains were inoculated into the stems of potato plants and bacterial counts
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Fig. 3.11 Biofilm formation by theR. solanacearurwild-type NB336, mutant NB33&paF2and the
complemented mutant NB3&6paF2:cpaF2strains. Biofilm formation was quantified by measuring

the ODyo0f crystal violet-stained PVC microtitre wells. The results are the mean of three independent
experiments with five replicates each and the error bars represent the standard error of the mean.
Different letters indicate significant differencés< 0.05) among the strains.
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were performed at 10-h intervals over a time period of 50 h. The results indicated that there
was no significant difference in the growth rate between the wild-type and mutant istrains
planta (Fig. 3.12).

3.3.5.2 Potato root colonization assay

The ability to adhere to plant roots is an important early ste® faolanacearunto cause
disease in susceptible plants (Vassal, 1995; 2005). Adhering pathogens typically have
one or more extracellular moleculesd. carbohydrate molecules and non-pilus adhesins), or
surface appendages.g. T4a pili), that interact with various surfaces (Danhorn and Fuqua,
2007). In the case &. solanacearurrboth flagella and T4a pili have been implicated in the
adherence of the bacteria to host cells (Kamgal, 2002; Tans-Kersteret al, 2004).
Although other types of pili, such as Flp pili, have been implicated in adherence and virulence
of pathogens infecting humans (Kachlatyal, 2000; Spinolaet al, 2003; de Bentzmanet

al., 2006), it is not known whether they may have a similar function in phytopathogens.

To assess adherence to and colonization of potato roots, potato plants were inoculated with
the R. solanacearunwild-type NB336, mutant NB33GpaF2 and complemented mutant
NB336AcpaF2:cpaF2strains using a soil soak inoculation method. After 15 days, the extent
of root colonization was assessed by scanning electron microscopy (SEM) of the plant roots
and by enumeration of viable cells recovered from the roots. Visualization of the roots by
SEM indicated that cells of both the wild-type and complemented mutant strains were more
abundantly present on the surface of the roots compared to cells of the mutant strain (Fig.
3.13a). In support of this qualitative data, quantitative data obtained by viable cell-plating
indicated that significantly less bacteria were recovered from roots of plants inoculated with
the mutant NB338cpaF2 strain than those inoculated with the wild-type and complemented
mutant strains (Fig. 3.13b). Although these results therefore indicate ttsbanacearum
wild-type NB336 and mutant NB33a@paF2 strains differ in their ability to adhere to and/or
colonize plant roots, it does not exclude the possibility that this difference may be due to a

difference in the survival of the mutant strain in the soil.
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Fig. 3.12 In planta growth curves ofR. solanacearumwild-type NB336 (M) and mutant
NB336AcpaF2 () strains. The results are the mean of three independent experiments and the error
bars represent the standard error of the mean.
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The soil survival of theR. solanacearunwild-type NB336, mutant NB33&paF2 and
complemented mutant NB3&6paF2:cpaF2strains was subsequently investigated in potting
soil without plants by incubating beakers of inoculated soil under greenhouse conditions. The
number of viable cells that could be recovered from the potting soil was determined up to 15
days after inoculation. Over this period, there were less than 10-fold changes from the initial
inoculum concentration, toa. 4.8 x 1§ CFU/g of soil being recovered on the last sampling
date for each of the strains tested. However, none of the strains were significantly different
from each other at a given sampling date (Fig. 3.14). These results therefore showed that all
strains were equally available for colonization within the first 15 days after soil inoculation,
which is past the time at which disease symptoms developed in plants inoculated with the
wild-type mutant NB336 strain (see Fig. 3.16). Cumulatively, these results therefore suggest
that the poor colonization of potato roots by the mutant NB8B&F2strain is not due to an

inability to survive in the soil, but rather due to attenuated adherence to the plant roots.

3.3.5.3 Virulence assays

Prior to undertaking virulence assays, tRe solanacearumwild-type NB336, mutant
NB336AcpaF2 and complemented mutant strains were evaluated for their ability to elicit a
HR defense response when infiltrated into non-host tobacco leafs. Like the wild-type strain,
both the mutant and complemented mutant strains produced necrotic lesions in the leaves of
the indicator plant that were similar to that elicited by the positive control phytopathogen,
Xanthomonas campestr{§ig. 3.15). Based on the ability of the mut&ht solanacearum
NB336AcpaF2 strain to elicit a normal HR defense response, it was thus concluded that the
T3S system, which is responsible for the secretion of the majority of virulence factors, was
not affected by the introduction of tepaF2:Gnl mutant allele.

To determine the involvement of the megaplastadlocus in wilt disease development, two
types of virulence assays were performed on a susceptible potato host. In the naturalistic soll
soak assay, which requires bacteria to locate and invade host roots from the soie{\dhsse
1995; 2005), the wild-type strain NB336 caused a disease index of 3.94 at 16 days after
inoculation and 4 at 30 days after inoculation. In contrast, the mutant NBB&B2 strain

did not cause disease over the 30-day period. Notably, the complemented mutant strain
NB336AcpaF2:cpaF2restored the virulence phenoptype. Although the complemented strain

caused a disease index of 4 at 30 days, it was significatly (0.05) slower than the
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Fig. 3.13 Colonization of potato plant roots bthe R. solanacearumwild-type NB336, mutant
NB336AcpaF2 and the complemented mutant NB38faF2:cpaF2 strains. Potato plants were
inoculated by soil soaking with standardized cultures of the respéttiselanacearurstrains. After

15 days, the potato plants were removed, the roots were rinsed with stefe libtted dry on
absorbent paper, excised and either examined under a scanning electron microscope (SEM) or ground,
diluted serially and plated onto TZC agar medium. (a) Representative SEM micrographs of potato
roots showing colonization of the roots by the solanacearumwild-type NB336, mutant
NB336AcpaF2and the complemented mutant NBA8paF2:cpaF2strains. (b) Number of bacterial

CFU recovered from potato plant roots. The results are the mean of three independent experiments
with five replicates each and the error bars represent the standard error of the mean. Different letters
indicate significant difference® (= 0.05) among the strains.
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Fig. 3.14 Survival of R. solanacearunwild-type NB336 @ ), mutant NB33&paF2 () and
complemented mutant NB3&6paF2:cpaF2 @) strains in soil. Soil was inoculated with standardized
cultures of the respectivR. solanacearunstrains and the number of bacterial CFU recovered at
different days after inoculation was determined by dilution plating onto TZC agar medium. The results
are the mean of three independent experiments with five replicates each and the error bars represent
the standard error of the mean. Different letters indicate significant differdhee6.05) in bacterial

CFU at different times after inoculation.
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wild-type strain in causing wilt symptoms (Fig. 3.16a). In a cut-petiole assay, which bypasses
the normal infection route and introduces bacteria directly into the vascular systemefSaille
al., 1997, Liuet al, 2001), the wild-type NB336 strain wilted all potato plants by day 10 after
inoculation. The complemented mutant strain NBS3§F2:cpaF2 wilted all potato plants

by day 16 and was statistically indistinguishable from the wild-type strain in this assay.
However, as with the soil soak assay, potato plants inoculated with the mutantA¢BaB82

strain did not wilt and hardly developed disease symptoms, except for restricted leaf
yellowing and localized necrosis on some inoculated potato plants (Fig. 3.16b). These results
therefore suggested that the megaplastadlocus of R. solanacearumor functions that

require thaad-encoded proteins, is important for virulence on potato plants.

34 DISCUSSION

Bacteria can assemble various appendages on the cell surface that allows them to colonize
diverse biotic and abiotic surfaces. StudiesRorsolanacearunmave revealed that flagella

and T4ap are involved in processes such as motility, attachment or both (Tans-&easien

2001; Liuet al, 2001; Kanget al, 2002). In addition to these cell surface appendages,
solanacearunalso harbors twtad loci whose genes encode components previously reported

in A. actinomycetemcomitatiKachlanyet al, 2000; 2001) an&. aeruginosgde Bentzmann

et al, 2006) to be involved in the assembly of Flp pili that support adherence. The widespread
existence of théad locus (Planegt al, 2003; Tomictet al, 2007) suggests that there exists a
strong selective pressure for the maintenance of this gene cluster across a diverse spectrum of
bacterial species. It is therefore reasonable to assume that the protein products encoded by this
gene cluster may be important for some aspect of the life cycle of the organisms that contain
these genes. In this study, the relevance oft#tegene products irR. solanacearum

adherence and virulence on potato plants was investigated.

Although R. solanacearunharbors twotad loci, they differ in their genetic composition
(Chapter 2, Fig. 2.1). In contrast to ttael locus in the megaplasmid, the chromosotadl

locus lacks a discernible homologue of the TadD protein, which is required for the proper
assembly and/or function of the secretin complex (Cletcll, 2008). Specifically, TadD is
essential for RcpA secretin abundance and RcpA does not multimerize or localize to the outer

membrane without expression of TadD. Moreover, durnngvo assays to identify virulence
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Fig. 3.15 Hypersensitivity reaction (HR)-dependent lesion formation in a tobacco plant inoculated
with different R. solanacearunstrains. The tobacco plant leaf was infiltrated with standardized
suspensions of th&r. solanacearumwild-type NB336 (C), mutant NB32&paF2 (D) and
complemented mutant NB3&6paF2:cpaF2(E) strains. As controls, the leaf was also infiltrated with
sterile dHO (A) and Xanthomonas campestri®). The photographs show lesions after 7 days of
incubation. An enlarged view of the infiltrated leaf and associated lesions is presented to the right.
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Fig. 3.16 Disease progress of tiie solanacearumwild-type NB336 (l ), mutant NB32@&paF2 [1)

and complemented mutant NB38fpaF2:cpaF2 (M) strains on potato plants by different inoculation
methods. Thirty-day old potato plants were inoculated either by soaking the soil (a) or by applying the
bacteria directly to the cut surface of a leaf petiole (b). In these assays, plants inoculated with sterile
dH,O (@ ) were included as a negative control. Plants were rated daily on a disease index scale from 0
to 4. Each point represents the mean disease index of three individual experiments, each containing
five plants per treatment. In (a), the virulence of the wild-type and the complemented mutant strains
was different from that of the mutant NB38tpaF2 strain® = 0.05). In (b), the virulence of the
wild-type and complemented mutant strains was not significantly different, but both differed from that
of the mutant NB336&cpaF2 strain® = 0.05).
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genes,tadD was identified as likely to be critical for virulence in the animal pathogens
Pasteurella multocidandYersinia rukeri(Fuller et al, 2000; Fernandeet al, 2004). Since

the megaplasmitad locus ofR. solanacearuncontains a TadD homologue (RSP1082) and
considering that most of the virulence genes of this bacterium are located in the megaplasmid
(Salanoubaet al, 2002; Genin and Boucher, 2004), ttad locus was therefore selected for
mutagenesis. A targeted mutation was introduced integh&2gene, which is a homologue

of thetadA gene that encodes an NTPase required for energizing the assembly or secretion of
Flp pili in A. actinomycetemcomitaiiBhattarcharjeet al, 2001). Notably, a&adA mutant of

the human pathoged. ducreyiis avirulent (Nikaet al, 2002) and it has also been reported
that tadA mutants of several human pathogenic bacteria lack Flp pili on the surface of the
cells (Bhattarcharjeet al, 2001; Nikaet al, 2002; de Bentzmaret al, 2006). The mutarR.
solanacearunstrain generated was designated NB83&F2 and characterized by Southern

blot analysis and PCR analyses, the results of which confirmed that the NBE& strain
contains a single interrupted copy a@gaF2 To ensure that the derived mutant strain is not
polar, thecpaF2 mutation was genetically complemented with the wild-tgpaF2 genein

trans Near complete complementation of all phenotypes investigated was observed, showing

that the insertion in the mutant NB38tpaF2strain is indeed non-polar.

In this study, Flp pili encoded kgd gene clusters could not be detected on the surfaRe of
solanacearunstrain NB336 by transmission electron microscopy (TEM) (results not shown).
Similar observations were also previously made for the human pathdgensreyi(Nika et

al., 2002) andYersinia enterocolitica(Schilling et al, 2010), whereas the Flp pili d?.
aeruginosaare only visible by TEM on the cell surface if figgene is overexpressed from a
plasmid (de Bentzmanret al, 2006). However, the literature regarding pili R.
solanacearunsuggests that this bacterium can make different types of pili. Characterization
of R. solanacearunstrains GMI1000 (van Gijsegeet al, 2000) and AWI (Kanget al,

2002) indicated that they each produce two distinct types of polar pili. The HrpY pilus is
composed of pilin monomers (7 kDa) encoded byhigy gene, whereas the T4a pilus is
composed of pilin monomers (17 kDa) encoded bypil® gene. The role of these pili in
adherence and/or virulence Bf solanacearunmave been investigated. It was shown that
although HrpY pili are an essential component of the T3S system, they are not required for
adherence aslapY mutant ofR. solanacearun&MI1000 adhered to both host and non-host
plant cells grown in suspension culture (Aldemnal, 2000; van Gijsegerat al, 2000). The

T4ap was shown to be required for twitching motility Rysolanacearuprwhich promoted
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virulence on tomato plants (Kareg al, 2002). Similar studies on other vascular pathogens,
such asXylella fastidosaLi et al, 2007; Menget al, 2005) andAcidovorax avenasubsp.

citrulli (Baharet al, 2009), have confirmed the importance of T4ap for twitching motility and
indicated that this activity contributes to spread of these pathogens via the xylem vessels. In
addition to the above reports, two different groups (Yoengal, 1985; Stemmer and
Sequiera, 1987) reported purified pilin protein from R. solanaceatuain K60 of which
neither the molecular mass (9.5 kDa) nor the amino acid compositions matched either HrpY
or T4a pilins. Although it is likely that both these groups isolated the same pilin, the results
do, however, indicate the presence of at least a third distinct type of pRRusatanacearum

In support of this statement, it has been reported that HrpY pili are not involved in adherence
(Aldon et al, 2000; van Gijsegerat al, 2000) and the absence of T4ap was reported to have
no quantitative effect on adherence to host or non-host cells (Karad, 2002), thus

suggesting the presence of an as yet uncharacterized attachment factor.

Based on the genetic evidence presented in this study, the results indicated that both the
mutant NB33AcpaF2 and wild-type NB33@R. solanacearunstrains had a mucoid colony
morphology on solid medium, displayed similar motility, had similar grawthitro andin
plantaunder tested conditions, and they produced similar amounts of EPS. Moreover, like the
wild-type NB336 strain, the mutant NB38épaF2strain elicited a normal HR response when
infiltrated into non-host tobacco plants, indicating the presence of HrpY pili and that the T3S
system also was not affected. The wild-type and mutant strains, however, differed from each
other with regards to biofilm formation, potato root colonization and virulence. This therefore
suggests that a functiongpaF2 gene (and presumably Flp pili) plays an important role at

some point during disease development.

Biofilm formation has been associated with virulence of pathogenic bacteria. In the case of
phytopathogenic bacteria, biofiims are thought to contribute to virulence through several
mechanisms, including enhanced localization of specific niches, increased resistance to
antimicrobials released by the plant and/or blockage of sap flow in the xylem vessels (Meng
et al, 2005; Danhorn and Fuqua, 2007). In this study, both the mutant and the wiR-type
solanacearumstrains formed biofilms on PVC plastic surfaces at the liquid-air interface.
Interestingly, theR. solanacearurmutant NB33@cpaF2overproduced biofilms compared to

the wild-type NBB336 strain (Fig. 3.11). The result was somewhat unexpected,tagince

mutants ofA. actinomycetemcomitaasdP. aeruginosaare impaired in biofilm formation on
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abiotic surfaces (Kachlarst al., 2000; Pereet al, 2006; Tomichket al, 2006; de Bentzmann

et al, 2006). However, the result is in agreement with that reported for the human pathogen
enterocolitica(Schilling et al, 2010), indicating that Flp pili are likely not required Ry
solanacearumfor biofilm formation on an abiotic surface. Indeed, in the caseR.of
solanacearumthe presence of a functiongbaF2 gene appears to mask the contribution of
other cell surface appendages, such as the T4ap, to the biofilm formation process. This
suggests that T4ap, but not Flp pili encoded bytdldegene cluster, is important for biofilm
formation byR. solanacearumThis statement is supported by the fact that T4ap mutants of
R. solanacearum\W!I (Kang et al, 2002) andA. avenaesubspcitrulli (Baharet al, 2009)

are severely impaired in biofilm formation on abiotic surfaces.

R. solanacearumanters a plant through the roots, penetrates the xylem, systemically colonizes
the stem and causes wilt symptoms (Vasseal, 1995; 2005). Mutation of theR.
solanacearuntpaF2 gene resulted in a mutant that did not display disease development on
susceptible potato plants in a biologically representative soil soak inoculation assay.
Experiments designed to determine whether reduction in virulence in this assay was due to
poor survival in soil or due to reduced adherence and colonization of potato roots indicated no
difference in soil survival between the mutant NB8GgaF2 and wild-type NB336 strains

(Fig. 3.14). However, a significant reduction in adherence to and colonization of the potato
roots was observed, both qualitatively by SEM and quantitatively by viable plate counts.
Compared to the wild-type NB336 and complemented mutant strains, which both formed cell
clumps resembling a biofilm on potato roots, the cells of the mutant NBR3AE2 strain
adhered only as sparse isolated bacteria (Fig. 3.13). The non-virulence phenotype of the
mutant strain NB336cpaF2could not be rescued by cut-petiole inoculations. In contrast, the
wild-type and complemented mutant strains were able to cause disease, resulting in wilting
and death of the potato plants. These results therefore suggegiatfatand presumably Flp

pili) make their contribution to virulence before bacteria reach the vascular system. Thus, it
may be required during the very early steps of infection, perhaps by facilitating the initial
attachment of the bacterium to potato plant tissue. Compared to the results obtained regarding
biofilm formation on an abiotic surface, these results furthermore suggests that Flp pili may
preferentially mediate adherence to plant tissue. In this regard it is interesting to note that the
Flp pilin of bothA. actinomycetemcomitam®dP. aeruginosas glycosylated (Tomickt al,

2006; Bernarcet al, 2009). Although there does not appear to be a clear role for glucans in

adherence (Marceaet al, 1998), it is tempting to speculate that modified Flp pilin may
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promote binding to plant cell receptors. However, this is tenuous at present and requires

further mutagenesis study.

Based on results obtained in this study, it can be hypothesized that diRessmianacearum

cell surface appendages act cooperatively to cause wilt disease, yet have distinct roles in this
process. Flagella enable the pathogen to move through the soil towards the host rhizosphere
(Tans-Kersteret al, 2004), whereas Flp pili are required for initial attachment to the plant
roots (this study). The importance of T4ap for successful infection of the host plant may be
beyond the stage of adhesion by the bacterium. The T4ap may contribute to cell-to-cell
contact and promote twitching motility to allow for increased colonization of the root surface,
as well as access to and migration through the xylem vessels ¢Kanhg2002). It therefore

follows that if any of these processes are impaired, then disease development is diminished or

does not ensue.

In conclusion, the results of this study provide strong support thatathéocus in the
megaplasmid genome dR. solanacearums essential for adherence and expression of
virulence on potato plants. Conversely, the chromosdatdbcus ofR. solanacearundoes

not appear to play a role in the phenotypes investigated. RVigolanacearunmaintains

these twaad loci is not clear. However, it may be that the chromosdathlocus carries no

longer or not yet used genes that might serve as a surplus material for further developments,
an advantage that may compensate for the cost of maintaining these genes during evolution.
Nevertheless, the identification and study of genes involved in the initial stages of
pathogenicity can be invaluable in the development of effective preventative control measures
for R. solanacearumThe continued study of thad loci of this bacterium may shed some

light on factors that determine successful colonization of a plaR.bgolanacearunand

perhaps open up new avenues of disease control.
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Ralstonia solanacearum is a soil-borne pathogen that causes bacterial wilt of diverse plant
species, including economically important plants such as tomato, peanut and potatet (Janse
al., 2004; Swansost al., 2005). Due to its wide geographic distribution and unusually broad
host range, the pathogen is responsible for severe crop losses worldwide (Setasison
2005). Many factors that contribute to bacterial wilt disease have been identified, which
include several plant cell wall-degrading enzymes, extracellular polysaccharide (EPS) and
some type lll-secreted effectors (McGanatwl., 1999; Gonzalez and Allen, 2003; Geasin

al., 2005). It has also been demonstrated that cell surface appendages, such as flagella and
type IVa pili (T4ap), are involved in the pathogenicityRofsolanacearum (Tans-Kersteret

al., 2001; Liuet al.,, 2001; Kanget al., 2002). In addition to T4ap, several reports have
implicated a distinct subfamily of type IVb pili (T4bp) in the colonization and virulence of
different human and animal pathogenic bacteria (Kaché&aray., 2000; Fulleret al., 2000;

Nika et al., 2002; Fernandeet al., 2004; de Bentzmanet al., 2006). These pili, designated

Flp pili, are assembled by a dedicated machinery that is encoded bgdtene cluster
(Kachlanyet al., 2000; Nikaet al., 2002; de Bentzmanet al., 2006), and is found in a wide
variety of bacteria and archaeal species (Platetl., 2003; Tomichet al., 2007).
Consequently, the aim of this investigation was essentially to determine the importance of the
tad locus inR. solanacearum virulence on potato. The details of the results obtained in the
course of achieving this objective have been discussed in the individual Chapters. The new
information that has evolved during this investigation will be summarized briefly and

suggestions regarding future research will be made.

In this study the genome sequence of Biesolanacearum tomato pathovar GMI1000
(Salanoubatt al., 2002) was mined to identify genes involved in the assembly of Flp pili.
Two distinct 14-gene clusters were identified whose gene products encoded components
previously reported as being involved in the assembly of Flp pili. The respective gene clusters
were located in the chromosome and megaplasmiB. ablanacearum (Chapter 2). The
genes in both loci are organized linearly in a single direction that suggests that they may
constitute an operon. This is likely, as thd locus of bottHaemophilus ducreyi (Nika et al.,

2002) andAggregatibacter actinomycetemcomitans (Haaseet al., 2003) is transcribed as a
polycystronic mMRNA. Both of th&. solanacearum tad gene clusters are preceded by sigma

70 ¢'%- and sigma 54o€%)-dependent promoter regions. In this regard, it is interesting to

note that protein RSP1079, encoded by the megaplashidcus only, displays amino acid
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sequence identity with the transcriptional regulator PilR (Darzins and Russel, 1997).
Although a histidine sensor kinase could not be identified, it does not exclude the possibility
that RSP1079 may display activity independent of a sensor kinase as reported previously for
various other two-component regulators (Mal., 1998; Schéet al., 2005; Kehl-Fieset al.,

2009; Bernardet al., 2009). Based on its sequence identity with PilR and the presence of a
s>*-dependent promoter sequence, which requires and enhancer binding protein to allow for
expression (Buclet al., 2000; Stocket al., 2000), it is tempting to suggest that RSP1079
might be such a response regulator that positively controls expression of the megaplhsmid
gene cluster. Future experiments, involving transcriptional fusions of the different promoter
regions may aid in determining the involvement of these promoter regions in expression of
thetad gene clusters, whilst a transcriptional fusion ofdffedependent promoter region and

a mutant strain lacking RSP1079 might yield some insight into the regulation of this
megaplasmidtad locus promoter region. These constructs may also be used towards
identifying environmental conditions that influenBe solanacearum tad gene expression.
Indeed, environment-dependent modulation of these gene clusters appears to be a common
feature, having been reported iA. actinomycetemcomitans (Tomich et al., 2007),
Caulobacter crescentus (Viollier et al., 2002) andPseudomonas aeruginosa (Bernardet al.,

2009). In addition to studies aimed at understanding regulatory aspdgtsabanacearum

tad gene expression, studies also aimed at elucidating the structure and function of the
encoded proteins will undoubtedly help to define the mechanism by which Riese

solanacearum systems operate.

To investigate the importance of tte&l loci in the ability ofR. solanacearum to adhere to

and cause disease on potato plants, a mRtaatanacearum NB336 strain (potato pathovar)
was constructed by inserting a gentamycin gene cassette intpaffi2 (RSP1085) gene of

the megaplasmidad locus. This was based, amongst other, on the observations that the
megaplasmidad locus harbors most of tHe solanacearum virulence genes (Salanoukwit

al., 2002; Genin and Boucher, 2004), and that CpaF2 is a homologue of TadA, which serves
as the energy modulator for secretion and assembly of the Flp pili (Bhattacbalje2001).
Moreover, previous studies on different human pathogenic bacteria have indicatadAhat
mutants of these bacteria lack Flp pili on the cell surface (Bhattacletgee2001; Nikaet

al., 2002; de Bentzmanet al., 2006). Characterization of the non-polar mutant strain
NB336AcpaF2 indicated that it had a mucoid colony morphology on solid medium, grew as

well as the wild-type strain in medium amdplanta under tested conditions, showed normal
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swimming and twitching motility, elicited a normal hypersensitivity response, and was not
affected in its ability to produce EPS. However, in two different virulence assays, the mutant
NB336AcpaF2 strain was avirulent, indicating that CpaF2 (and presumably Flp pili) is
important for properties such as adherence to potato plant roots and virulence (Chapter 3). In
this study, it was not possible to demonstrate physical presence of the Flp pili. The inability to
visualize these cell surface appendages by transmission electron microscopy (TEM) may be
due to the amount of pili expressed being too low to be detected or the Flp pili may have
disassembled during processing for electron microscopy. Nevertheless, based on the genetic
evidence presented, the results suggested that the reduction in virulence was due to a decline
in root adhesion and thus indicated that CpaF2 makes its contribution to pathogenesis at the

stage of initial attachment to plant tissue.

Early attachment events, such as those described above, could in future be studied by tagging
the wild-type and mutarR. solanacearum strains with a green fluorescent protein (GFP) and
observing early attachment interactions between the fluoreBcesstanacearum cells and

potato plant roots under a confocal laser scanning microscope. These types of studies may
also provide insights into the contribution, if any, that Flp pili make to polar adherence of this
bacterium. It has been reported tRatsolanacearum displays polar adhesion to suspension-
cultured cells which might be important in the ability of the type Il secretion (T3S) system to
deliver effector proteins that promote pathogenesis (van Gijsegeim 2000; Liuet al.,

2001; Kanget al., 2002). Although the location of Flp pili iR. solanacearum is not yet

known, it is likely to be polar. This is based on reports indicating that the Flp pili of
crescentus, P. aeruginosa and A. actinomycetemcomitans are polar (Skerker and Shapiro,
2000; de Bentzmanmt al., 2006; Tomichet al., 2007). Moreover, thdad loci of R
solanacearum encode a putative TadZ/CpaE protein that, in the casg ofescentus, has

been shown to be responsible for localizing the Flp biogenesis and secretion machinery to the
cell pole (Viollieret al., 2002).

In contrast tdP. aeruginosa, where the T4bp adherence role is overcome by the presence of
flagella and T4ap (de Bentzmasnal., 2006), inR. solanacearum, T4a and T4b pili appear

to have distinct roles. Whereas T4ap mediate adherence to abiotic surfaces and twitching
motility, the T4bp mediate adherence to biotic surfaces and virulence. This is similar to
observations made by Mem al. (2005), in which type | and T4ap appear to play distinct

roles in biofilm formation and twitching motility oKylella fastidiosa, respectively. AR.
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solanacearum T4apmutant, which is twitching- and biofilm-deficient, was reported to be still
able to adhere to tobacco tissues and cause wilting disease on tomato plantst @ang
2002). Interestingly, the results obtained during the course of this investigation suggest that
the Flp pili, a T4bp ofR solanacearum may confer some specificity in the interaction
between the bacterium and plant tissue. This was evidenced by the drastically reduced
adherence of the mutant NB38tpaF2 strain to potato plant roots (Fig. 3.13). In contrast, the
mutant strain formed a copious amount of biofilm on an abiotic plastic surface (Fig. 3.11).
The overproduction of biofilm by the mutant strain compared to the wild-type strain therefore
suggests that the Flp pili may be of lesser importance in adherence to an abiotic surface and
that this attachment event is likely mediated by the T4ap. These results are reminiscent of
those obtained foP. aeruginosa in which anrcpC mutation had no effect on biofilm
formation but decreased adhesion to epithelial cells (Berdamal., 2009). It has been
reported that Flp pili oAA. actinomycetemcomitans andP. aeruginosa are posttranslationally
modified, most likely by glycosylation, and the RcpC protein has been implicated as being
required for the synthesis of the modified Flp pili (Tométlal., 2006; Bernardt al., 2009).

It would therefore be of interest to determine whether the difference in the observed adhesion
phenotypes ofR. solanacearum is linked to Flp pilin modification. Consequently,
mutagenesis studies should be performed to determine if the Flp piinsotianacearum is
likewise modified and whether this modification plays a role in the apparent preference of the

Flp pili to mediate adherence biotic surfaces.

Althoughtad loci have been identified in various bacterial species, usually as a single copy,
sequence analyses have identified up to three copies in some species @iahick007).

The functional significance of bacteria harboring multiple copies ofathécus has not yet
been investigated. Nevertheless, the results obtained in this study suggest that the
chromosomaltad locus is dispensable for the adherence and virulence traitR of
solanacearum NB336, since the phenotypes were restored only if a wild-type copy of the
cpaF2 gene was providesh trans to the mutant NB33&cpaF2 strain. It should be noted that
although the genome sequenceRobolanacearum NB336 is not known, it is likely that this
strain, like strain GMI1000, also harbors twad loci. Sequence analysis of amplicons
amplified from the wild-type NB336 strain (Fig. 3.4a) indicated that these amplicons were
similar to thecpaF1 andcpaF2 genome regions d®. solanacearum GMI1000. However, the
results do not exclude the possibilities that the chromostadajenecluster is either not

expressed under the conditions used in this study, or that it may be expressed but is unable to

110

© University of Pretoria



TEIT VAN PRETO
Y OF PRETO
ITHI YA PRETO

mn
«Z

assemble into a functional Flp biogenesis and secretion apparatus. With regards to the latter, it
is tempting to speculate that the absence ®&d® homologue in theR. solanacearum
chromosomakad locus may prevent the proper assembly of the RcpA secretin of the Flp
biogenesis apparatus. This is not unlikely as TadD, a putative lipoprotein that is localized to
the bacterial outer membrane, has been reported to be critical for the assembly, transport
and/or function of the RcpA secretin (Cloekal., 2008). It is therefore conceivable that the
inability to assemble a proper secretin complex may prohibit the assembly and/or secretion of

the Flp pilus.

In conclusion, this investigation demonstrates fRadolanacearum requires a megaplasmid

tad locus, for adherence and virulence on potato plants. This represents the first report
regarding the characterization ofaa gene cluster of a phytopathogenic bacterium, and is the
first example to indicate that its presence contributes significantly to plant pathogenesis. The
challenge is now to determine more precisely howRheolanacearum tad gene products
promote attachment and what their specific roles are in the pathogenesis of bacterial wilt. The
continued study of these gene clusters will not only enable a better understanding of this
apparently important virulence factor, but also raises the possibility of developing new control

strategies against this devastating phytopathogen.
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