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Abstract

Xylella fastidiosa is a Gram-negative, vector-transmitted, plant-pathogenic bacterium
causing incurable diseases to economically important crops such as grapevine, citrus, almond,
and coffee. Recent epidemiological studies show that X. fastidiosa is expanding its plant-host
range and is spreading to new geographical locations. Moreover, strains isolated from these new
infections were genetically different and showed presence of homologous recombination (HR) in
some cases. HR between subspecies of X. fastidiosa has been described as a major evolutionary
force in creating genetic diversity and causing plant-host shift. As X. fastidiosa is naturally
competent, this could be an explanation for intersubspecific recombination and disease
emergence. However, limited information exists regarding natural competence of X. fastidiosa in
natural habitats and the factors that influence it, the degree to which strains are naturally
competent, whether intersubspecific recombination can be experimentally demonstrated, and if
intersubspecific recombination can be detected in the genomes of X. fastidiosa. Therefore,
experiments were performed by co-culturing combinations of recipient strains and donor DNA
(plasmids, marker tagged live- and heat-killed cells) under various growth conditions; by
selecting the recombinants based on the acquisition of marker, and testing their phenotypes in
vitro and in planta; and by sequencing and comparing whole genomes of the parent and
recombinant strains. Results demonstrated that natural competence readily occurs under in vitro
conditions that mimic the natural habitats of the bacterium. Moreover, widespread natural
competence ability was detected among strains isolated from diverse host plants, and

intersubspecific recombination was validated experimentally. The rate of recombination was



significantly correlated with growth rate and twitching motility. Whole genome sequence
analysis of in vitro generated recombinants and virulent strains isolated from infected fields
demonstrated the presence of intersubspecific recombination in up to 10kb genomic regions.
Results of this study are useful for policy makers in formulating strict quarantine measures to
limit the introduction of new X. fastidiosa genotypes and prevent both intra- and intersubspecific
recombination between the introduced and native strains, which will minimize the risk of new
disease emergence and reduce economic losses due to the incurable diseases caused by X.

fastidiosa.
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Chapter 1
Overview of Xylella fastidiosa taxonomy, diversity, distribution, disease emergence,
homologous recombination, and natural competence

1. Xylella fastidiosa

Xylella fastidiosa is a Gram-negative, fastidious, plant-pathogenic/endophytic bacterium causing
serious diseases in crops of economic importance such as grapevine, citrus, almond, peach, plum,
pecan, and coffee (Hopkins and Purcell, 2002). The bacterial cells are rod shaped with a length
of 0.9-3.5um and a radius of 0.25-0.35um (Wells et al., 1987). The bacterium is slow-growing,
strictly-aerobic, mesophilic (optimum growth occurs at 26-28°C), and neutrophilic (pH of 6.5-
6.9) (Wells et al., 1987). Cells are aflagellar, but possess two types of pili, short type I pili (0.4 to
1.0 um) and long type IV pili (1.0 to 5.8 um), both positioned at one of the cell poles (Meng et
al., 2005). Type I pili are involved in adhesion of cells to surfaces and auto-aggregation, while
type IV pili are involved in twitching motility (Meng et al., 2005; De La Fuente et al., 2007): a
characteristic type of bacterial motility that involves dragging of cells on surfaces facilitated by

extension, tethering, and retraction of the type IV pili.

1.1. Disease mechanism, major diseases, and symptoms of X. fastidiosa

The disease mechanism, although not fully understood, involves attachment of X. fastidiosa cells
and formation of biofilm-like aggregates in the xylem vessels which are conduits of water and
mineral nutrients in the plant (Chatterjee et al., 2008). Biofilm, together with gum and tylose
formation in response to X. fastidiosa infection (Sun et al., 2013), obstructs the flow of xylem
sap through the vessels. This obstruction induces disease symptoms typical of water deficiency

and mineral imbalance (Chatterjee et al., 2008; De La Fuente et al., 2013). Disease development



is associated with systemic colonization of the xylem vessels (Newman et al., 2003). Systemic
colonization is facilitated by twitching motility (Meng et al., 2005), and ability of the bacterium
to degrade pit membranes in the xylem vessels (Roper et al., 2007; Perez-Donoso et al., 2010).
Recent studies have demonstrated the involvement of mineral nutrients of xylem sap, calcium in
particular, in the disease process of surface attachment, biofilm formation, and twitching motility

(Cruz etal., 2012; De La Fuente et al., 2013; Cruz et al., 2014; Parker et al., 2016).

The major diseases caused by X. fastidiosa are Pierce’s Disease (PD) in grapes; citrus variegated
chlorosis (CVC); bacterial leaf scorch (BLS) in almond, blueberry, oleander, oak; phony peach
disease; plum leaf scald; and olive quick decline syndrome (EEPO, 2016). PD was the first
disease described for X. fastidiosa and was reported in California around 1884 (Pierce, 1892).
PD has now spread to several states in the southeastern U.S. including Florida, Georgia and
Texas (Parker et al., 2012). X. fastidiosa has received significant research importance after CVC
emerged in Brazil in 1987 and PD re-emerged in California in 1990s (Hopkins and Purcell,
2002). CVC was reported to affect approximately 40% of citrus trees in Brazil and cause an
annual loss of around $120 million (Bove and Ayres, 2007). During the years from 1994-2000,
PD destroyed more than 1,000 acres of grapevines in northern California causing damages of
over $30 million (Brown et al., 2002). The host range of X. fastidiosa has been constantly
expanding and now includes 359 plant species in 75 botanical families (EFSA, 2016) and also

has a wide-spread geographical distribution (Almeida and Nunney, 2015).

Disease symptoms differ with the plant host and severity of infection. Symptoms associated with

PD and BLS involve marginal leaf scorch that progresses towards the mid vein with a clear



yellow to purplish zone separating the scorched and green region, yellowing, wilting, cupping,
and curling of leaves; twig dieback; leaf drop and match sticks; green islands on stems; dwarfing
of plants; and shriveling (mummification) of berries (Hopkins and Purcell, 2002; Oliver et al.,
2014; Oliver et al., 2015). Symptoms on citrus differ and do not involve leaf scorch, but leaves
demonstrate interveinal chlorosis with gummy lesions on the underside of leaves, and reduced

fruit size (Hopkins and Purcell, 2002).

1.2. Insect vectors of X. fastidiosa

X. fastidiosa is exclusively vector-transmitted by two groups of xylem sap feeding insects:
sharpshooter leafhoppers (Cicadellidae) and spittlebugs (superfamily Cercopoidea, with five
species of Aphrophoridae and two species of Clastopteridae) (Almeida and Purcell, 2003;
Almeida et al., 2008). Vector colonization occurs in a persistent and non-circulative manner with
bacterial cells forming biofilms at the cibarium and precibarium region of the foregut (Chatterjee
et al., 2008). No transovarial or transstadial transmission has been demonstrated. A cell-cell
communication signal (diffusible signaling factor; DSF) has been shown to be involved in
biofilm formation in the vectors and transmission to the plant hosts (Newman et al., 2004). Two
important aspects of vector transmission in X. fastidiosa are that there is no latent period for
transmission and no specificity is involved between the vector species and X. fastidiosa isolates
(Almeida and Nunney, 2015). The vectors are distributed worldwide and can feed on xylem sap
from a diverse group of plant hosts. Two vector species implicated in the transmission and used
in experimental studies are the blue green sharpshooter (Graphocephala atropunctata) and the

glassy-winged sharpshooter (Homalodisca vitripennis) (Almeida and Nunney, 2015).



1.3. Taxonomy and genetic diversity of X. fastidiosa

Xylella fastidiosa is a gamma-proteobacterium in the family Xanthomonadaceae (Wells et al.,
1987). Isolates were grouped within a single species of X. fastidiosa, but recently another
species, X. taiwanensis, was described for the Taiwanese strains causing pear leaf scorch (Su et
al., 2016). Initially, three subspecies were described within the species of X. fastidiosa by DNA-
DNA hybridization: subsp. fastidiosa, subsp. multiplex, and subsp. pauca (Schaad et al., 2004).
This subspecific designation was later confirmed by Multi Locus Sequence Typing (MLST) of
seven housekeeping genes with two more subspecies described from isolates not included in the
previous studies: subsp. sandyi, and subsp. morus (Scally et al., 2005; Yuan et al., 2010; Nunney
et al., 2014b). Subspecies demonstrate a certain level of host specificity (Almeida et al., 2008;
Oliver et al., 2014; Oliver et al., 2015), but this is rapidly changing due to extensive homologous
recombination present in X. fastidiosa (Almeida et al., 2008; Nunney et al., 2012; Nunney et al.,
2014a; Nunney et al., 2014b; Coletta-Filho et al., 2016). A recent study based on core genome
analysis of 21 X. fastidiosa strains proposed only three clearly defined subspecies: fastidiosa,
multiplex and pauca, with morus and sandyi strains grouped within subsp. fastidiosa (Marcelletti

and Scortichini, 2016).

The most divergent strains (PD strain Temecula and CVC strain 9a5c) have 76% conserved
sequences and share 98% of the genes as determined by comparative genomic analysis between
the two strains, which explains that there is very limited genetic diversity in X. fastidiosa (Van
Sluys et al., 2003). Despite this limited genetic variation, X. fastidiosa isolates differ in
phenotypic characters associated with virulence such as plant host range, symptom type, and

disease severity (Oliver et al., 2014; Oliver et al., 2015). With the use of MLST/MLSA and



MLSA of environmentally-mediated genes, genetic diversity has been detected among isolates
between and within subspecies (Almeida et al., 2008; Yuan et al., 2010; Parker et al., 2012;
Nunney et al., 2014a; Nunney et al., 2014b). More insights are likely to be generated given the

ease with which whole genome sequences can be generated.

1.4. Geographical distribution of X. fastidiosa

X. fastidiosa was initially believed to be a virus restricted to North America (Hewitt, 1958).
However, it was later described to be a fastidious bacterium inhabiting the xylem vessels by
subsequent studies. X. fastidiosa is now present in the Americas, Taiwan, and Italy (Saponari et
al., 2013; Retchless et al., 2014), and some yet to be confirmed cases in Iran (Amanifar et al.,
2014) and Turkey (Guldur et al., 2005). More recently reports of X. fastidiosa detection from

France and Spain are available (Strona et al., 2017).

MLST analysis of X. fastidiosa strains suggested evolution of different subspecies in geographic
isolation with subsp. fastidiosa strains originated from Costa Rica in Central America (Nunney et
al., 2010), subsp. multiplex strains native to temperate and subtropical North America (Nunney et
al., 2012; Nunney et al., 2014a), and subsp. pauca strains native to South America (Nunney et
al., 2012). Current reports show that subsp. fastidiosa is present in the U.S., Central America,
and Taiwan; subsp. multiplex in the U.S. and Brazil; and subsp. pauca in South and Central

America and Italy (Almeida and Nunney, 2015).



1.5. Homologous recombination and disease emergence in X. fastidiosa

Homologous recombination (HR) involves exchange of DNA fragments between two similar
DNA molecules and is a hallmark of creating genetic diversity in almost every life form (Dorer
et al., 2011). In bacteria, HR is a major mechanism involved in repair of double strand breaks in
DNA and allows maintenance of genome integrity when the genome experiences interruption of
the replication fork or DNA damages due to exposure to mutagens such as UV or reactive
oxygen species (Dorer et al., 2011; Lenhart et al., 2012). HR in bacteria occurs in nature via
three different modes of horizontal gene transfer: conjugation, transduction, and natural
transformation. Conjugation and transduction involve plasmids and bacteriophages, respectively,
to transfer DNA from one bacterial cell to the other, while natural transformation involves
uptake of naked extra-cellular DNA fragments by the recipient cell and incorporation into the
genome of the bacteria (Seitz and Blokesch, 2013). In X. fastidiosa, genetic studies mainly based
on MLST have shown that genetic diversity results from horizontal gene transfer and genetic
recombination. In fact, a MLST study showed that HR had a greater role than point mutation in
creating allelic variation in this bacterium (Scally et al., 2005). A very widespread HR has been
detected by studies utilizing X. fastidiosa strains collected from diverse geographic locations and
plant hosts (Scally et al., 2005; Almeida et al., 2008; Nunney et al., 2010; Yuan et al., 2010;
Nunney et al., 2012; Nunney et al., 2014a; Nunney et al., 2014b; Coletta-Filho et al., 2016).
Moreover, some of these studies predicted HR between subspecies causing host shift in X.
fastidiosa (Nunney et al., 2014a; Nunney et al., 2014b). Interestingly, X. fastidiosa was recently
described to be naturally competent (Kung and Almeida, 2011), providing a justification for

frequent HR events detected in X. fastidiosa strains.



1.6. Natural competence: definition, discovery, and distribution in the bacterial kingdom

Natural competence or natural DNA transformation is a phenomenon that involves uptake of
naked DNA fragments from the environment and incorporation into the bacterial genome by HR
(Lorenz and Wackernagel, 1994). Natural competence was initially proposed as a mechanism of
nutrient acquisition as cells developed competence under starvation conditions (Seitz and
Blokesch, 2013). Although, the exact role of natural competence is unclear, it is implicated in
repair of damaged DNA (Dorer et al., 2010) and generation of genetic diversity that leads to
adaptation (Baltrus et al., 2008) and increased virulence (Griffith, 1928; Coupat-Goutaland et al.,

2011).

Natural competence was discovered in 1928 by Frederick Griffith (1928) and best described in
1999 by David Dubnau (Dubnau, 1999). Griffith worked with two strains of Streptococcus
pneumonae, a type I11-S (smooth) and type 11-R (rough) strain. The smooth strain is lethal to the
host as it covers itself with a polysaccharide capsule that enables it to evade host immune
responses. The rough strain, however, lacks the protective capsule covering and succumbs to the
host’s immune response. By mixing heat-killed smooth strains with live rough strains, Griffith
showed that the rough strains converted into lethal strains. He concluded that some ‘transforming
principle’ moved from the dead to the live cells resulting in conversion of rough strains to lethal
strains. Subsequent studies demonstrated that the transforming principle was DNA and that DNA
serves as the genetic material in the cells (Lorenz and Wackernagel, 1994). Since the discovery
of natural competence, more than 80 bacterial species have been described to be naturally
competent with many aspects of competence development identified among diverse bacterial

systems. For instance, although competence is constitutive at all growth phases of Neisseria



meningitides (Catlin, 1960), N. gonorrhoeae (Biswas et al., 1977), and Helicobacter pylori
(Israel et al., 2000), S. pneumoniae is competent at mid-log phage (Havarstein et al., 1995)
whereas Haemophilus influenzae at stationary growth phase (Macfadyen et al., 2001). Another
naturally competent bacterium, Acinetobacter sp., does not differentiate self or foreign DNA and
is always competent, but the transformation frequency varies with the growth phase and is
favored by a nutritional boost (Palmen et al., 1994). H. influenzae prefers species specific (self)
DNA and the selection for self-DNA is mediated by DNA uptake sequences (DUS), short and
conserved sequence motifs highly represented in the genome and recognized by hypothetical
proteins on the cell surface (Smith et al., 1999). Neisseria spp. also use DUS or DUES (DNA
uptake enhancing sequences) to facilitate uptake of DNA from closely related species (Elkins et
al., 1991). In H. pylori, restriction modification systems have been found to limit the uptake of
distantly related DNA (Humbert and Salama, 2008) although, it was believed that H. pylori can

take up any DNA independent of its source.

1.7. Mechanisms of natural competence

Gram-negative and Gram-positive bacteria differ to some extent when it comes to the
mechanisms of natural DNA transformation mainly because of the fact that Gram-negative
bacteria possess an outer cell wall, which does not occur for Gram-positive bacteria. This would
mean that the initial interaction between the DNA and the cell components is different in these
two groups of bacteria. Research has shown that DNA translocation through the inner membrane
is similar and carried out by orthologous proteins (Dubnau, 1999). The general scheme of
natural competence that applies to both groups of bacteria can be presented as follows: 1.

Binding of extra-cellular DNA by cell surface proteins, 2. Degradation of the 3’ strand of the



DNA with an exonuclease, 3. Entry of the 5° strand into the cytoplasm, 4. Binding of the single-
stranded DNA (ssDNA) with SSB proteins such as DprA and RecA, and 5. Scanning for
homology by RecA and homologous recombination with the recipient chromosome (Bakkali,

2013).

In Gram-positive bacteria, such as Bacillus subtilis, binding of DNA occurs to specific sites on
the cell surface. No preference has been found for the nucleotide sequence (Dubnau, 1999).
Competence development in Gram-positive bacteria is regulated by quorum sensing signals
involving competence stimulating proteins (CSP) (Havarstein et al., 1995). CSPs were shown to
activate a two-component regulatory system formed by a histidine-kinase sensor ComD, and the
response regulator ComE. Phosphorylation of ComE by ComDE activates SigX, an alternative

sigma factor that activates the expression of competence genes (Havarstein et al., 1995).

In Gram-negative bacteria, proteins involved in the biogenesis of type 1V pili, type Il secretion
system, and twitching motility (PSTC proteins; pili, secretion, twitching, and competence) are
involved in binding of extra-cellular DNA and its translocation to the periplasmic space (Hobbs
and Mattick, 1993). In the periplasm, other competence-related proteins stabilize the DNA and
direct it toward the inner membrane translocase. Concomitant degradation of the 3’ strand and
entry of the 5’strand into the cytoplasm occurs in the inner membrane. In the cytoplasm, the
sSDNA binds to a stabilizing protein, DprA, which recruits RecA. The RecA:ssDNA complex
now scans for homology in the chromosomal DNA and recombination occurs between the

incoming ssDNA and the chromosomal DNA (Seitz and Blokesch, 2013). The process of natural



competence that applies to majority of Gram-negative cells is shown below in figure 1-1.
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Fig. 1-1. Process of natural competence in Gram-negative bacteria (Seitz and Blokesch, 2013)

1.8. Regulation of competence induction
The reason for existence of natural competence in bacteria is debatable as different bacteria
induce competence under different conditions. Three hypotheses have been presented to explain

natural competence. First, DNA serves as a nutrient source under starvation conditions, and
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induction of the competence state leads to uptake of DNA to serve as food for the bacterial cells.
Second, incoming DNA serves as a repair template for damaged DNA caused by DNA damaging
agents thereby providing a survival mechanism under stressful conditions. Third, natural
competence drives evolution and adaptation by creating genetic diversity. The following section
covers details of each of these hypotheses with specific examples from representative bacterial

species.

1.8.1. Natural competence under starvation

As stated earlier, starvation signals induce natural competence in H. influenzae. Cells develop
competence at the stationary growth phase and when transferred from a nutrient rich medium to
a poor medium (Herriott et al., 1970). Moreover, supplementation of growth medium with
cAMP, a secondary messenger that is accumulated in the cells under starvation condition, also
induced competence in H. influenzae (Wise et al., 1973). The cAMP receptor protein (CRP)
(Chandler, 1992), and adenylate cyclase (CyaA) (Dorocicz et al., 1993) were also required
suggesting a signal transduction dependent induction. In addition, a CAMP dependent gene sxy,
homologue of tfoX in other competent bacteria, was required for natural competence of H.
influenzae (Redfield, 1991). The expression of sxy was up-regulated by addition of cCAMP (Zulty
and Barcak, 1995). Sxy was shown to influence the competence regulon consisting of 25 genes
in 13 different transcriptional units identified using microarray expression profiling (Redfield et
al., 2005). Each of these transcriptional units contains a competence regulatory element (CRE), a
22-bp element associated with the promoter (Karudapuram and Barcak, 1997). This element is
renamed as CRP-s implying that it is a binding site for CRP, and is dependent on the Sxy protein

(Cameron and Redfield, 2008). Based on these findings, and although a definite link between the
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cAMP/CRP, CRP-s, and Sxy in regulating natural competence in H. influenzae has yet to be
established, it is proposed that formation of a cCAMP/CRP complex under starvation condition

activates the expression of sxy, which then causes induction of natural competence state.

1.8.2. Natural competence for DNA damage repair

Unlike the type 1V pili-like structures for DNA uptake in other Gram-negative bacteria, H. pylori
uses type 1V secretion system (T4SS), also referred to as comB system (Karnholz et al., 2006).
H. pylori is constitutively competent (Israel et al., 2000), although the recombination frequencies
differ according to growth stages (Baltrus and Guillemin, 2006) suggesting the involvement of
some competence regulatory mechanisms. One signal that induces competence in H. pylori is
DNA damage (Dorer et al., 2010; Dorer et al., 2011). DNA damage caused by ciprofloxacin, an
antibiotic belonging to the second generation of fluoroquinolone, induced RecA dependent
induction of genes such as genes for T4SS and a lysozyme-like protein (causes Killing of
neighboring cells and makes DNA available for uptake, recombination, and repair). As further
support of this observation, mutants lacking DNA repair genes had increased expression of
competence related genes (Dorer et al., 2010). This up-regulation of genes involved in DNA
uptake and lysozyme dependent fratricide was also observed in the Gram-positive bacteria, S.
pneumoniae, in response to DNA damage (Prudhomme et al., 2006). Moreover, natural
competence in another Gram-negative pathogen, Legionella pneumophilla, is also induced by
DNA damage caused by UV and antibiotics (Charpentier et al., 2011). Interestingly, these
distantly related species that induce natural competence upon DNA damage lack an efficient

SOS system for DNA damage repair (Seitz and Blokesch, 2013). This suggests that DNA
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damage induces natural competence such that the incoming DNA could serve as a repair

template.

2. Natural competence for evolution and adaptation

Natural competence has been proposed to bring genetic diversity and provide adaptive
advantages to the recipient cells. However, there is a paucity of experimental studies
demonstrating this phenomenon. The pioneer study of Griffith (1928) demonstrated the transfer
of virulence from a non- pathogenic to pathogenic strain by natural competence. Moreover, an
increased rate of adaptation following natural competence was reported in a human pathogen,
Helicobacter pylori (Baltrus et al., 2008). A recent study in Acinetobacter baylyi reported a
fitness benefit of DNA uptake independent of recombination and UV stress, while recombination

reduced survival (Hulter et al., 2017).

Vibrio cholerae is an opportunistic, Gram-negative human pathogen that has extensive genetic
diversity. Although no direct association of natural competence and adaptation has been
established in this pathogen, the extensive genetic diversity suggests that natural competence
plays a role probably in its evolution allowing it to evade the immune pressure. Natural
competence in V. cholerae is induced when the bacteria grow on chitin surfaces (Meibom et al.,
2005), an environment the bacterium experiences in its natural aquatic growth habitat. The
regulatory mechanisms of natural competence have been extensively studied in this bacterium.
Regulatory proteins named as TfoX (Scrudato and Blokesch, 2012) and HapR (Scrudato and

Blokesch, 2013) control genes involved in DNA uptake, transportation, stability, and
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homologous recombination of the incoming DNA with the chromosome. TfoX expression is
dependent on growth of bacteria on chitin surfaces, while HapR expression is based on cell-cell
communication signals. HapR has been described to be the main regulator of quorum sensing in

V. cholerae (Scrudato and Blokesch, 2012).

Although the link between growth on chitin surfaces and expression of tfoX is not clear, a recent
study (Dalia et al., 2014) identified a membrane bound transcriptional regulator, TfoS that is
predicted to be a membrane spanning protein containing a periplasmic domain and a cytoplasmic
helix-turn-helix DNA binding domain. The mutants of tfoS genes are not competent even when
induced by culturing the cells with chitin (Dalia et al., 2014). It was further shown that the
periplasmic domain is important for competence as a deletion mutant of this domain was non-
transformable. Furthermore, overexpression of tfoX rescued the effect of the tfoS mutant
indicating that TfoS acts upstream of TfoX and might have a regulatory effect on tfoX
expression. Interestingly, it has been shown that initiation of translation of the tfoX mRNA is
controlled by a Hfq based small RNA, TfoR. TfoR, by base pairing with the stem loop structure
of tfoX mMRNA, exposes its ribosome binding site facilitating translation. This induction of

translation of tfoX activates the downstream competence related genes (Yamamoto et al., 2011).

HapR, the quorum sensing regulator which is produced only at high cell density, has been shown
to repress the extracellular nuclease (Seper et al., 2011). This repression is important for natural
competence as any surrounding DNA that can be transferred by natural competence is degraded
in the presence of nucleases (Blokesch and Schoolnik, 2008). In addition, HapR also induces the
expression of comEA, a gene encoding the periplasmic DNA binding protein (Meibom et al.,

2005; Blokesch and Schoolnik, 2008) and a subset of other competence related genes such as
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pilA and comEC (Scrudato and Blokesch, 2012). Hence, cell-cell communication signals
promote competence in V. cholerae by suppressing the degradation of extracellular DNA and
stabilizing the incoming DNA in the periplasmic space and in the cytoplasm (Scrudato and

Blokesch, 2012).

2.1. Natural competence in plant pathogenic bacteria

Natural competence has been described in two plant pathogenic bacteria, Ralstonia
solanacearum (Bertolla et al., 1997) and X. fastidiosa (Kung and Almeida, 2011). R.
solanacearum showed the highest transformation frequency when cultured under minimal
medium (Bertolla et al., 1997). Moreover, the cells were competent at the exponential growth
phase with the transformation frequency reaching up to 4x107 per cell. The competent cells
preferred DNA from closely related species and concentration of DNA in the transforming
medium affected transformation frequency. These results suggest that R. solanacearum
competence might be induced by starvation signals, and the preference for self-DNA might
suggest the competence for DNA repair hypothesis. In another study, very large fragments of
DNA (at least 39.4 - 78.9 kb) that included 20 new open reading frames and 11 new alleles were
found to be transformed from the donor to the recipient cells (Coupat-Goutaland et al., 2011).
One of the transformed strains was significantly more aggressive in causing diseases in tomato
plants compared to the wild-type recipient. These results suggest that R. solanacearum could use
natural competence to acquire new genes and alleles to become better adapted in its habitat. This
supports the hypothesis of natural competence for evolution but more research will be required to

verify this finding.
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2.1.1. Natural competence in Xylella fastidiosa

Natural competence in X. fastidiosa was recently described (Kung and Almeida, 2011). Cells
were competent at the exponential growth phase and a minimal medium was more favorable than
a complex and rich medium. DNA methylated with X. fastidiosa methyl transferase was more
efficiently recombined than non-methylated DNA suggesting a preference for self-DNA (Kung
and Almeida, 2011). A recombination frequency of ~107 per recipient cell was described in the
liquid medium which was later shown to increase by two orders of magnitude under solid media
agar conditions (Kung and Almeida, 2011; Kung and Almeida, 2014). Cells required at least a
96bp flanking homology for natural competence to occur with maximum natural competence
occurring with plasmids containing 1kb of flanking homology. Length of non-homologous insert
was negatively correlated to the recombination frequency supporting a requirement of self-DNA
for successful natural competence (Kung et al., 2013). Moreover, two strains were shown to
recombine when co-cultured (Kung and Almeida, 2011), suggesting that natural competence

could be a mechanism of horizontal gene transfer in X. fastidiosa.

Limited information exists, however, on the importance of natural competence in the epidemics
of X. fastidiosa. More specifically, it is not known if natural habitats of the bacteria are
conducive for natural competence, and if there are any environmental cues that govern natural
competence in X. fastidiosa. Moreover, natural competence could provide an explanation for
plant host shift and new disease emergence currently observed in X. fastidiosa, and proposed to
be the result of homologous recombination between different subspecies of X. fastidiosa.
Clearly, additional studies are required to understand the role of natural competence in X.

fastidiosa genetic diversity and disease emergence.
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Long-term goal

Define the role of natural competence and intersubspecific recombination in the diversity,

virulence, and host adaptations of X. fastidiosa.

Specific objectives

1. Determine the environmental factors influencing natural competence and to test its
occurrence under natural media flow condition mimicking the natural habitat

2. Test variability of natural competence and intersubspecific recombination in vitro in X.
fastidiosa

3. Examine the role of intersubspecific recombination in X. fastidiosa virulence and disease

emergence

Hypotheses

1. On co-culturing different strains of X. fastidiosa, recombination will occur in media flow
condition.

2. Natural competence rates will be significantly different among X. fastidiosa strains.

3. Substantial numbers of recombinants will form on co-culturing strains of two X.
fastidiosa subspecies.

4. Intersubspecific recombinants will demonstrate significantly different phenotype
(twitching, settling, virulence) compared to the recipient parents.

5. Whole genome analysis will detect region(s) of homologous recombination in X.

fastidiosa.
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6. Linear homologous DNA fragments can be used to construct gene knock-outs in X.

fastidiosa.

Experiments were designed to test natural competence in a system (microfluidic chambers) that
mimics the natural habitat of the bacterium, to test natural competence and compare the
recombination frequency among strains belonging to different subspecies and infecting different
plant hosts, to test intersubspecific recombination in vitro between two most prevalent
subspecies in the U.S., and to test if natural competence is the mechanism involved in
intersubspecific recombination. Also, experiments aimed to test if randomly selected
intersubspecific recombinants differ in the virulence phenotypes from their recipient parents, and
to use whole genome sequencing and analysis of X. fastidiosa strains and recombinants produced

in vitro to detect the presence of intersubspecific recombination.

The research performed in this dissertation has been divided into the following four chapters.
Chapter 2 entitled “natural competence of X. fastidiosa occurs at a high frequency inside
microfluidic chambers mimicking the bacterium’s natural habitat” addresses the question of
whether X. fastidiosa develops natural competence in the natural habitat of insect foregut and
plant xylem vessels. This chapter was published in the American Society of Microbiology
journal “Applied and Environmental Microbiology”. Chapter 3 addresses the variability of
natural competence among X. fastidiosa strains and if intersubspecific recombination occurs
under experimental conditions. This chapter has been accepted for publication in the American
Phytopathological Society journal “Molecular Plant-Microbe Interactions”. Chapter 4 presents
the results of genome sequencing and analysis of X. fastidiosa strains and recombinants. Results

demonstrate that up to ~10kb of genomic regions can be transferred from donor to the recipient
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strains, and regions intersubspecific homologous recombination derived from X. fastidiosa
subsp. multiplex were detected frequently in the genomes of X. fastidiosa subsp. fastidiosa
strains. Chapter 5 presents a possibility of overlap-extension PCR and natural transformation
approach in generating gene-knockouts and genetic complementation in X. fastidiosa with a
focus given to the major pilin genes of type IV pili. Results show that this method can be
successfully used for genetic manipulation in X. fastidiosa, and one of the pilin subunits that is
predicted to be under the control of 6-54 promoter is the functional pilin subunit of X. fastidiosa.
Further research using both genomic and experimental approach will unravel the role of natural

competence in X. fastidiosa disease emergence and host shift.
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Chapter 2
Natural competence of Xylella fastidiosa occurs at a high frequency inside microfluidic
chambers mimicking the bacterium’s natural habitats

Abstract

Xylella fastidiosa is a xylem-limited bacterium that is the causal agent of emerging diseases in
several economically important crops. Genetic diversity studies have demonstrated homologous
recombination occurring among X. fastidiosa strains, which has been proposed to contribute to
host plant shifts. Moreover, experimental evidence confirmed that X. fastidiosa is naturally
competent for recombination in vitro. Here, as an approximation of natural habitats (plant xylem
vessels and insect mouthparts), recombination was studied in microfluidic chambers (MC) filled
with medium amended with grapevine xylem sap. First, different media were screened for
recombination in solid agar plates using a pair of X. fastidiosa strains that were previously
reported to recombine in co-culture. Highest frequency of recombination was obtained with PD3
medium, when compared to other two media (XFM, PW) used in previous studies. Dissection of
media components lead to identification of bovine serum albumin as an inhibitor of
recombination that was correlated to its previously known effect on inhibition of twitching
motility. When recombination was performed in liquid culture, frequencies were significantly
higher under flow (MC) as compared to batch conditions (test tubes). Recombination frequencies
in MC and agar plate conditions were not significantly different from each other. Grapevine
xylem sap from both susceptible and tolerant varieties allowed high recombination frequency in

MC when mixed with PD3. These results suggest that X. fastidiosa can become naturally
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competent in the natural growth environment of liquid flow, and this phenomenon could have

implications in X. fastidiosa environmental adaptation.

Introduction

Natural competence is a phenomenon that allows bacteria to take up DNA segments from the
environment and incorporate into the genome via homologous recombination (Lorenz and
Wackernagel, 1994). Natural competence was first demonstrated in Streptococcus pneumoniae in
1928 by Frederick Griffith (1928). He showed that virulence genes were transferred from donor
to recipient cells, converting the non-virulent recipients into virulent pathogens (Griffith, 1928).
Since then, ~80 bacterial species in divergent phyla have been described as naturally competent
(Johnston et al., 2014). Although the exact reasons for occurrence of natural competence in
bacteria still remain unknown, studies showed that natural competence is induced under
conditions of starvation (Herriott et al., 1970; Lorenz and Wackernagel, 1991; Bertolla et al.,
1997a) and DNA damage (Dorer et al., 2010), and has been hypothesized that the incoming
DNA serves as a food source and DNA repair material. Another proposition is that natural
competence allows acquisition of new genes and alleles providing the recipient cells with
adaptive advantages. In fact, a previous study showed increased rate of adaptation by natural
competence in Helicobacter pylori (Baltrus et al., 2008). Interestingly, natural competence has
been demonstrated in some of the most highly diverse and successful human pathogens such as
H. pylori (Hofreuter et al., 1998; Humbert et al., 2011), Neisseria meningitidis and N.
gonorrhoeae (Sparling, 1966; Hamilton and Dillard, 2006), and Porphyromonas gingivalis
(Tribble et al., 2012), which require rapid adaptation to evade the immune response.

Furthermore, natural competence also was described in two plant pathogens, Ralstonia
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solanacearum (Bertolla et al., 1999) and Xylella fastidiosa (Kung and Almeida, 2011), both of

which have very broad plant host ranges.

Xylella fastidiosa is a bacterial pathogen affecting many economically important crops such as
grapevines, citrus, coffee, peach, and almond (Hopkins and Purcell, 2002). The disease process
is not completely understood, but it is proposed that X. fastidiosa forms biofilm-like aggregates
and blocks xylem vessels, the conduits for water and nutrient transport in the plants (Chatterjee
et al., 2008). This blockage hinders xylem sap flow and starves the upper aerial parts of water
and mineral nutrients, producing symptoms that resemble those of water and nutrient deficit. X.
fastidiosa is transmitted by a number of xylem sap-feeding insects including sharpshooter leaf
hoppers and spittlebugs in which X. fastidiosa forms biofilms in the foregut (Hill and Purcell,
1995; Redak et al., 2004). Taxonomically, X. fastidiosa is divided into five subspecies based on
multi-locus sequence typing (MLST) (Scally et al., 2005; Nunney et al., 2014b). Even within
subspecies, host range and genotype diversity has been described (Almeida et al., 2008; Parker et
al., 2012), and recombination events among strains have been detected among field collected
samples (Nunes et al., 2003; Almeida et al., 2008). In fact, homologous recombination was
shown to have a greater effect in generating genetic diversity in X. fastidiosa than point mutation
(Scally et al., 2005). Recent outbreaks of X. fastidiosa diseases in Europe (Saponari et al., 2013)
and Asia (Leu and Su, 1993; Su et al., 2013) and also in new plant hosts such as olives (Saponari
et al., 2013), blueberry (Chang et al., 2009), and pear (Leu and Su, 1993) suggest great

adaptation potential of this pathogen.
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In a number of plant species, X. fastidiosa is believed to live as a harmless endophyte without
inducing disease symptoms (Newman et al., 2003; Chatterjee et al., 2008). Coexistence in the
same xylem system of different strains for long time without killing the host, represents a fertile
environment for exchange of DNA material. Several MLST-based studies detected inter-
subspecific recombination among strains of X. fastidiosa and proposed recombination as the
mechanism of new allele acquisition leading to plant host shift and disease emergence. Inter-
subspecific recombination was described to generate strains that infect citrus and coffee (Nunney
et al., 2012); mulberry (Nunney et al., 2014b); and blueberry and blackberry (Nunney et al.,
2014a). A recent study also showed inter-subspecific recombination between coffee-infecting
strains in plants intercepted in France (Jacques et al., 2015). Natural competence could be an

explanation for the frequent recombination events detected in X. fastidiosa.

Natural competence in X. fastidiosa was recently described in vitro (Kung and Almeida, 2011),
and the rate of homologous recombination was shown to be higher when the cells were growing
exponentially in solid agar plates than in batch culture tubes, and minimal medium was more
conducive than rich medium (Kung and Almeida, 2014). Using a plasmid as a donor DNA, a 96
bp of flanking homology was sufficient to initiate recombination (Kung et al., 2013). Moreover,
some competence-related and type 1V pili genes were shown to be involved in the process (Kung
and Almeida, 2014). Although some of those studies were performed using plasmids as donor
DNA, two strains were also shown to recombine in co-culture conditions (Kung and Almeida,
2011), although the capacity of these strains to act either as donor or recipient for DNA exchange

was not determined in those studies.
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The objective of this study was to test the hypothesis that natural competence in X. fastidiosa
occurs under flow conditions (an approximation of the natural habitat of this bacterium).
Associated with this objective was the aim to elucidate if previous observations of high
frequency of X. fastidiosa natural competence in vitro (Kung and Almeida, 2011; Kung et al.,
2013; Kung and Almeida, 2014) were dependent on batch culture conditions (both test tubes and
agar plates), which allow cell-to-cell contact for longer time without replenishing of nutrients or
removal of secreted molecules. Although natural competence and recombination is assumed to
occur in natural habitats based on field surveys and DNA sequence data, experimental indication
of its occurrence in the plant or insect host is not yet available for X. fastidiosa. Therefore, to
circumvent the limitation of X. fastidiosa recombination tests in the natural hosts that are
affected by uneven bacterial distribution and low populations (Newman et al., 2003; Das et al.,
2015), we performed recombination experiments in a microfluidic chamber (MC) system that
mimics the natural environment of xylem vessels and insect foreguts. MC allows continuous
media flow conditions and formation of biofilms, and has been previously used to study the
behavior of X. fastidiosa (De La Fuente et al., 2007; De La Fuente et al., 2008; Cruz et al., 2012;
Navarrete and De La Fuente, 2014). Biofilm fraction of MC (referred hereafter as MC_in) and
planktonic and detached cell fraction (referred hereafter as MC_out) can be collected separately
and the behavior of cells in the two fractions determined. Two strains used in all the previous
publications on this topic (Kung and Almeida, 2011; Kung and Almeida, 2014), were used in this
current study to facilitate comparison with literature and to further our understanding of natural
competence in X. fastidiosa. The results presented here show that growth under flow conditions
support natural competence in X. fastidiosa, with recombination frequencies equivalent to that on

solid media, previously described to be the most conducive environment for natural competence
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in vitro (Kung and Almeida, 2014). These findings support the hypothesis that recombination

occurs at high rates under flow conditions, representing natural habitats of X. fastidiosa.

Materials and Methods

Bacterial strains, media, and culture conditions

X. fastidiosa subspecies fastidiosa mutants NS1-CmR [a mutant of wild type strain Temeculal in
which a chloramphenicol resistant cassette was inserted in a non-coding region using the suicide
plasmid pAX1-Cm (Matsumoto et al., 2009)], and pglA-KmR [a kanamycin resistant mutant of
the Fetzer strain in which the gene encoding polygalacturonase is disrupted (Roper et al., 2007)],
were used in this study. The mutants were cultured in periwinkle wilt (PW) agar medium (Davis
et al., 1980) modified by omitting phenol red and adding 1.8 g liter bovine serum albumin
(BSA, Gibco Life Science Technology), and supplemented with the respective antibiotics. PD3
(Davis et al., 1981) and modified XFM (Kung and Almeida, 2011) were used when stated. Pectin
was added to a final concentration of 0.01% as previously described (Killiny and Almeida,
2009). Kanamycin was used at 30 pg mlt and chloramphenicol at 10 pg ml?. Inocula were
prepared by streaking cultures from the -80°C freezer stocks on PW agar plates and incubating
the plates for 5-7 days at 28°C. Cultures were then re-streaked onto new plates and incubated for

another 5-7 days before use.

Media selection for natural competence and growth in microfluidic chambers
To select a medium to test occurrence of natural competence in MC, three media (PW, modified
XFM, and PD3) were first tested in solid agar plates. XFM and PW, used in previous studies

(Kung and Almeida, 2011; Kung and Almeida, 2014), were selected as positive and negative
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control media for recombination, respectively. Natural competence experiments were performed
according to Kung et al (Kung and Almeida, 2011; Kung and Almeida, 2014) with some
modifications. Briefly, cells (ODsgo = 0.25) of NS1-CmR and pglA-KmR mutants were prepared
in liquid media by scraping the cultures from PW antibiotics plates. Ten ul of each strain were
spotted on top of each other on the agar plates of PW, XFM, and PD3 without antibiotics and the
spots were allowed to dry for ~1 hour. The plates were then incubated at 28°C for ~3 days. Two
spots from the same plate were then scraped off and suspended in 1 ml of PD3 to make one
replication, and 3-4 replicates were included for each media type per experiment. The
experiments were repeated independently twice for XFM and at least three times for PD3 and
PW. Single mutant strains (donor and recipient) were included as controls. The suspensions were
then serially diluted and 100 pl of appropriate dilutions were plated on PW agar plates in
triplicate supplemented with both antibiotics (Km and Cm) to recover recombinants at the
antibiotic resistant site, and with single antibiotics (Km or Cm) to check the growth of both
parents in the mixture. Appropriate dilutions also were plated onto PW plates without antibiotics
for enumeration of total viable cells. Plates were incubated at 28°C for at least 14 days before
CFUs were enumerated. The recombination frequency at the antibiotic resistant site was
calculated as the ratio of recombinant CFUs (CFUs from both antibiotics plates) to total CFUs
(CFUs from appropriate no antibiotics plates) in equal volumes of suspension. After selecting the
media that supported recombination in the agar plates, media (PD3 and XFM) were tested in the

MC for cell attachment and biofilm formation.
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Media components influencing natural competence and twitching motility

To test specific components that may influence natural competence, an initial screen was
performed by removing or adding components to PW and PD3 media in solid agar plates as
described above. The components tested were sodium citrate dehydrate, succinic acid, and starch
(present only in PD3); and BSA and L-glutamine (present only in PW) and Pectin. The effect of
BSA was further tested by supplementing PD3 and PD3+L-glutamine with BSA, and removing
BSA from PW and XFM. Experiments were repeated three times independently with three
replicates each time except for PD3+L-glutamine treatment that was performed once with three
replicates. Twitching motility of both mutants was determined in media with and without BSA
according to previous studies (Galvani et al., 2007; Cruz et al., 2014) with few modifications.
Briefly, for PD3 and PW with and without BSA, media plates solidified with agar or Gelrite (rpi
Research Products and International Corp, Mount Prospect, IL) were divided into two halves and
10-12 spots of each mutant strain were made using a sterile toothpick and plates were incubated
at 28°C for 4-5 days. For XFM with and without BSA, plates solidified with agar were used and
incubated for 10-12 days before measurements were recorded. Colony peripheral fringe was
observed under 10x magnification using a Nikon Eclipse Ti Inverted Microscope (NIKON,
Melville, NY), and fringe width was measured for six colonies per plate per strain, with at least
seven measurements per colony using the Nikon DS-Q1 Digital Camera (Nikon, Melville, NY)
connected to a Nikon Eclipse Ti Inverted Microscope (NIKON, Melville, NY), and controlled by
NIS Elements imaging software version 3.0. Twitching experiments were performed at least
three times independently for PD3 and PW with and without BSA and once for XFM with and

without BSA.
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Natural competence in different growth conditions
Three growth conditions were used; solid agar plates (plate, as described above), liquid culture
tubes (tube), and continuous liquid flow (MC). PD3 without antibiotics was the medium used,

and the initial inoculum of NS1-CmR and pglA-KmR mutants were prepared as described above.

I. Competence in tubes

Twenty-five ml glass test tubes containing three ml of PD3 were inoculated with 100 pl of each
of the OD-adjusted strain suspensions as donor and recipient cells (final ODeoo = 0.01). Tubes
containing single strain inoculations were included as control treatments. Tubes were then
incubated with shaking (180 rpm at 28°C). After ~3 days the tubes were vortexed well to mix the
biofilm formed on the air-liquid interface with the rest of the suspension, and serially diluted and
plated as described above. Three independent experiments were performed and three replications

were included in each experiment (n=9 in total).

Il. Competence in MC

MCs were prepared as previously described (De La Fuente et al., 2007). Briefly, two parallel
channels with separate inlets for bacterial cells and growing media were etched on a silicon
wafer. The channels were then modeled into a polydimethyl siloxane (PDMS) and sandwiched
between the PDMS layer and a glass cover slide. The inlets and outlets were then connected to
tubings that were connected to syringes (Supplemental fig. 2-1). The syringes were connected to
pumps which control media flow rate in the MC. The MC was mounted onto a Nikon Eclipse Ti
Inverted Microscope (NIKON, Melville, NY) to observe cell attachment and biofilm formation

using phase contrast and Nomarski Differential Interference Contrast optics. Time lapse video

34



was taken using a Nikon DS-Q1 Digital Camera (Nikon, Melville, NY) connected to the

microscope and controlled by NIS Elements imaging software version 3.0.

For preparing the inocula for MCs, equal volumes of the strain pairs (ODsoo = 0.25) were mixed
and inoculated into the cell inlet syringes, and growing media (PD3) was injected to the media
syringes. MCs were run for 5-7 days with a media flow rate of 0.25 pl min? until abundant
growth of biofilm was observed. At the end of the experiment, the fraction of cells collected in
the outlet syringe (MC_out) was harvested and the fraction formed inside the channels (MC_in)
was detached and pushed to the outlet collection syringe by increasing the flow rate to 30-40 pl
mint. Serial dilution, plating, CFU counts, and frequency of recombination calculations were
done as described above. Four independent experiments were performed with seven replicates in

total (n=7).

I11. Competence in MC with grapevine sap

Grapevine (Vitis vinifera) sap was collected from a X. fastidiosa susceptible variety
(Chardonnay) in Dahlonega, GA; and a tolerant variety (Blanc Du Bois) in Tallahassee, FL at the
end of the dormant season (March/April). A new season cane was pruned and sap was collected
in a 50-ml conical tube, which was stored in ice until it was brought back to the lab. Xylem sap
was sterilized by filtering with 0.22 um vacuum filter and stored at -80°C until used. Sap
experiments were performed in the MC with both pure sap and 50% sap mixed in PD3 (v/v).
Natural competence assays were same as with the MC experiment with PD3. Experiments were

repeated at least three times for both sap types.
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Natural competence with heat-killed donor cells and confirmation of homologous
recombination

Confirmation of homologous recombination occurring via natural competence was performed by
using heat-killed donor cells in the solid agar plates. Suspension of the donor cells (either NS1-
CmR or pglA-KmR mutants) were incubated at 90°C for 15 min for heat killing. Complete killing
was confirmed by plating an aliquot onto PW plates. The heat-killed donor and live recipients
were then spotted on PD3 plates as described above. For confirmation of homologous
recombination at the desired genomic region, randomly selected recombinant CFUs were re-
streaked onto new double antibiotic PW plates, and colony PCR was performed using the
primers targeting the flanking region of the construct used to generate the mutants according to
Kung et al (Kung and Almeida, 2011). Sequences of the flanking regions of antibiotic cassettes
insertion sites between the parent strains (NCBI Accession numbers KU873007-KU873014)
were compared using the Muscle Pairwise Alignment algorithm within the Geneious 9.0.3

platform (Kearse et al., 2012).

Statistical Analysis

The number of recombinants, total CFUs, and recombination frequency data were analyzed in
PROC GLIMMIX (SAS 9.3) which fits statistical models to data with non-normal distribution
and non-constant variability. For the analysis of frequency, response distribution was used as the
binomial distribution of number of recombinants/total cells. Least square differences of means
among the treatments were separated by Tukey’s HSD (honestly significance difference) test at

the significance level of P < 0.05. For the repeated experiments, time factor was used as a
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random variable. The fringe widths of bacterial colonies among different media also were

compared using PROC GLIMMIX in SAS.

Results
Growth media influence natural competence in X. fastidiosa

Cell suspensions of the two strains were mixed together on agar plates and recombination was

assessed by the acquisition of antibiotic resistance markers.

Results in solid agar plates of PW, XFM, and PD3 showed that PD3 is more conducive for
recombination than other media (Fig. 2-1, Supplemental table 2-1) followed by XFM.
Recombination frequency was 1.9+0.4 x 10 (1.9 recombinants per ~10° cells) for PD3, 2.4+1.3
x 107 for XFM, and 8.3+7.1 x 10°° for PW. Recombinants were readily recovered in PD3 (100-
3000 recombinant CFUs 100ul?). In XFM, the number varied from (0-12 recombinant CFUs
100pl™). In PW only one recombinant was recovered of all the experiments performed and
hence, the recombination frequency of 8.3 x 107 per recipient cell was set as the detection limit
of the method. The total CFU counts were not statistically different among the three media (P =

0.22).
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Fig. 2-1. Recombination in various growth media. Recombination frequencies, number of

recombinants, and total CFU counts in different culture media in solid agar plates are shown.

Cell suspensions of the two strains (NS1-CmR and pglA-KmR) were mixed together on agar

plates and recombination was assessed by the acquisition of antibiotic resistance markers. Data

represent means and standard errors from different experiments. Experiments were repeated

independently twice for XFM (n=7) and at least three times for PD3 and PW (n=9). Different

letters above the bars represent significant difference in the recombination frequency (P < 0.05)

as analyzed with PROC GLIMMIX in SAS followed by least square mean comparisons by

Tukey’s HSD.
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BSA impairs natural competence and twitching motility

Components that are only present in PD3 (sodium citrate dehydrate, succinic acid, and starch)
and PW (BSA, L-glutamine) were initially screened for influence in natural competence as PD3
produced significantly higher number of recombinants than PW. Among the components tested,
only BSA had a clear effect, as recombinants could not be recovered from treatments in both PW
and PW-L-glutamine, both of which contain BSA, but could be recovered from both media when
BSA was removed (Supplemental Table 2-1). Further test of the effect of BSA was performed in
four media (PD3, PD3+L-glutamine, PW, and XFM) with and without BSA by conducting
additional experiments. Results showed that BSA significantly reduced frequency of
recombination when added to PD3 (P < 0.001) (Fig. 2-2) and PD3+L-glutamine (P < 0.001)
(Supplemental table 2-1), and increased frequency when removed from PW (P=0.0025) and
XFM (P < 0.0001) (Fig. 2-2, Supplemental table 2-1). Recombinants were readily recovered in
PD3 (323+72 100ulY), and PD3+L-glutamine (252+30 100ul?), but were significantly reduced
when supplemented with BSA (4 +0.8 and 4 +1.0 100ul2, respectively). Similarly, the number of
recombinants increased in PW from 0 to 8.7+2.6 100ul™* and in XFM from 2.0+0.8 to 8.6+2.1
100pl? on removing BSA (Supplemental table 2-1). Pectin supplementation to PD3 had no

significant effect in the recombination frequency (P=0.79) (Supplemental table 2-1).

Twitching motility, as measured by colony fringe width, was higher in PD3 than in other media
(Fig. 2-3). BSA significantly reduced twitching motility when supplemented to PD3 and
significantly increased twitching motility when removed from both PW and XFM with the NS1-
CmR mutant (Fig. 2-3). However, no fringe could be detected with the pglA-KmR mutant in any

of the media tested (Fig. 2-3).
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represent means and standard errors from different experiments. BSA significantly reduced
recombination frequency in each of the media. Different letters represent significant difference

(P < 0.05) within the medium as analyzed with PROC GLIMMIX in SAS. ND: frequency below

detection limit.
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Fig. 2-3. Twitching motility in media with and without BSA. A) Fringe width was measured
after spotting the bacteria in media plates and incubating at 28°C for 4-5 days for PD3 and PW
and 10-12 days for XFM. Data represents means and standard errors from different experiments.
Experiments were repeated independently three times for PD3 and PW (n=29-55) and once for
XFM (n=4-9). Data were analyzed with PROC GLIMMIX in SAS. Different letters for each bar
group indicate significant difference (P < 0.05). BSA significantly reduced twitching in all three
media for NS1-CmR, while twitching motility was not detectable (ND) for pglA-KmR mutant in
any media. (B) Colonies of NS1-CmR (fringe can be seen) and pglA-KmR mutant (no fringe) in

media with and without BSA. Scale bar represents 100 pum.
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Growth environment mimicking X. fastidiosa natural habitats supports natural competence

Surface attachment and biofilm formation of the cells was tested in the MC with PD3 and XFM,
PW was not tested as it was not conducive for competence. Mixture of NS1-CmR and pglA-
KmR mutant was inoculated into the channels at the beginning of the experiment. Both
attachment and biofilm formation were pronounced with PD3, while XFM allowed very poor
attachment of cells and formation of biofilms (Fig. 2-4). Hence, PD3 was selected as the medium

to perform further natural competence experiments in MCs.

Within hours of inoculation, abundant X. fastidiosa cells were seen attached in the channels with
PD3 medium (Fig. 2-4). Channels were filled with biofilm growth after ~ 5 days of injecting the
cells. The frequency of recombination in the MC _in fraction that consist mainly of the biofilm
formed under the flow conditions inside the microfluidic channels, was equivalent to that in the
solid agar condition (P=0.52) (Fig. 2-5). Noteworthy is that the frequency in the MC_in fraction
was significantly higher than in the tubes (P < 0.0001) as well as in the MC_out fraction
(consisting of cells collected downstream from the channels) (P < 0.0001) (Fig. 2-5).
Recombinants were only occasionally detected in the MC_out fraction and the frequency was the

lowest in this condition.
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Fig. 2-4. Microfluidic channels showing cell attachment and biofilm formation in media and sap
dilutions over time. Mixture of cells of NS1-CmR and pglA-KmR were injected into the
channels. Cells attached well and copious biofilm growth was observed after seven days post
inoculation (dpi) for both PD3 and 50% sap (susceptible cv. Chardonnay, tolerant Blanc Du

Bois) but not for XFM. Scale bar on top left corner represents 10um.
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Fig. 2-5. Recombination frequencies, number of recombinants, and total CFUs in MC, tubes, and

plates with PD3. Mixtures of the two strains were co-cultured in the three growth conditions and

recombination at the antibiotics resistant marker region was assessed. For each growth condition,

at least three independent experiments are included with n=7, 7, 9 and 12 for MC_in, MC_out,

tube and plate experiments, respectively. Data represents means and standard errors from

different experiments. Different letters indicate significant differences for recombination

frequency as analyzed by PROC GLIMMIX in SAS followed by Tukey’s HSD test (P < 0.05).
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Natural competence was maintained inside the microfluidic chambers with amendments of

grapevine sap

Cell growth in pure xylem sap was slower than in PD3 and in 50% sap, nevertheless abundant
cell aggregation was seen in the MCs after ~7 days. However, growth of only pglA-KmR mutant
was observed in most of the experiments when pure sap was used, and generally no growth of
NS1-CmR was observed, as revealed by plating the suspension in separate antibiotics plates at
the end of the experiment (data not shown). During one experiment, both mutants were
recovered and recombinants were formed in the MC_in fraction with pure sap (~16 + 2
recombinant CFUs in 100 pl of the culture from six separate plates, and a frequency ~ 3.6 x 107)
(Fig. 2-6). Because of the inconsistent growth of NS1-CmR in pure sap, 50% sap (diluted with
PD3) was used for further experiments. The frequency of recombination was highest in PD3, as
compared to 50% Blanc Du Bois (P = 0.001) and 50% Chardonnay sap (P < 0.0001) (Fig. 2-6).
Considering only grapevine sap, frequency of recombination was higher in 50% Blanc Du Bois
than in 50% Chardonnay (P = 0.0002) (Fig. 2-6). Noteworthy is that with the sap experiments,
recombinants could be recovered only from the MC_in fraction but not from the MC_out

fraction (Supplemental table 2-1).
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Fig. 2-6. Recombination frequency, number of recombinants, and total CFUs from the MC_in
fraction with grapevine sap. Recombination frequency was significantly higher in 50% sap from
tolerant Blanc Du Bois (n=2) than susceptible 50% Chardonnay sap (n=3), and pure sap (n=1), as
analyzed in SAS with PROC GLIMMIX and Tukey HSD (P < 0.05). Data represent means and

standard errors for different experiment.

Natural competence occurs with heat killed donor cells
Heat-killed cells of pglA-KmR mutant were used as donor with live cells of NS1-CmR as
recipients, and vice versa, in PD3 agar plates. Double antibiotic resistant recombinant colonies

(with a recombination frequency of (3.6+1.4) x 107, n=5) were recovered in both experiments
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tested when NS1-CmR was used as the live recipient, confirming that natural competence is the
process facilitating the homologous recombination. No recombinants, however, were obtained
when pglA-KmR mutant was used as the live recipient. Experiments were performed also with
pAX1.Cm plasmids as donor DNA and cells of pglA-KmR as recipients to confirm the non-
competency of pglA-KmR, and no recombinants were detected (n=4, data not shown). Colony
PCR of the randomly selected recombinant colonies confirmed that the antibiotic resistance
marker gene is inserted in the targeted region by double recombination events (Supplemental fig.
2-2). Comparison of the flanking regions of the antibiotic resistance insertion sites between the
parent strains (pglA-KmR and NS1-CmR) at the NS1 and pglA sites had 99.9% (one mismatch)
and 100% identity, respectively (Supplemental fig. 2-3), ruling out the possibility that the non-

competency of pglA-KmR is associated with the flanking homology of the recombining region.

Discussion

Several hypotheses have been proposed to explain the existence of natural competence in
bacteria. One explanation is that starvation signals induce competence, and the incoming DNA
serves as a nutrient source in poor nutrient conditions as demonstrated in H. influenza (Herriott et
al., 1970), P. stutzeri (Lorenz and Wackernagel, 1991), and R. solanacearum (Bertolla et al.,
1997b). Based on the results with a minimal medium (XFM), and a rich undefined medium
(PW), a previous study (Kung and Almeida, 2011) speculated that growth in low nutrient
medium favors natural competence in X. fastidiosa. However, the results of this study with these
two media (XFM, PW) and PD3, another undefined rich medium, demonstrated that growth in
PD3 significantly increases recombination frequency. This suggests that starvation is not

necessary to induce competence in X. fastidiosa.
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Two other components that differ between PD3 and PW are BSA and L-glutamine, which are
only present in PW. Further investigation of the differences between PD3 and PW were
performed by either removing or adding these components to/from one another. Initial screening
with the components showed a pronounced effect of BSA in the number of recombinants
recovered. Additional experiments confirmed that BSA significantly reduces the recombination
frequency when present in PD3, PW, and XFM. Since both XFM and PW contain BSA, this may
explain the lower recombination frequencies in these media. In a previous study, BSA had been
found to reduce surface attachment and twitching motility of X. fastidiosa (Galvani et al., 2007).
In fact, natural competence and twitching motility are dependent on the activity of type IV pili in
X. fastidiosa (De La Fuente et al., 2007; Kung and Almeida, 2014). Therefore, in this study the
correlation between twitching movement and natural competence in different media was
investigated. Interestingly, PD3 allowed the highest fringe width and presence of BSA
significantly reduced twitching motility in all three media. Twitching motility in XFM was lower
than in both PD3 and PW as poor growth in XFM resulted in smaller colony sizes. Still the
fringe width of colonies in XFM without BSA was bigger than in XFM with BSA. Most of the
colonies spotted in XFM and XFM-BSA showed very little or no visible growth. This can be
expected as XFM is a nutrient-limited minimal medium. Moreover, the pglA-KmR mutant that
did not show twitching movement was not competent when tested with heat-killed NS1-CmR
and plasmid DNA as the donor. These results of concomitant decrease in natural competence and
twitching motility in BSA supplemented media and non-competency of twitch minus strain
suggest that twitching motility is correlated with natural competence in X. fastidiosa. Natural

competence in other gram negative bacteria is mediated by type IV pili like structures (Seitz and
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Blokesch, 2013). Considering the effect of BSA on twitching, it remains to be determined if BSA

only alters movement or biogenesis of type IV pili.

Our results with different growth settings showed that the recombination frequency is
significantly higher in the MC_in fraction than in the MC_out fraction. The MC_in environment
closely mimics xylem vessels and the insect foregut with respect to continuous liquid flow,
adhesion of cells on channel walls in a fashion similar to adhesion of cells on xylem vessels and
the insect foregut, and formation of biofilms. This environment is conducive for both biofilm
formation and twitching motility as demonstrated in previous studies (De La Fuente et al., 2008;
Cruz et al., 2012). Moreover, expression of some of the type IV pili genes were shown to be
increased in the MC_in environment than in the other growth conditions (Cruz et al., 2014),
implying that activity of type IV pili is increased in this system, which may explain higher rates
of recombination in the MC_in fraction. The MC_out environment, on the other hand, consists
mostly of planktonic cells and some detached biofilm fraction from MC _in, which is washed
away with the liquid flow. Differences in recombination frequencies in these two environments
suggest that the continuous media flow condition of the xylem vessels and growth in biofilm
may increase the chances of recombination. Batch cultures in tubes also allowed recombination
but at a lower rate than the continuous flow environment of MC_in, and surface attached
condition of solid agar plates. A previous study also showed that growth in solid plates increase
recombination compared to the growth in the liquid culture tubes (Kung and Almeida, 2014).
Recombinants in the MC_out fraction were recovered when profuse biofilm growth was
observed in the MC_in fraction with many recombinants formed. It is possible that the

recombinants recovered in the MC_out fraction are due to detachment and washing away of
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portions of biofilms from the MC _in fractions, supporting the proposition that biofilm formation
induces competence. Biofilm formation and quorum sensing signals have been shown to induce
natural competence in other naturally competent bacteria such as V. cholerae (Antonova and
Hammer, 2011), Acinetobacter sp. (Hendrickx et al., 2003), and Streptococcus mutans (Li et al.,
2001). Biofilms, in addition to having dense population of cells, contain elevated amounts of
extracellular DNA (Steichen et al., 2011), which can be used for transformation by competent
cells. Extracellular DNA has been shown to enhance biofilm formation in X. fastidiosa (Cheng et
al., 2010). Moreover, Kung et al (Kung and Almeida, 2014) also showed that a knockout mutant
on a biosynthetic gene for diffusible signaling factor (DSF), a cell-cell communication signal in
X. fastidiosa, had reduced rate of recombination, implying that cell-cell communication signal

also may be involved in regulating natural competence in X. fastidiosa.

MCs experiments with grapevine sap provide closer resemblance to the natural habitat than MCs
with the artificial culture medium. Previously we have shown that biofilm structure in grapevine
sap is more similar to the natural biofilm than are the aggregates observed in synthetic medium
inside MC (Cogan et al., 2013). The experiments with amendments of sap in the MCs detected
natural competence providing an indication that natural competence occurs in the xylem vessels
of host plants and possibly in the insect vectors. Although results with pure sap experiments were
not reproducible due to inconsistent growth of one of the strains used, recombinants were
recovered once with pure Chardonnay sap as the medium. Recombinants were readily recovered
with the 50% sap in PD3 for both tolerant and susceptible varieties. Maintenance of competence
with addition of xylem sap, indicate that sap components support DNA acquisition and

transformation. Natural competence occurring in environments resembling natural habitat also
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have been demonstrated in other naturally competent bacteria such as P. stutzeri (Lorenz and
Wackernagel, 1991) and V. cholerae (Meibom et al., 2005), in which artificial medium
resembling natural soil extract, and natural growth substrate (chitin) induced competence,
respectively. In R. solanacearum, another xylem colonizing plant pathogen, natural competence
has been demonstrated in planta (Bertolla et al., 1999), and the recipient strains were shown to

have increased virulence, acquiring DNA regions as long as 40 kb from donor strains.

Findings from competence experiments with grapevine sap and the MCs suggest that when two
different strains are established together in the xylem vessels or in the vector foregut,
recombination is possible. Noteworthy is the fact that in the experiments reported here,
recombination was higher with sap from a tolerant grapevine variety, where infection by X.
fastidiosa is symptomless. Co-infection by two genetically different isolates together in the same
plant has been documented before (Chen et al., 2005), and there are reports of artificial mixed
infection of a vector (Costa et al., 2006) as well as a single vector being able to transmit all four
subspecies of X. fastidiosa (Almeida and Purcell, 2003). Moreover, it was shown that isolates
from two different subspecies can cause disease in a single host (Oliver et al., 2015). Hence,
possibility exists in nature that two different X. fastidiosa strains may encounter one another and
exchange DNA as shown by MLST analyses. Donor DNA may be derived from dead cells or
may be secreted by a type IV secretion system, as shown in N. gonorrhoeae (Dillard and Seifert,
2001). Moreover, the experiment with heat killed donor cells suggest that recombination is
possible if homologous DNA fragments are present in the environment. Although the majority of
recombination events will not be beneficial to the recipient cell, some may have adaptive

advantage and increased virulence, among other phenotypes under selective pressure. For
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example, the relative recent emergence of citrus variegated chlorosis and coffee leaf scorch (in
1980s) in South America is proposed to be due to inter-subspecific recombination between a
subsp. multiplex donor and an unidentified native recipient based on MLST (Nunney et al.,
2012). In addition, strains that are classified in the newly proposed subspecies ‘morus’ that infect
mulberry, have been suggested to be generated by recombination between a subsp. fastidiosa
donor and a subsp. multiplex recipient (Nunney et al., 2014b). A similar mechanism may have

resulted in strains that infect blueberry and blackberry (Nunney et al., 2014a).

Recombination events observed in this study are based on horizontal acquisition of antibiotic
resistance markers (a single gene), which represent a small fraction of the genome of X.
fastidiosa. Since the natural competence experiments were performed under conditions without
any selective pressure, recombination events should be expected to have occurred at other
regions of the genome as well, but were not detected due to the experimental approach used here.
Under the simplistic assumption that gene exchange occurs randomly throughout the genome and
with similar frequencies at all loci, the recombination frequencies reported in this study for one
locus (~10° - 10° recombinants/total cells) could be as much as ~2.5 x 102 higher, considering

the size of the X. fastidiosa genome (~2.5Mb).

In summary, X. fastidiosa is naturally competent with a high rate of recombination when cultured
under liquid flow conditions of MC, a system that mimics plant xylem vessels and the insect
vector foregut. Natural competence in the MC was maintained even when the media was
supplemented with grapevine xylem sap, suggesting that the natural habitat of X. fastidiosa

supports natural competence. Moreover, habitats and media that favored increased biofilm
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growth and increased twitching motility showed increased rate of recombination. This study
advances the characterization of the phenomenon of natural competence in X. fastidiosa that
needs to be further studied to understand the evolution and adaptation of this important plant

pathogen.
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Supplemental material for chapter 2

MC_in MC out

Supplemental fig. 2-1. Microfluidic chamber system showing tubings connected to syringes
filled with growth medium and bacterial suspensions on the left, and outlet collection syringes on
the right. Cell attachment and biofilm formation occurs inside the channels (MC_in) (as shown
in Fig. 2-4). The unattached cells, and detached biofilm fractions are collected in the outlet

collection syringes (MC_out).
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Supplemental fig. 2-2. Confirmation of homologous recombination between NS1-CmR and
pglA-kmR mutant using colony PCR. The upper bands are PCR products with pglA region
specific primers and the lower bands with NS1region specific primers. Lane 1; 100 bp ladder,
lane 2- 3; wild type (WT) and mutant parents as indicated in the figure, lane 4-23 recombinants
of NS1-CmR and pglA-KmR, lane 24 negative control. The wild type for pglA is 2326bp and the
mutant with kanamycin cassette insertion is 3564 bp and for NS1 wild type is 1715 bp and
mutant with chloramphenicol insertion is ~2900bp. The recombinants had both antibiotic

cassette inserted in their genome.
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Supplemental fig. 2-3. Sequence

comparison of flanking regions between the parents (NS1-

CmR and pglA-KmR) at antibiotics resistance insertion sites; a) NS1 site and b) pglA site. The

flanking regions were 99.9% identical at the NS1 site and 100% identical at the pglA site

between the parents. Square indicates mismatch at NS1 site between the two compared

sequences.
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Supplemental table 2-1: Number of recombinants, total CFUs, and recombination frequency

under different media and settings

Media Setting #Recombinants® #Total? Frequency N
PD3 Plate 322.8+72.3° 2.9+1.2 E+07 1.9+04E-05 18
PD3+BSA° Plate 3.8+0.8 52+0.3 E+07 7.3+15E-08 9
PD3+BSA+L-glutamine Plate 3.7x1.0 4.2+15E+07 8.6+24E-08 3
PD3+L-glutamine Plate 252.0£30.2 3.1+0.2 E+07 8.2+t1.0E-06 3
PD3+Pectin Plate 202.4+11.2 1.8+0.5E+07 1.3+0.3E-05 3
PD3-SA° Plate 985.0 5.2 E+07 1.8 E-05 1
PD3-SCD¢ Plate 575.5 5.2 E+07 1.1 E-05 1
PD3-SCD-SA Plate 141.0 7.9 E+07 1.8 E-06 1
PD3-Starch Plate 394.3 7.7 E+07 5.1 E-06 1
PW Plate 0.1+01 3.7+£1.7 E+07 8.317.1E-09 12
PW-BSA Plate 8.7+2.6 7.4+3.4E+07 23+0.8E-07 8
PW-L-glutamine Plate 0 ND¢ 0 1
PW-BSA-L-glutamine Plate 74.5 5.9 E+08 13E-07 1
XFM Plate 2.0£0.8 3.4x1.2 E+07 2.4+1.3E-07 19
XFM-BSA Plate 8.6x2.1 6.7£t1.3 E+06 1.4+0.3E-06 12
PD3 MC _in 146.3+48.1 1.2+0.4 E+07 15x05E-05 7
PD3 MC_out 0.8+0.4 1.0+0.9 E+07 2.4+16E-07 7
Chardonnay sap MC_in 16.0 4.4 E+07 3.6 E-07 1
Chardonnay sap MC_out 0 ND 0 1
50% Chardonnay sap MC_in 5.9+2.9 2.1+0.8 E+07 2.3x1.0E-07 3
50% Chardonnay sap MC_out 0.0 2.3t2.0E+06 O 3
50% Blanc Du Bois MC_in 8.0+7.3 2.6£1.6 E+06 7.3x7.2E-06 2
50% Blanc Du Bois MC_ out O 3.0+03E+05 O 2
PD3 Tube 46.7£8.4 2.2+0.6 E+07 3.0+09E-06 9

\Values are expressed as CFU 100pl*
PFor the treatments where n >1, standard error of mean is included after the average number.

CAbbreviations. BSA: bovine serum albumin, SA: succinic acid, SCD: sodium citrate dehydrate.

IND not determined. Total cells were not enumerated as no recombinants were detected for these

treatments.
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Chapter 3

Natural competence rates are variable among Xylella fastidiosa strains and homologous
recombination occurs in vitro between subspecies fastidiosa and multiplex

Abstract

Xylella fastidiosa, an etiological agent of emerging crop diseases around the world, is naturally
competent for the uptake of DNA from the environment that is incorporated into its genome by
homologous recombination. Homologous recombination between subspecies of X. fastidiosa was
inferred by in silico studies and was hypothesized to cause disease emergence. However, no
experimental data are available on the degree to which X. fastidiosa strains are capable of
competence and whether recombination can be experimentally demonstrated between
subspecies. Here, using X. fastidiosa strains from different subspecies, natural competence was
confirmed in eleven out of thirteen strains with plasmids containing antibiotic markers flanked
by homologous regions; and in three out of five strains with dead bacterial cells used as source of
donor DNA. Recombination frequency differed among strains and was correlated to growth rate
and twitching motility. Moreover, intersubspecific recombination occurred readily between
strains of subsp. fastidiosa and multiplex, as demonstrated by movement of antibiotic resistance
and green fluorescent protein from donor to recipient cells, and confirmed by DNA sequencing
of the flanking arms of recombinant strains. Results demonstrate that natural competence is
widespread among X. fastidiosa strains and could have an impact in pathogen adaptation and

disease development.
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Introduction

Xylella fastidiosa is a xylem-limited, plant-pathogenic bacterium that causes destructive diseases
in a number of economically important crops such as Pierce’s disease in grapevines, citrus
variegated chlorosis in citrus, and bacterial leaf scorch in coffee, plum, and almond (Hopkins and
Purcell, 2002). In recent years, emergence of X. fastidiosa diseases has been reported in new host
plants and geographic locations (Chang et al., 2009; Su et al., 2013; Martelli et al., 2016) with
host range expanding to 359 plant species in 75 botanical families (European Food Safety
Authority, 2016). Taxonomically, X. fastidiosa strains worldwide were classified under a single
species, but recently another species was described for Taiwanese strains causing pear leaf
scorch (Su et al., 2016). Studies based on Multi Locus Sequence Typing/Analysis
(MLST/MLSA) have proposed five subspecies within X. fastidiosa (Scally et al., 2005; Nunney
et al., 2014b): subsp. fastidiosa, sandyi, morus, multiplex, and pauca. The disease mechanism,
although not fully understood, involves formation of biofilm in the xylem vessels of host plants,
and obstruction of xylem sap transport leading to alteration of water and mineral nutrients in the
aerial plant parts (Chatterjee et al., 2008; De La Fuente et al., 2013). X. fastidiosa strains are
vector-transmitted by xylem sap-feeding insects such as sharpshooters and spittlebugs (Redak et
al., 2004). There is no known specificity involved in recognition of insect vectors and X.
fastidiosa subspecies, as a single insect vector was able to transmit multiple subspecies (Almeida
and Nunney, 2015). However, host plant specificity has been described between and within
subspecies (Almeida and Purcell, 2003; Almeida et al., 2008; Oliver et al., 2014; Harris and
Balci, 2015; Oliver et al., 2015). Subspecies were believed to be geographically separated, but

dissemination of plant materials and insect vectors has led to co-existence of two or more
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subspecies in the same geographic location (Chen et al., 2005; Nunney et al., 2010; Parker et al.,

2012; Nunney et al., 2014a).

Despite differences in plant host range, little genetic diversity has been described between X.
fastidiosa strains that infect different host plants on a genome wide scale. For example, the
grapevine strain Temecula and the citrus strain 9abc, the most divergent genomes within X.
fastidiosa, shared 98% of their genes and 96% of average amino acid identity when their whole
genomes were compared (Van Sluys et al., 2003). However, with the application of
MLST/MLSA techniques in X. fastidiosa phylogenetics, genetic differences have been described
among and within subspecies (Scally et al., 2005; Almeida et al., 2008; Nunney et al., 2010;
Yuan et al., 2010; Nunney et al., 2014b; Nunney et al., 2014c). For instance, strains collected
from a single host and geographic location formed different haplotypes when they were analyzed
by MLSA of environmentally-mediated genes (Parker et al., 2012). Interestingly, studies that
detected genetic diversity among X. fastidiosa strains have also reported the presence of
homologous recombination (HR) (Scally et al., 2005; Almeida et al., 2008; Nunney et al., 2010;
Nunney et al., 2012; Nunney et al., 2013; Nunney et al., 2014b; Nunney et al., 2014c; Marcelletti
and Scortichini, 2016; Coletta-Filho et al., 2017). In fact, HR was predicted to have greater effect
in creating genetic diversity in X. fastidiosa than point mutation (Scally et al., 2005; Kung et al.,
2013). Moreover, studies based on genetic data have shown occurrence of intersubspecific
homologous recombination (IHR) between X. fastidiosa subspecies (Nunes et al., 2003), and
hypothesized IHR to lead to plant host shift (Nunney et al., 2012; Nunney et al., 2014b; Nunney
et al., 2014c). Co-existence of different X. fastidiosa subspecies has enabled the possibility of

IHR to a greater extent. Interestingly, natural competence was described in X. fastidiosa (Kung
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and Almeida, 2011) and provided an explanation for the frequent HR events detected by genetic

studies.

Natural competence is a phenomenon that involves uptake of naked DNA fragments from the
environment and their incorporation into the bacterial genome by HR (Lorenz and Wackernagel,
1994). Described in 1928 by Frederick Griffith (Griffith, 1928), natural competence was
proposed as a mechanism of nutrient acquisition under starvation conditions (Seitz and Blokesch,
2013a), but has been also implicated in repair of damaged DNA (Dorer et al., 2010), and
bacterial genome evolution providing adaptive advantage (Baltrus et al., 2008) and increased
virulence (Coupat et al., 2011) to the recipient bacterium. In majority of naturally competent
bacteria, competence development is regulated and induced by external environmental cues
(Seitz and Blokesch, 2013a). Regulatory mechanisms involved in the induction of natural
competence have been described in well studied bacterial systems such as Vibrio cholerae

(Antonova and Hammer, 2015), and Haemophilus influenzae (Cameron et al., 2008).

However, very limited information exists regarding natural competence in X. fastidiosa as only
few studies have been performed (Kung and Almeida, 2011; Kung et al., 2013; Kung and
Almeida, 2014; Kandel et al., 2016). Studies so far have demonstrated natural competence of X.
fastidiosa in vitro in batch cultures (Kung and Almeida, 2011; Kandel et al., 2016), solid media
(Kung and Almeida, 2014; Kandel et al., 2016), and in microfluidic chambers (MC), a system
designed to closely resemble the bacterium’s natural habitat (Kandel et al., 2016). Natural
competence occurred at a high frequency under flow conditions in MC including conditions with

grapevine sap as growth medium (Kandel et al., 2016). Cells developed competence when
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entering into the exponential growth phase (Kung and Almeida, 2011; Kung and Almeida, 2014),
appeared to prefer DNA from self-sources over foreign-sources (Kung and Almeida, 2011), and
required flanking region homology for recombination (Kung et al., 2013). One key knowledge
gap is related to the variability of natural competence among strains as previous studies were
based on few closely related strains belonging to the same subsp. fastidiosa (Kung and Almeida,
2011; Kung et al., 2013; Kung and Almeida, 2014; Kandel et al., 2016). Since both genotypic
and phenotypic differences have been described in X. fastidiosa strains (Scally et al., 2005;
Parker et al., 2012; Oliver et al., 2014; Antonova and Hammer, 2015; Oliver et al., 2015;
Coletta-Filho et al., 2017), their natural competence abilities could differ as is the case reported
in other naturally competent bacteria (Gromkova et al., 1998; Sikorski et al., 2002; Fujise et al.,
2004; Coupat et al., 2008; Bosse et al., 2009; Maughan and Redfield, 2009; Evans and Rozen,
2013). Moreover, although IHR has been detected by MLST studies, and was hypothesized to
lead to plant host shift (Nunney et al., 2012; Nunney et al., 2014b; Nunney et al., 2014c), there is
still no experimental evidence demonstrating the generation of recombinants by mixing two
different subspecies. Therefore, the objectives of this study were i) to determine the relative
ability of natural competence in X. fastidiosa strains that belong to different subspecies ii) and to
test experimentally if IHR occurs between the two subspecies prevalent in the US. Results
showed that eleven of the thirteen strains were naturally competent, and recombination occurred
at various regions of the genome. One highly virulent strain showed very high recombination
with DNA from dead cells and plasmids tested as donors. Moreover, IHR was confirmed
between subsp. fastidiosa and subsp. multiplex when combinations of donor and recipients from
two subspecies were co-cultured. These findings demonstrate that X. fastidiosa isolates have

different recombination potential, and co-existence of subspecies allows IHR that leads to
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generation of novel genotypes, which based on the genomic regions of recombination, could

show altered adaptation and/or virulence.

Materials and Methods

Bacterial strains, media, and culture conditions

X. fastidiosa subsp. fastidiosa strains WM1-1, Temeculal, Temeculal*, CCPM1, Fetzer,
ConnCreek, and EB92-1; and subsp. multiplex strains AlmaEM3, BB08-1, BB164, Birmingham
Elm (BH Elm), and Georgia Plum were used in this study. Strain Chardl was isolated from
infected vines Vitis vinifera ‘Chardonnay’ in Dahlonega, Georgia in 2014 and is assumed to be a
subsp. fastidiosa strain based on its plant host (Supplemental table 3-1). A Temeculal mutant
expressing green fluorescent protein (Temeculal-GFP) was used from a previous study
(Newman et al., 2003). Mutant strains NS1.::Km-WM1-1, NS1.::Km-EB92-1, and NS1::Km-
AlmaEM3 were generated by transforming the wild-type strains with pAX1.Km plasmids, and
strain NS1::Cm-AlmaEMS3 was generated by transforming with pAX1.Cm plasmids (Matsumoto
et al., 2009), that insert the respective antibiotic resistant genes at neutral site (NS1) in the
genome. Mutant strain msrA::Km-WM1-1 was generated by transforming pMSRA-Km
(Supplemental table 3-1). All transformations were performed using the natural competence

protocol described below.

All strains were cultured in PW (Davis et al., 1980) agar plates, modified by replacing phenol red
with 1.8 g litre™ Bovine Serum Albumin (BSA) (Gibco Life Sciences Technology), for one week
at 28°C from -80°C glycerol stock, re-streaked onto new PW plates, and cultured for another

week before use. Medium PD3 (Davis et al., 1981) was used to suspend the cells in liquid and
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for natural competence experiments. Lauria Bertani (LB) medium was used to culture
Escherichia coli cells. Kanamycin, chloramphenicol, and ampicillin were used at a concentration

of 30, 10, and 100 pg ml, respectively.

Test of natural competence of X. fastidiosa strains

Plasmids pAX1.Cm (Matsumoto et al., 2009), and pKLN61 (Newman et al., 2004) were used
from previous studies. Plasmids pMSRA-Km, and pMOPB-Km were prepared as described
earlier (Cruz et al., 2014) and are being characterized for another study in our laboratory (Chen
et al., 2017 submitted). Briefly, ~800 bp long upstream and downstream fragments flanking open
reading frames of methionine S-S-oxide reductase (msrA; PD0859), and outer membrane protein
(mopB; PD1709), respectively were PCR amplified from the Temeculal genomic DNA. The
upstream and downstream fragments were digested using Asci restriction enzyme (Promega),
ligated, and cloned into pJET1.2/blunt cloning vector and a kanamycin resistant cassette was
inserted between the two fragments. All the plasmids were transformed into E. coli EAM1
competent cells that express X. fastidiosa DNA methylase (Matsumoto and Igo, 2010). Plasmids
were prepared from the overnight cultures of EAM1 using an extraction kit (GeneJet Plasmid
Miniprep Kit, Thermo Scientific), and concentration was adjusted to 100 ng/ul (NanoDrop 2000
spectrophotometer, Thermo Scientific). Aliquots were stored at -20°C until use. Natural
competence assays were performed in PD3 agar plates. The recipient strains were adjusted to
optical density (ODsoo) 0.25 (~102 cells/ml) in PD3 broth. Ten pl of this suspension were spotted
onto PD3 agar plates, and one pg of plasmid in 10 pl volume was added to the spots. Following
incubation at 28°C for ~3 days (for non-competent strains this incubation time was extended up

to 5 days), spots were suspended in 1 ml of PD3, and serial dilutions were plated in the
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respective antibiotic (Km or Cm) PW plates in triplicates depending on which antibiotic cassette
each plasmid carried, and PW plates without antibiotics. After 2-3 weeks of incubation at 28°C,
CFUs were enumerated for recombinants (number of colonies formed on antibiotics
supplemented PW plates) and total viable cells (number of colonies formed on appropriate
dilutions of PW plates without antibiotics), followed by calculation of recombination frequency
as the ratio of number of recombinants to total viable cells. For a given experiment, at least three
repetitions were performed per strain, and the experiments had 2-6 biological replicates. For each
strain, spots without the addition of plasmids were included as controls for every experiment.
Genomic incorporation of the antibiotic resistant marker from the donor plasmid was confirmed

by PCR as previously described (Kandel et al., 2016).

Comparison of the flanking region DNA sequences of donor and recipient strains

To compare flanking region DNA sequence homology among recipient X. fastidiosa strains with
respect to each donor plasmid, up- and down-stream flanking regions of the antibiotic insertion
sites of the plasmids pAX1.Cm, pKLN61, pMSRA-Km, and pMOPB-Km were obtained. Up-and
downstream sequences homologous to each plasmids region were obtained from the genomes of
the strains WM1-1, Temeculal, Temeculal*, BB08-1, AlmaEM3, BBI64 (see chapter 4), and
EB92-1 (Zhang et al., 2011). The genomes (except EB92-1) were sequenced using an Illumina
Miseq and PacBio sequencing systems, and resulting reads after quality trimming were mapped
to the Temeculal reference genome using the Geneious map to reference algorithm (Kearse et
al., 2012). The two up-and down-stream sequences were concatenated, aligned using the Muscle
Multiple Sequence Alignment tool in Geneious, and percent identity between each of the donor

plasmids and recipient strains was determined.
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Growth curve, biofilm, settling rate, and twitching motility of X. fastidiosa strains

Growth curves of strains were generated by culturing strains in PD3 medium in 96 well plates,
and measuring ODeoo value every day for eight days. At the beginning (day 0), wells of the 96
wells plate were inoculated with 190 pl of PD3 and 10 pl of cell suspension (ODe0o=0.25) with
eight wells (repetitions) used per strain. Eight wells were filled with 200 ul of PD3 to serve as
controls. The plates were incubated at 27°C with shaking at 150 rpm/min. ODeoo values were
measured using Cytation 3 Multimode Imaging Reader (Biotek) and were adjusted by
subtracting values from control wells. Growth rates were calculated as the slope of line obtained
by natural log transformed growth values at the exponential growth phase (app. 1-4 days) using
the formula [rate= {In (OD day4) —In (OD day1)}/time]. Biofilm was quantified using the crystal
violet assay as previously described (Cruz et al., 2012) at the end of the growth curve experiment
(eighth day). Settling rate, as a measure of cell to cell attachment, was determined by measuring
ODsoo Of a cell suspension in a cuvette when cells appeared to settle exponentially {5-30 minutes
post inoculation (mpi)}. Settling rate was calculated as in growth rate using the formula; [rate=
{In (OD 5mpi) —In (OD 30mpi)}/time]. Twitching motility measurement was performed as
previously described (Kandel et al., 2016). Experiments were repeated independently at least

three times with at least three technical replicates per time.

Transmission Electron Microscopy (TEM)

X. fastidiosa strains WM1-1, AlmaEM3, and BBI164 were used with TEM imaging to observe the
presence of type IV pilli (structure involved in natural competence and twitching motility).
Strains were cultured in PD3 agar plates for three days from the second re-streak mentioned

above. Cells from the edges of the colony were suspended in 100 pl of sterile water. Six pul of
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this suspension was pipetted on a formvar-carbon coated TEM grid, and cells were allowed to
settle for 10 min. The leftover liquid was blotted out with a filter paper. The grid was then
negatively stained with six pl phopshotungistic acid (PTA) for two min, and after removing the
excess PTA, grids were air dried and observed under Zeiss EM10 Transmission Electron
Microscopy (Carl Zeiss, Jermany). Images were acquired with MaxIm DL software (Diffraction

LTD, Canada).

Sequence comparision of genes of X. fastidiosa strains involved in natural competence

Sequence comparison of the genes involved in natural competence in X. fastidiosa (Kung and
Almeida, 2014) strains that were positive and negative for natural competence was performed.
Sequences of genes (pilA, pilB, pilM, pilQ, pilO, recA, comA, and comF) were extracted either
from public databases or from reference mapping assembly (see above). Sequences were used in
a multiple sequence alignment tool in Geneious. Mutations and insertion/deletions were
analyzed. Insertion/deletions were further confirmed by Sanger sequencing of both forward and
reverse fragments (Eurofin Genomics, USA) using specific primers (Supplemental table 3-3).
Primers were designed with Primer3 Primer Design Tool in Geneious, and PCR was performed
with standard protocol using iProof™ High-Fidelity PCR Kit (BioRad). PCR products were

purified using PCR Extract Mini Kit (5 PRIME) before sequencing.

Test of intra- and intersubspecific homologous recombination
To assess IHR, X. fastidiosa strains belonging to subsp. fastidiosa and subsp. multiplex were
used. In one set of experiments, subsp. fastidiosa strain WM1-1 was tagged with a kanamycin

resistant marker at the msrA genomic region (msrA::Km-WM1-1) and subsp. multiplex strain
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AlmaEM3 was tagged with chloramphenicol resistant marker at the NS1 site (NS1::Cm-
AlmaEM3) using the natural competence protocol described above. These two mutant strains
were co-cultured in MC for five days, and on solid agar plates for three days with PD3 medium
as previously described (Kandel et al., 2016). Double antibiotic resistant recombinants were
selected by plating the mixed culture in PW agar medium supplemented with both kanamycin
and chloramphenicol. Experiments were performed once in the MC and three times with three
replicates each time in the plate setting. Single strain spots were used as controls in the plates.

In another set of experiments, antibiotic/GFP marker tagged donor strains were heat-killed by
incubating a suspension (ODeoo ~0.8) at 90°C for 15 min. Heat-killed donor strains were spotted
on PD3 plates on top of live recipient strains. NS1::Km-WM1-1, NS1::Km-EB92-1, and
Temeculal-GFP from subsp. fastidiosa, and NS1::Km-AlmaEM3 from subsp. multiplex were
used as donor strains while WM1-1, Temeculal, and EB92-1 (fastidiosa); and AlmaEM3, and
BBI64 (multiplex) were used as recipient strains. The donor and recipients were mixed as in the
plasmid recombination protocol described above. Experiments were repeated at least three times
with three replications each time for WM1-1 and AlmaEM3 combinations. Recipient-only spots
were included as controls. The complete killing of donor strains was confirmed by plating

aliquots of 100 ul in PW plates.

Confirmation of intersubspecific recombination

To confirm that the recombinants acquired the antibiotic/GFP marker from the donor strain, PCR
and sequencing approaches were performed. PCR confirmation was done as previously described
(Kandel et al., 2016). Up- and down-stream flanking regions and antibiotic region of two

selected recombinants of heat-killed NS1::Km-AlmaEM3 and WM1-1 (WM1-1 recombinant 1
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and 2) and heat-killed NS1::Km-WM1-1 and AlmaEM3 (AlmaEM3 recombinant 1 and 2), were
sequenced using Sanger sequencing platform as mentioned above using specific primers
(Supplemental table 3-3). Primers were designed with Primer3 primer design tool in Geneious,
and PCR was performed with standard protocol using iProof™ High-Fidelity PCR Kit (BioRad).
PCR products were purified using PCR Extract Mini Kit (5 PRIME) before sequencing.
Resulting sequences were concatenated, and aligned in a multiple sequence alignment together
with the donor and recipient sequences to confirm the movement of antibiotic, up-stream, and
down-stream region from the donor to the recipient. Selected recombinants of heat-killed
Temecula-GFP donor and AlmaEMS3 recipient were confirmed by both observing GFP
fluorescence using Nikon Eclipse Ti Inverted Microscope (NIKON, Melville, NY), and

precipitation test in Eppendorf tubes.

Virulence assessment in vitro and in planta

The recipient parent strains WM1-1, and AlmaEM3, and randomly selected recombinants of the
two strains were tested in vitro for twitching motility, and settling as the parents differed in these
two traits. Twitching motility and settling measurement was performed as described above.
Virulence test of the parents and randomly selected recombinants (WM1-1 recombinant 2 and
AlmaEM3 recombinant 2) was performed in the green house at Plant Science Research Centre
(PSRC), Auburn University in a completely randomized design. The parent strains and their
recombinants were inoculated in model plant tobacco (Nicotiana tabaccum) cultivar SR1 ‘Petite
Havana’, and host blueberry (Vaccinium ‘Rebel’ [PPA18, 138]). Disease incidence, and disease
severity ratings on a scale of (0-7) for tobacco and blueberries, respectively were recorded as

previously described (Oliver et al., 2014; Oliver et al., 2015). Briefly, for tobacco, #symptomatic
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and #total leaves were counted, and % incidence was calculated for each plant as [(#symptomatic
[#total leaves) x 100]. Symptom rating was performed weekly for 4-6 times after the appearance
of first symptoms (~60 days post inoculation). For blueberry, severity scores of (0-7) were given
to each of the two stems of each plant and average score of the two stems was calculated.
AUDPC was calculated for each plant based on the weekly values of incidence rate for tobacco
and average severity scores for blueberry. AUDPC values were calculated based on the midpoint
rule method (Campbell and Madden, 1990); AUDPC = Xi"™? [(yi+yis1)/2] (tia — ti) where
n=number of times disease assessment was performed, y=score of incidence or severity for each
plant, and t=time of assessment. Tobacco experiments were performed twice with ten plants per
treatment and blueberry experiment was performed once with ten plants per treatment. Following
disease scoring, selected plants were used to isolate the bacteria from petiole and midrib region
of the leaves of plants inoculated with X. fastidiosa and buffer control as described in a previous

study (Parker et al., 2012).

Statistical analysis

Recombination frequencies of the strains were log transformed and analyzed using PROC
GLIMMIX in SAS 9.3 followed by post-hoc analysis using TUKEY-HSD (Honestly Significant
Difference) at P < 0.05. Treatments or replicates that had zero frequency values were excluded
from the analysis. Virulence traits (fringe width, settling rate, biofilm, AUDPC values) were also
compared in SAS 9.3 with PROC GLIMMIX and TUKEY-HSD at P < 0.05. Correlation
analysis among the variables was carried out in R 3.2.5 with cor.test and rcorr functions under

Hmisc package (lhaka and Gentleman, 1996). Nucleotide sequences of genes of natural
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competence, flanking regions, and recombinant sequences were deposited in NCBI Genbank

under accession numbers KY616728- KY616749.

Results

X. fastidiosa strains differed in their ability to undergo natural competence

Thirteen X. fastidiosa strains belonging to two subspecies were tested for natural competence
using plasmids containing an antibiotic resistant marker flanked on either side by X. fastidiosa
homologous genomic regions. Natural competence was confirmed in eleven of the thirteen
strains tested, with recombination frequency ranging from below detection limit to 0.024 per
recipient cell (Table 3-1). Two strains (BB164 and Georgia Plum) did not recombine with any of
the plasmids tested (Table 3-1). Generally, subspecies fastidiosa strains had higher
recombination frequency compared to subspecies multiplex strains, although differences were
not significant between the two groups. On comparing flanking DNA sequence homology of the
recombination site, strains showed 94-100% identity with the homologous region of the donor
plasmid (Supplemental fig. 3-1 and Supplemental table 3-2). Strains belonging to different
subspecies had more divergence in the flanking region DNA sequences than the strains within
the same subspecies (Supplemental table 3-2). Although no correlation was detected between
recombination frequency and flanking region DNA similarity [pKLN61 (r=0.39, P=0.33); and
pAX1.Cm (r=0.44, P=0.27)] due to strains within a subspecies having identical flanking DNA
regions in most of the cases (Supplemental table 3-2), for a given strain (eg. strain Temeculal
with pMSRA-Km plasmid), recombination frequency was reduced when homology was low.
However, strains that belonged to the same subspecies and had identical flanking region differed

by orders of magnitude in recombination frequency (Table 3-1, Supplemental table 3-2). Strain
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WM1-1, in particular, achieved highest recombination frequency with all the plasmids tested.
Recombination occurred in ~2% of the cells when pKLN61 and pMSRA-Km plasmids were

used as donor with WM1-1. Generally, recombination frequency was higher with pKLN61

plasmids than with other plasmids (Table 3-1).

Table 3-1: Recombination frequency of X. fastidiosa strains with various donor plasmids

subspecies/host plant

Recombination frequency [(mean + SE) x10°]*

Donor plasmid”

Strains pAX1.Cm pPKLN61 pMOPB-Km pMSRA-Km
WM1-1 fastidiosa/grape  2117+23.54®  2400+1200%  414.7+196.1° 1170+540.12
Temeculal fastidiosa/grape 14.83+6.83°  47.58+22.85%0  0.60+0.19°  0.03+0.02°
Temeculal* fastidiosa/grape 10.91+2.53°  21.5448.67°% NA NA
CcCcPM1 fastidiosa/grape ~ 19.25+2.61*  165+62.82%° NA NA
Chard1 fastidiosa/grape ~ 18.66+2.73% 50.94+16.80%° NA NA
Fetzer fastidiosa/grape 0.83+0.15°  11.93+2.85°« NA NA
ConnCreek fastidiosa/grape 0.1740.05%¢  8.24+2 290 NA NA
EB92-1 fastidiosa/elderberry  0.017+0.01¢9  7.32+4.27°¢  0.002+0.001¢ 0.21+0.21°
AlmaEM3 multiplex/blueberry ~ 0.085+0.03%  7.48+1.13°  0.01+0.006™  0.07+0.04°
BB08-1 multiplex/blueberry ~ 1.87+0.59°  3.627+1.16¢ NA NA

BH Elm multiplex/elm 0.27+0.18>4  12.25+6.220% NA NA
Georgia multiplex/plum

Plum 0 0 NA NA
BBI64 multiplex/blueberry 0 0 0 0

*Recombination frequency was calculated as the ratio of number of recombinants to total viable
cells. SE indicates standard error for independent replicates. Experiments were repeated 2-6
times with at least three independent replicates per time with each type of plasmid, NA: data not

available.

YPlasmids were constructed with homologous regions targeting different sections of the X.
fastidiosa genome. For details see Materials and Methods.

“Log transformed frequency values for each donor plasmids were analyzed in SAS 9.3 with
PROC GLIMMIX. Post hoc analysis was performed with Tukey HSD (Honestly Significant
Difference) test at 5% significance level. Different letters in the same column represent
significant difference in the recombination frequency.
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Recombination frequency was associated to growth rate and twitching motility

Recombination frequencies of strains were analyzed for their association with biological
parameters such as growth rate, twitching motility, biofilm formation, and cell-to-cell attachment
(measured by settling rate). Growth curves (Fig. 3-1A) were generated by culturing the strains in
96 wells plates for eight days and measuring optical density at 600nm. By plotting natural log of
ODs0o values against time of growth, strains were estimated to attain exponential growth during
1-4 days post inoculation, from which growth rates were calculated (Fig. 3-1B). Growth curves
and growth rate values showed that strains have different growth characteristics. Although,
growth rates and recombination frequencies were significantly correlated for both plasmids
tested with all strains [pKLN61 (r=0.61, P=0.026); and pAX1.Cm (r=0.65, P=0.015)], strains
having lowest growth rates (AlmaEM3, BB08-1, BH EIm) were competent, while those having
average growth rates (BBI64 and Georgia Plum) were not. Strains differed significantly in other
parameters such as biofilm formation (Fig. 3-1C), settling rate (Fig. 3-1D), and twitching
motility (Fig. 3-2A and 3-2B). Recombination frequency was correlated only with twitching
motility [pKLN61 (r=0.59, P=0.034); and pAX1.Cm (r=0.71, P=0.006)], and not with biofilm
[PKLN61 (r=0.00, P=0.99); and pAX1.Cm (r=0.05, P=0.87)], or settling rate [pKLN61 (r=-0.27,
P=0.36); and pAX1.Cm (r=-0.36, P=0.22)]. Strains that lacked natural competence (BBI164,
Georgia Plum) were also deficient in twitching motility (Fig. 3-2A and 3-2B). Transmission
TEM imaging of selected strains differing in natural competence and twitching motility showed
dense type IV pili (structure involved in twitching motility) for strain WM1-1, but no type IV pili
was observed for strain BBI64 (Fig. 3-2C). Twitching motility of subsp. fastidiosa strains

(except Fetzer and ConnCreek) was significantly higher than that of subsp. multiplex strains (Fig.
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3-2A and 3-2B), while settling rate was higher with subsp. multiplex strains than with subsp.

fastidiosa strains (Fig. 3-1D).

Insertion was detected in pili genes of non-competent and non-motile strains

Sequences of genes involved in natural competence and twitching motility of strains tested in
this study were retrieved from whole genome sequences whenever available. All competence and
pili genes screened (pilA, pilB, pilM, pilN, pilO, pilQ, recA, comA, and comF) were intact in all
strains except BBI164, in which pilQ gene was found to be mutated. The BBI64 genomic reads,
mapped to the reference Temeculal genome, showed an insertion in pilQ coding region
(PD1691) (Supplemental fig. 3-2), which was further confirmed by sequencing the pilQ
fragment. BBI64 sequences, at other competence related regions, had identical sequence to at
least one another naturally competent and motile strain of subspecies multiplex. This suggested
that the insertion at pilQ rendered BB164 non-competent and non-motile. Another strain (pglA™-
KmR) that lacked twitching and competence in a previous study (Kandel et al., 2016) showed an
insertion in pilM (PD1695) coding region, which was also confirmed by further sequencing (data
not shown). No frame shift mutation was observed in the competence-related genes in another

non-competent and non-motile strain Georgia Plum (data not shown).

79



A
) 0.20 . B) 0.7
4 —e— WMI-
-': e Temeculal = 0.6 -
_ _ e R Temeculal*® z
E% 0.15 4 = CCPMI = 05
S - Chardl 2
5’ = Fetzer a 044
S 010 ——+— ConnCreek 9
= ——— EB92-1 & 0.3 1
= - Almal:M3 g
s = BB0%l s 021
© 0.05 + BBI64 =
—+— BHEIm 5 0.1 1
. Georgia Plum
0.00 0.0 -
- $\ Fufpafiwadots®
0 2 4 6 g8 10 $$\ ao" c» e’;{/ SRR Q;g» {;?,
Days & x\
Q) . D e C o
) X. fastidiosa strains
3.0 4
a 0.10
25 b -
£ be b £ 0.08 1
2 50| bed bed 8
2 cde cde S
a d cde & 0.06 1
S 157 i e e
g ] i
Z 10 = 0.04
: 2
0.5 1 f é 0.02 A
t |
0.0 - S 0.00 -
\ o (‘)z, & ,\ \ \‘b 'y - @ ’&
QA@ zFJ\. %‘/{b’&G’» e %Q ‘2‘ «é\\\cﬁ C}}\ G\ri:"; Q{b %Q Q\ Q\\}
«& CQ C)e’&% Q‘ @
X. fastidiosa strains X-f astzdzosa strains

Fig. 3-1. Growth curves (A), growth rates (B), biofilm formation (C), and settling rates (D) of X.
fastidiosa strains used in this study. Growth curves were generated by culturing the bacteria in 96
wells plates and measuring ODsoo Values each day during eight days. Growth rate was calculated
from the growth curve at the exponential growth phase (1-4 days). Biofilm was measured using
crystal violet in the 96 wells plates at the end of growth curve experiment. Settling rate was
measured by suspending the bacteria in a cuvette in 1ml of PD3 and measuring ODeoo values at
the interval of 5 min for 30 min. Each data point indicates mean value from at least three
independent experiments. Error bars indicate standard errors. Different letters on top of column
bars indicate significant difference as analyzed in SAS 9.3 with PROC GLIMMIX. Post hoc

analysis was performed with Tukey HSD at 5% significance level.

80



B) 160 -

140 1
= 120 A
g
ConnCreek = 100 +
~
’\ 'E 80 -
)
E 60 A
<9
40 1
AlmaEM3
20 A
0 -
5 6 1O
» A &“
BBOS-1 Q@‘ 0" \*I\ <§> @“ Q2 @ «259 Q’ i
y» &

¢
X fasttdwsa strains

b Al

Chardl1

Fig. 3-2. Twitching motility and TEM of X. fastidiosa strains used in this study. Twitching
motility was assessed by measuring the fringe width of the bacterial colonies spotted on PD3
plates after 3-5 days of incubation. Horizontal white bar on top right panel indicates 200um (A).
Measurements included at least three biological replicates with four technical replicates per time
except for BH EIm for which motility was measured only once with three technical replicates.
Twitching motility differed among strains as analyzed in SAS 9.3 with PROC GLIMMIX. Post
hoc analysis was performed with Tukey HSD at 5% significance level. Different letters on top of
bar column represent significant difference in twitching motility. Error bars indicate standard
error for independent replicates. ND: motility was not detected (B). TEM images of selected
strains. Strain WM1-1 and AlmaEMS3 exhibited dense pili both long (type 1V pili indicated by
‘» ) and short (type I pili indicated by ‘«—’ and ‘—’), while no long pili were observed for
BBI64. Horizontal black line indicates 1um, magnification 12.5K (C).
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Intersubspecific homologous recombination occurred between X. fastidiosa subsp.
fastidiosa and X. fastidiosa subsp. multiplex

IHR was confirmed by mixing different combinations of donor and recipient strains from two
subspecies of X. fastidiosa under various growth conditions. First, different antibiotic resistant
donor and recipient strains from subspecies fastidiosa and multiplex were co-cultured in MC and
on agar plates with PD3 medium, and acquisition of double antibiotic resistance was assessed.
Secondly, marker (kanamycin/GFP) tagged, heat-killed donor and wild-type live recipient strains
from two subspecies were mixed on agar plates of PD3, and acquisition of the marker was
assessed. IHR readily occurred between the two subspecies in MC and agar plates with both-live
and live-dead combinations of donor and recipient (Fig. 3-3). From both-live experiments, on co-
culturing msrA::Km-WM1-1 (subsp. fastidiosa) and NS1::Cm-AlmaEM3 (subsp. multiplex), 179
+33 recombinant colonies per 100ul of culture with a frequency of 5.31x10° in MC, and 968
recombinant colonies per 100ul of culture with a frequency of 1.1x10° on agar plates were
obtained (Fig. 3-3A). With live-dead combinations, strains WM1-1 and Temeculal (subsp.
fastidiosa) readily recombined DNA from heat killed NS1::Km-AlmaEM3 donor (subsp.
multiplex), and strain AlmaEM3 (subsp. multiplex) recombined DNA from heat-killed NS1::Km-
WM1-1, NS1::Km-EB92-1, and Temeculal-GFP (subsp. fastidiosa) (Fig. 3-3). The number of
recombinants varied (1-412 colonies per 100ul of culture) depending on donor-recipient
combinations. Strain EB92-1 did not recombine with DNA from heat-killed donor but could act
as donor for strains of both subspecies (Fig. 3-3). Strain BBI64 was also unable to recombine
with heat-killed donor cells. This strain was not used as heat-killed donor as it could not be

tagged with the antibiotic-resistance gene due to lack of recombination. Recombination detected
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with the heat-killed donor cells demonstrates that natural competence is the horizontal gene

transfer mechanism involved.

The occurrence of IHR was further confirmed by PCR, sequencing, and phenotypic assessment.
PCR confirmed insertion of antibiotic resistant cassette in the recombinant strain (data not
shown). Sequence comparison of the flanking regions, in two recombinants each of heat-killed
NS1::Km-AlmaEM3 donor and WM1-1 recipient (WM1-1 recombinants 1 and 2); and heat-
killed NS1::Km-WM1-1 donor and AlmaEMS3 recipient (AlmaEM3 recombinants 1 and 2)
together with the donor and recipient strains, detected recombination of antibiotic cassette region
as well as upstream and downstream flanking regions (Fig. 3-4, Supplemental table 3-4). The
recombinant of AlmaEM3 with heat-killed Temeculal-GFP donor was kanamycin resistant and
exhibited green fluorescence (characteristic of donor), and fast precipitation (characteristic of

recipient) further confirming occurrence of IHR at kanamycin/GFP region (Fig. 3-5).
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Fig. 3-3. Intra- and Intersubspecific recombination in X. fastidiosa. Recombination between
antibiotic-resistance marker-tagged X. fastidiosa strains belonging to subspecies fastidiosa
(msrA::Km-WM1-1) and subspecies multiplex (NS1::Cm -AlmaEM3) when cultured together in
microfluidic chamber (MC) and agar plates with PD3. Double antibiotic resistant recombinant
colonies were recovered from both settings (A). Recombination of X. fastidiosa strains with heat-
killed donor cells. Donor strains were tagged with kanamycin resistant marker at the neutral
(NS1) site using pAX1.Km plasmids except for the Temeculal-GFP strain, and heat-killed by
incubating at 90°C for 15 min. Heat-killed donor and recipient strains were mixed on spots of
PD3 agar plates and incubated at 28°C for 3-4 days. Recombinants were selected by plating the
mixed spots in PW-Km agar plates. Intersubspecific recombination was confirmed by mixing
heat-killed strains of subspecies fastidiosa (NS1::Km -WM1-1, Temeculal-GFP, and NS1::Km-
EB92-1) with a recipient of subspecies multiplex (AlmaEM3); and heat-killed NS1::Km-
AlmaEMS3 with recipients of subspecies fastidiosa. Bars represent mean number of recombinants
obtained for each combination of recipient and donor. Experiments were repeated at least three
times with three replicates each. ND: recombinants were not detected for these strains when used
as recipients (B).
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Fig. 3-4. Confirmation of intersubspecific recombination by sequencing. Multiple sequence
alignment of sequences from donor, recipient, and recombinant strains in the upstream and
downstream region of antibiotic insertion was performed. WM1-1 and AlImaEM3 are wild type
strains belonging to subsp. fastidiosa and multiplex, respectively. WM1-1 recombinants were
generated by mixing wild type WM1-1 with heat-killed NS1::Km-AlmaEM3, and AlmaEM3
recombinants were generated by mixing wild type AlmaEM3 with heat-killed NS1::Km-WM1-1.
The shown region is 1037bp downstream of the kanamycin resistant gene insertion site and
247bp downstream of the homologous region used in the construct. Dots indicate no difference
between donor and recipients. Recombination occurred in WM1-1 recombinant 1 and both
AlmaEM3 recombinants but not in WM1-1 recombinant 2 at the region shown here (see

supplemental table 3-4 for information on a bigger region).
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Fig. 3-5. Confirmation of inter-subspecific recombination in X. fastidiosa by movement of green
fluorescence gene from Temecula-GFP donor (subsp. fastidiosa) to AlmaEM3 recipient (subsp.
multiplex). Upper panel shows fluorescence characteristics of donor, recipient, and recombinant
as observed under a fluorescence microscope, and lower panel shows the precipitation behavior
of respective strains after suspending the cells in PD3 and allowing settling for ~1 hour.
Recombinant showed fluorescence (characteristic of donor) as well as fast settling (characteristic

of recipient), confirming that recombination occurred at the GFP locus. White line =10um.
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Randomly selected intersubspecific recombinants did not exhibit alterations in virulence
phenotypes

Randomly selected recombinants generated by intersubspecific recombination on mixing whole
genomic DNA of heat-killed NS1::Km-AlmaEM3 donor and WM1-1 recipient (WM1-1
recombinants), and heat-killed NS1::Km-WM1-1 donor and AlImaEMS3 recipient (AlmaEM3
recombinants) were assessed for virulence phenotypes by measuring their settling rate and
twitching motility in vitro, and plant virulence. The recombinants and parameters for their
assessment were selected based on the differences observed in their parent strains (Fig. 3-1D, 3-
2A and 3-2B; and 3-6A and 3-6B). On analyzing the results, the phenotype of recombinants was
found to be like that of the recipient parent. WM1-1 recombinants had similar settling rate
(0.0023+0.0007 OD mint, n=4), and twitching motility (177+20.31 um, n=10), to that of WM1-
1 (Fig. 3-1D, 3-2A, and 3-2B); and AlmaEM3 recombinants had similar settling rate (0.04+0.002
OD min, n=5) and twitching motility (40+4.5 um, n=10) to that of AlmaEm3 (Fig. 3-1D, 3-2A
and 3-2B).Virulence scores from in planta disease assessment were also not significantly
different between the recombinants and recipient parent. Both recipients (WM1-1 and
AlmaEM3), and their recombinants colonized and produced characteristic symptoms of leaf
scorch, yellowing, and wilting in tobacco (Fig. 3-6C). AUDPC values in tobacco derived from
the incidence rate were higher for WM1-1 than for AlmaEM3 but not significantly different
between the recipient strain and respective recombinants (Fig. 3-6A). In blueberry, AlmaEM3
and AlmaEM3 recombinant had significantly higher AUDPC values derived from the weekly
disease severity ratings compared to WM1-1 and its recombinant (Fig. 3-6B). Symptoms such as
leaf yellowing, leaf reddening, leaf scorch, match stick, and leaf drop were observed with the

plants inoculated with AlmaEM3 and its recombinant only (Fig. 3-6C). Isolation results
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confirmed infection by both parent strains and recombinants in tobacco, but only AlmaEMS3 and
its recombinant in blueberry. Buffer inoculated plants were free of X. fastidiosa in both tobacco

and blueberry (data not shown).
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Fig. 3-6. Virulence test of donor, recipient, and recombinant strains in the greenhouse. Area
Under Disease Progress Curve (AUDPC) values were different between parents but did not
differ between the recipient and the recombinant strains suggesting that recombination did not
change virulence behavior (A and B). Tobacco experiments were performed twice with ten
plants per treatment (data are shown from a representative experiment), and blueberry
experiment was performed once with ten plants in each treatment. Both WM1-1 and AlmaEM3
and their recombinants produced symptoms in tobacco while only AlmaEM3 and their

recombinants produced symptoms in blueberry (C).
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Intersubspecific recombination occurred in short and random fragments

Length of recombined region was estimated by further sequencing the flanking region of
kanamycin gene insertion site in four of the WM1-1 and AlmaEM3 recombinants previously
mentioned (including WM1-1 recombinant 2 and AlmaEM3 recombinant 2 that were used for in
planta disease assessment). Length of recombined region in a single recombination event ranged
from 739bp-3486bp with recombination extending randomly in the up- and downstream flanking
regions (Supplemental table 3-4). Two independent recombination events separated by a ~1kb
region were detected in WM1-1 recombinant 2 (Supplemental table 3-4). Possible recombination

that could have occurred at other genomic positions in these recombinants was not assessed.

Discussion

Previous studies on natural competence in X. fastidiosa were based on a few strains from a single
subspecies (X. fastidiosa subsp. fastidiosa), although recombination among strains of other
subspecies has been described (Nunes et al., 2003; Nunney et al., 2012; Nunney et al., 2013;
Nunney et al., 2014b; Nunney et al., 2014c; Coletta-Filho et al., 2017). On testing natural
competence in 13 different strains, almost ubiquitous natural competence ability was detected.
The frequency of recombination varied among strains even for a single genomic region (i.e.,
same donor plasmid) as in other naturally competent bacteria (Fujise et al., 2004; Coupat et al.,
2008; Bosse et al., 2009; Evans and Rozen, 2013). Flanking region DNA similarity of the strains
was not correlated with the recombination frequency, but most of the strains within a subspecies
had identical flanking region. A clearer understanding on the rate of recombination and
homology between recombining DNA could have been obtained by using donor DNA containing

different level of similarity with the recipient strain at a given recombination region. However,
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this was not performed in this study. Even if differences in recombination frequency, especially
between strains of different subspecies, could be due to differences in homology between donor
and recipient DNA sequences or differences in growth rates that showed positive correlation
with recombination frequency, these parameters did not explain the non-competency of two
strains that had average growth and similar sequence homology compared to the competent
strains. Also, since growth of the strains was measured by optical density and strains appeared to
differ in the rate of cell to cell attachment, growth values could have been biased, especially for
the strains that showed high rate of precipitation (due to stronger cell to cell attachment). This

was not further investigated, as it was beyond the scope of this study.

On further testing of other biological traits, twitching motility was significantly correlated with
recombination frequency. Strain WM1-1 had the highest recombination frequency and showed
highest motility among strains, while the two non-competent strains were non-motile. Positive
correlation between recombination frequency and twitching motility was also suggested in our
previous study using different media components (Kandel et al., 2016). Since components of
type IV pili are involved in both natural competence and twitching motility in several naturally
competent gram-negative bacteria (Seitz and Blokesch, 2013a), including X. fastidiosa (Kung
and Almeida, 2014), the activity of type IV pili could govern both of these phenomena. On
further analysis of competence and pili genes, defective pili genes were detected in the non-
competent strains. One of the defective proteins detected was PilQ (strain BBI64), a member of
secretin family that forms the secretin pore of the outer membrane (Collins et al., 2001), and is
involved in type IV pili biogenesis and importing extra-cellular DNA into the periplasmic space

(Seitz and Blokesch, 2013b). Previous studies in X. fastidiosa have demonstrated that pilQ-
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mutants are non-motile (Meng et al., 2005) and non-competent (Kung and Almeida, 2014).
Hence, we predict that the insertion in pilQ coding region is responsible for the lack of twitching
and natural competence as BBI64 is unable to secrete the type 1V pili. The lack of type 1V pili
was confirmed by TEM imaging. Motility has been described as a major virulence trait for X.
fastidiosa (Meng et al., 2005; De La Fuente et al., 2007). BB164 has no motility and WM1-1 has
the highest motility in this study. Consistent with the critical role of twitching in virulence,
BBI64 had reduced virulence while WM1-1 was highly virulent (Oliver et al., 2014; Oliver et al.,
2015). A further observation supporting the correlation between twitching and natural
competence was the fact that the Fetzer strain showed recombination in this study, while a
mutant in the polygalacturonase gene pglA of this strain did not (Kandel et al., 2016). On closer
examination Fetzer is motile (this study) while the pglA mutant is not (Kandel et al., 2016).
Sequence data showed that pglA mutant had an insertion in pilM, a type IV pili biogenesis gene
that was shown to be involved in twitching motility of Acidovorax avanae in a previous study

(Bahar et al., 2009), most probably causing the lack of movement in this strain.

Additional factors could be involved in causing differences in natural competence of X.
fastidiosa strains. X. fastidiosa genomes contain high levels of phage and phage-like regions
(Nunes et al., 2003; Van Sluys et al., 2003; Varani et al., 2008), and natural competence could be
a mechanism to help cells eliminate new integration of these regions by recombining the
homologous DNA without phage sequences, as suggested by a recent study (Croucher et al.,
2016). Other studies have reported restriction-modification (R-M) systems limiting
transformation frequency (Niza et al., 2016). In this study, although all donor plasmids were

extracted from an E. coli strain expressing X. fastidiosa DNA methyl transferase (Matsumoto
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and lgo, 2010), it is possible that different strains especially from different genetic backgrounds,
possess different forms of R-M systems, this could lead to differences in the amount of DNA
available for recombination causing differences in recombination frequency. In this regard, a
previous study has reported inability of a plasmid isolated from a citrus-infecting strain to
transform a grape strain (Guilhabert and Kirkpatrick, 2003), suggesting existence of specific
recognition mechanisms to differentiate DNA from self or foreign sources. Sequence analysis
and annotation of the X. fastidiosa Temeculal genome predicts at least four different types of R-
M systems (Matsumoto and Igo, 2010). Future studies focused on these specific topics could

explain the differences in recombination frequencies observed amongst X. fastidiosa strains.

Difference in recombination frequencies based on genomic positions was previously reported in
Ralstonia solanacearum (Fall et al., 2007) with positions containing recombination hot-spots
(recA and mutS) showing the highest frequency (Fall et al., 2007). In this study, higher
recombination frequency was observed for pKLNG61, plasmid that recombines in the region of
rpfF gene, a diffusible signaling factor involved in cell-cell communication of X. fastidiosa
(Newman et al., 2004); compared to pAX1.Cm that recombines at a neutral site (Matsumoto et
al., 2009); and pMOPB-Km, and pMSRA-Km that recombine at regions whose functions are
being characterized. Differences in the length of homologous flanking region and non-
homologous insert have been found to influence recombination frequency in a previous study
(Kung et al., 2013). However, the upstream and downstream flanking region length was higher in
pAX1.Cm (759-790bp), pMOPB-Km (~800bp), and pMSRA-Km (~800bp) than for pKLN61
(~350Dbp at one end and ~750bp at the other end). The length of non-homologous insert between

the homologous flanking regions was similar (~1,200bp) and the size of the plasmids is also
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comparable (~5kb). Moreover, flanking region DNA sequence identity between the donor
plasmids and recipient strains at these positions was also similar (except for EB92-1 at
pAX1.Cm, and Temeculal for pMSRA-Km). This suggests that the difference in recombination
frequency at different genomic position is not associated with the characteristics of plasmid

regions, and it remains to be determined if this difference holds any evolutionary significance.

Natural competence has been proposed to bring adaptive changes to the recipient bacteria such as
repair of damaged DNA (Dorer et al., 2010) and generation of genetic diversity that can lead to
adaptation (Baltrus et al., 2008). For the generation of adapted strains, recombining regions
should come from a more successful and genetically distinct donor (Coupat et al., 2011). This
could be possible when closely related but genetically different strains of a same species co-exist
in a single habitat. Detection of IHR in X. fastidiosa by MLST/MLSA studies (Nunney et al.,
2012; Nunney et al., 2014b; Nunney et al., 2014c) supported this possibility. In fact, these
studies proposed IHR leading to plant host shift of X. fastidiosa in citrus (Nunney et al., 2012),
mulberry (Nunney et al., 2014c), and blueberry (Nunney et al., 2014b). Moreover, mixed
infection of the two subspecies have been suggested by previous studies. For example, almond
leaf scorch strains isolated from the same orchard were found to be genetically different (Chen et
al., 2005; Chen et al., 2010), and were grouped into two different subspecies; subsp. fastidiosa
and multiplex (Yuan et al., 2010). Infection of a plum tree showing leaf scorch symptoms by
subsp. multiplex and subsp. pauca strains was also reported by a recent study (Coletta-Filho et
al.,, 2016). Results of this and previous studies (Oliver et al., 2014; Oliver et al., 2015)
demonstrated that certain plants serve as hosts for strains from multiple subspecies. In addition,

vectors of X. fastidiosa are found to be distributed worldwide in both temperate and tropical
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climates and, unlike with plant hosts, exhibit no specificity for pathogen genotype (Almeida et
al., 2005). In fact, a species of the vector (Homalodisca vitripennis) was able to transmit four
subspecies of X. fastidiosa (Almeida and Nunney, 2015). All these observations suggest that
strains belonging to different subspecies may co-exist within the same habitat (plant or insect),

providing opportunities for recombination.

Although IHR was detected between subspecies when whole genomes of the donor (heat-killed)
and recipient were mixed, recombinants did not differ significantly with the parent in virulence
phenotypes suggesting that recombination did not bring phenotypic changes. On analyzing the
flanking homologous region of recombination, 0.7-4kb regions were detected to have
recombined, but the size could be higher as up to 80kb has been demonstrated to recombine by
natural competence in R. solanacearum with the recombinant strain showing increased virulence
(Coupat et al., 2011). Moreover, recombination could also occur at genomic regions other than
the antibiotic insertion site as the whole genomic DNA was used as donor to generate these
recombinants. However, due to the bias of the method used here that selected recombinants
acquiring antibiotic resistance, recombination that occurred at other regions in the genome may
not have been present in the recombinants selected for assessment in this study. In addition, only
the minimum size of recombination events could be estimated, based on existing polymorphisms.
Nonetheless, by targeting various genomic regions, it was confirmed that recombination
occurred at multiple regions. Future studies by optimizing the selection procedures for
recombinants in the context of pathogenicity to plants could reveal changes in virulence due to

IHR in X. fastidiosa.
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Interestingly, IHR was bidirectional meaning that both subspecies could act as both donor and
recipient for one another. The evidence from field observation of X. fastidiosa disease emergence
in new plant species and the detection of IHR in strains isolated from these infections by
MLST/MLSA (Coletta-Filho et al., 2017), and from confirmation of natural competence in
habitats mimicking natural environments (Kandel et al., 2016) to experimental validation of IHR
(this study), suggests that IHR is occurring in nature and may have broader evolutionary
implications in X. fastidiosa disease dynamics. In conclusion, X. fastidiosa strains showed
extensive natural competence abilities, and the recombination potential differed among strains.
Moreover, intersubspecific recombination occurred readily between X. fastidiosa subsp.
fastidiosa and subsp. multiplex strains. These results emphasize the importance of quarantine
measures to limit the introduction of novel genotypes of X. fastidiosa in areas with pre-existing
infection. Moreover, measures to isolate host plants of different subspecies may be required to
prevent mixed infections, minimizing the risk of generation of novel and virulent genotypes of X.

fastidiosa by recombination.
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Supplemental fig. 3-1. Alignment of the flanking region DNA sequences of pKLNG61 insertion

site of X. fastidiosa strains. Homologous regions in the genome of strains relative to the donor
plasmids were compared. The regions were identical within the subspecies but different between

them.
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Supplemental fig. 3-2. Read mapping of BBI164 with Temeculal reference genome showing

insertion of nucleotide ‘A’ in the coding region of pilQ gene (A). Multiple sequence alignment of

pilQ nucleotide sequence of various X. fastidiosa strains (B). Insertion of A can be seen in BBI64

pilQ sequence which was further confirmed with Sanger sequencing of both forward and reverse

segment.
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Supplemental table 3-1: X. fastidiosa strains, mutants, and plasmids used in this study

Strain Host plant  subspecies Place of isolation Reference/source

WM1-1 Grape fastidiosa  Dahlonega/Lumpkin/GA Parker et al., 2011

CCPM1 Grape fastidiosa  Dahlonega/Lumpkin/GA Parker et al., 2011
(Petit
Manseng)

Chardl Grape fastidiosa® Dahlonega/Lumpkin/GA  This study

Temeculal Grape fastidiosa  Temecula/Riverside/CA  Van Sluyas et al.,

2005

Temeculal* Grape fastidiosa  Temecula/Riverside/CA  Oliver et al., 2014

Fetzer Grape fastidiosa  Napa/CA Parker et al., 2011

ConnCreek Grape fastidiosa  Rutherford/Napa/CA Oliver et al., 2014

EB92-1 Elderberry  fastidiosa  Leesburg/Lake/FL Hopkins, 2005

AlmaEM3 Blueberry  multiplex  Alma/Bacon/GA Oliver et al., 2014
(Emerald)

BB08-1 Blueberry ~ multiplex  Palatka/Putnam/FL Oliver et al., 2014
(Windsor)

BBI64 Blueberry  multiplex ~ Hoboken/Brantley/GA  Oliver et al., 2014
(V1)

BH EIm American multiplex ~ Birmingham/AL Parker et al., 2011
Elm

Georgia Plum Plum multiplex  GA Parker et al., 2011

Mutants Wild type Description Reference/source
strain

msrA::Km-WM1-1 WM1-1 msrA (PD0859) gene disrupted with  This study

kanamycin cassette
NS1::Km-WM1l-1 WM1-1 Km cassette inserted between This study

PD0702 and PD0703, neutral site 1

(NS1)
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NS1::Km-EB92-1 EB92-1 Km cassette inserted in NS1 This study
NS1::Km- AlmaEM3 Km cassette inserted in NS1 This study
AlmaEM3
NS1::Cm- AlmaEM3 Chloramphenicol (Cm) cassette This study
AlmaEM3 inserted in NS1
Temeculal-GFP Temeculal Km cassette and GFP gene inserted ~ Newman et al;
in a different neutral site 2003)
Plasmids Plasmid Description Reference/source
background
pAX1.Cm pGEM-T Plasmid containing regions of Matsumoto et al;
PD0702, Cm Cassette, multiple 2009
cloning site, and PD0703; inserts
Cm cassette at NS1 when
recombined with X. fastidiosa
pAX1.Km pGEM-T Same as pAX1.Cm but contains Km  Matsumoto et al;
cassette 2009
pKLNG61 pGEM-5Zf Plasmid containing X. fastidiosa Newman et al;
(+) oriC, and TN903 Km cassette and 2004
rpfF gene (PD0407)
PMSRA-Km pJET1.2 Plasmid Containining upstream and  This study
downstream region of msrA gene
(PD0859) with Km cassette inserted
in between
pMOPB-Km pJET1.2 Plasmid Containing upstream and This study

downstream region of mopB gene
(PD1709) with Km cassette inserted

in between

4Taxonomic classification not available but assumed to be a subsp. fastidiosa strain based on its

plant host.
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Supplemental table 3-2: Comparison of the flanking regions of the antibiotic insertion site
between the donor plasmids and recipient X. fastidiosa strains.

Donor plasmid

Strains pAX1l.cm? pKLNG612 pMOPB? pMSRA?
WM1-1 99.9 100 100 100
Temeculal 99.9 100 100 95.7
Temeculal* 100 100 100 100
EB92-1 97.9 100 100 99.9
AlmagEM3 96.5 96.8 96.9 95.6
BBI164 94.5 96.8 96.9 95.6
BB08-1 96.5 96.8 96.9 95.6

gNumbers indicate the % identity between the homologous regions (upstream and downstream
regions were concatenated for this analysis) in the donor plasmid and recipient strains
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Supplemental table 3-3: Primers used in this study

Primer Name Amplified Sequence (5°-3") Description Reference
region
pilQ_247 F pilQ (PD1691) CGTGGCGATAAGA  Amplify part of the pilQ This study
AAGCATCAT gene
pilQ_1052 R pilQ (PD1691) CTGGCCGTCTGATT  Same as above This study
TTGAAGTT
pilM_28 F pilM (PD1695) GACCAGCAGGCAT  Amplify part of the pilM This study
CGGTAT gene
pilM_736_R pilM (PD1695) ACAGGCCATCGTGG Same as above This study
GAGTA
856,070_F NS1 Up- TGCATAGGTAAAG Amplify region upstream This study
streamregion1 ATGAGTATGCGG of NS1 site (855158-
857659 based on
Temeculal reference
numbering)
858,571 R NS1 Up- CGGTAAAATGCAG Same as above This study
streamregionl CTTCTATCCAG
863,179 _F NS1 Down- TATGATTTCCACTC  Amplify region This study
streamregionl CTTCCAGGTG downstream of NS1 site
(862230-864994 based on
Temeculal reference
numbering)
865,944 R NS1 Down- AATGACTTGAATCA Same as above This study
stream region1 CCTCGCAATG
857461 F NS1 Up- ATTTCAAGAGGGGT Amplify region upstream This study
streamregion 2 TTACCAAGGA of NS1 site (857461-
859413 based on
Temeculal reference
numbering)
859413 R NS1 Up- GCAATGAACAAAA  Same as above This study
stream region2 TGTGGTTGGTC
860517_F NS1 Down- CTTGGACCTTCGAT  Amplify region This study
stream region 2 GAGTACGTAT downstream of NS1 site
(860517-862411) based on
Temeculal reference
numbering)
862411 R NS1 Down- ACAATACCACCGGT Same as above This study
stream region 2 CAAATTCCTA
NS1-f NS1 flanking GTCAGCAGTTGCGT  Confirm homologous Matsumoto et
region CAGATG recombination at NS1 site al., 2009
by PCR
NS1-r NS1 flanking AAAGCTGCCGACG Same as above Matsumoto et
region CCAAATC al., 2009
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Supplemental table 3-4: Detection of recombination by sequencing

Position? WM1-1  AlmaEM3 WM1-1 WM1-1 AlmaEM3 AlmaEM3
recombinant1  recombinant2  recombinantl  recombinant 2
859009 C A C AP A A
859142 G A G A A A
859156 A G A G G G
859216 T C T C C C
859264 G A G A A A
859624¢ T T C C C C
859913- CTGTT CTGTTA Kan Kan Kan Kan
859919 A
860858 A G G A A A
860908 A G G A A A
8609554 C T T C C C
861033 C T T C C C
861043 A G G A A A
861064 T C C T T T
861118¢ T G G T T T
861191 T A T T T T
861194 C T C C C C
861292 G C G G G C
861330 A G A A A G
861332 T G T T T G
861350 C T C C C T
861364 C T C C C T
861382 T C T T T C
861395 C G C C C G
861397 G T G G G T
861418- 81bp® Deletion’ 81bp 81bp 81bp deletion
861498
861558 deletion TAGGTG deletion deletion deletion TAGGTGTCG
TCGTCT TCTTG
TG
861578 deletion TGGGTT deletion deletion deletion TGGGTTTGA
TGATG TG
861660 G A G G G A
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861725 T C T Cc T Cc
861899 G T G i G T
862025 c G c G G G
862037 c A c A A A
862134 G A G A A A
862160 G A G A A A
862200 G A G A A A
862202 A G A G G G
862241 T C T Cc c c
862269 C T C i T T
862280 T c T c c c
862364 T G T G G G
862406 c T c i T T
862463 c T c i T T
Length? 2705bp 2910bp, 739bp 3486bp 2781bp

8Position is based on Temeculal reference numbering. Only positions that were different
between WM1-1 and AlmaEM3 at this region are reported. The regions between the reported
positions were not different between the two strains (wild-type and respective recombinant).
bYellow-highlighted bases were recombined from the donor strain to the recipient.

‘Unresolved position, all recombinants had a different base at this position compared to the
donor and recipient parents. This could be the break point of recombination when the donor
strains were tagged with pAX1.Km plasmids.

This region is shown in Figure 4.
*TCTGTACGATCATTCAGTCTATGCAATCATCCAGTGAATCGTGCATTGTGGTGCTAG
GGTATTAACCGATTGCTCTGTTTG: This was the 81base pair sequence that is absent in
AlmaEM3, also absent in M12 genome as evidenced by Blast (data not shown).

This region is deleted in the strains relative to the other.

9Length of recombined region calculated as the length of flanking region that is recombined and

the 1,211bp kanamycin cassette region
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Chapter 4

Detection of intra-and inter-subspecific recombination in Xylella fastidiosa by whole
genome sequence analysis

Abstract

Homologous recombination (HR) in Xylella fastidiosa has been described as a major cause of
genetic variation and possible explanation for plant host shifts of this pathogen. Previous studies
demonstrated that, although overall genetic diversity is limited among X. fastidiosa strains,
phenotypic traits such as host range, symptom type, and disease severity differ. Multi Locus
Sequence Typing (MLST), which is based on genetic analysis of specific loci or regions of the
genome containing housekeeping genes, revealed genetic differences among strains at minute
levels, and evidenced HR among strains. These observations, together with the results from
recent experimental studies regarding natural competence and recombination in X. fastidiosa,
support a greater role of HR in X. fastidiosa diversity and adaptation. Few studies focused on
whole genome sequence (WGS) analysis of X. fastidiosa strains have generated fundamental
information regarding the genetic relatedness and virulence mechanisms. With greater numbers
of studies producing WGS data, these data can be useful to examine HR and its role in the
evolution of X. fastidiosa in further details. Therefore, this study was aimed at determining the
limits and abundance of HR events in the genomes of closely related X. fastidiosa subspecies
fastidiosa strains. WGSs were obtained by both Illumina and PacBio sequencing of several X.
fastidiosa wild-type (WT) strains, and recombinants experimentally produced in vitro. Regions
of recombination in WT and recombinant subsp. fastidiosa strains that originate from subsp.

multiplex strains were analyzed. Results show that intersubspecific HR regions ranging in size
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from 5.4-8.7kb are frequently present and are randomly scattered across the genomes of WT
subsp. fastidiosa strains. Moreover, a region of 10kb was detected to recombine in one event in
the genome of one of the in vitro recombinants. Overall, this study demonstrates that genetic
exchanges are extremely common among X. fastidiosa strains in nature, therefore intermixing of
different host-plant genotypes should be avoided to prevent emergence of new and possibly more

aggressive isolates.

Introduction

Horizontal gene transfer, a fundamental driving force of evolution in prokaryotes, occurs by
conjugation, transduction, and transformation (Thomas and Nielsen, 2005). These processes
facilitate acquisition of novel genetic elements including antibiotic resistance and virulence
factors, resulting in the emergence of new pathotypes (Hacker and Carniel, 2001). Acquisition of
new genes promotes expansion of the gene pool within a species. These genes can be transferred
to closely related phyla of the same species by homologous recombination (HR). Bacteria can
also exchange regions of their genome, which is loosely referred to as new allele acquisition
(Didelot and Maiden, 2010) and is almost exclusively a result of RecA protein-mediated HR that
is responsible for creating genetic variation in almost every life form (Dorer et al., 2011). In
prokaryotes, repair of damaged DNA is proposed to be a key role of HR (Michod et al., 2008).
DNA damage repair by HR not only promotes survival under stressful conditions, but may also
produce new variants of the gene given that the homologous DNA originates from a closely
related but genetically distinct source (Guttman, 1997). These new genetic variants can be
important in promoting adaptive responses. For example, creating variability of surface proteins
that include pathogen-associated molecular patterns (PAMPS) may support evasion of host

defenses (Nelson and Selander, 1994; Feil and Spratt, 2001), transfer of virulence proteins can
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cause disease emergence (Yan et al., 2008), and adaptation to new environments (Baltrus et al.,

2008).

The relative role of HR and point mutation in generating genetic variation varies among bacterial
species (Feil et al., 2001). Bacteria that have a high capacity for recombination may undergo
rapid evolution, and contribute to disease emergence, as is often the case for emergence of
pathogenic bacteria. For example, the emergence of Escherichia coli serotype O104:H4 that
caused an outbreak of food-borne gastroenteritis in Germany in 2011, was suggested by whole
genome sequencing of these strains to be a result of genetic exchange between a Shiga-toxin
producing E. coli and an enteroaggregative E. coli (Rasko et al., 2011). Determining the genetic
capabilities of mutations and recombination is crucial to understand the evolution of pathogen
and its disease epidemics. These capabilities can be either experimentally determined or inferred
from genetic data (Fraser et al., 2007; Kandel et al., 2017). For detection of HR from sequence
data, the recombining DNA sequence must be different from the native fragment. Thus, all
recombination events occurring in a population under a natural condition are impossible to be
detected. This suggests that the rate of recombination in a species could be much higher than
realized. In fact, the first observation of HR was achieved by detection of mosaic genes that
contained fragments originating from different phyla of the same genus (Spratt et al., 1992).
Therefore, co-existence of genetically diverse populations is crucial for detection of HR in a

natural condition.

Use of Multi Locus Sequence Typing/Analysis (MLST/MLSA) in bacterial phylogenetics, a
technique to study genetic diversity within a species based on sequence analysis of 5-11 house-
keeping genes scattered across the genome (Maiden, 2006), has prompted or facilitated detection

of HR in bacteria. Until recently, MLST had become a signature tool for bacterial phylogenetic
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studies and for the detection of HR (Freel et al., 2013; Kong et al., 2013; Timilsina et al., 2015).
However, use of few housekeeping genes may indicate a bias as HR that is present in other
genomic regions cannot be represented by the MLST approach. As a result, studies based on
whole genome sequence comparison have emerged in the recent years, and new tools for
detecting HR in the bacterial genomes have been developed (Marttinen et al., 2012; Yahara et

al., 2014; Croucher et al., 2015).

Xylella fastidiosa is a plant pathogenic bacterium that has a very broad plant host range (EFSA,
2016), and colonizes two distinct habitats: plant xylem vessels and foregut of insect vectors
(sharpshooter leafhoppers and spittlebugs) (Hopkins and Purcell, 2002). Previously, X. fastidiosa
was believed to be limited to the Americas, but it has now disseminated to other regions of the
world including Europe (Saponari et al., 2013; Strona et al., 2017), and Asia (Su et al., 2016). It
poses a serious threat in the production of wine grapes in the U.S., citrus and coffee in Brazil,
and olives in Italy, and at present has become a worldwide threat due to its recent emergence
around the world (Almeida and Nunney, 2015). Taxonomically, strains within X. fastidiosa are
categorized into three subspecies (Marcelletti and Scortichini, 2016a), although additional
subspecies have been suggested (Scally et al., 2005; Nunney et al., 2014b). Although, not clearly
defined, subspecies are somewhat host-plant specific. For example, subsp. fastidiosa strains
infect grapevines and some other plants but have not been reported to infect citrus plants,
whereas subsp. pauca strains infect citrus, coffee, and olives but have not been reported to infect
grapes (Nunney et al., 2012). Two of the subspecies fastidiosa and multiplex have existed in the

U.S. for more than a century (Nunney et al., 2010).
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Extensive HR has been described in X. fastidiosa by genetic diversity and phylogenetic studies
based on MLST (Scally et al., 2005; Almeida et al., 2008; Nunney et al., 2010; Nunney et al.,
2012; Coletta-Filho et al., 2016). These studies made very important predictions of disease
emergence and epidemics in X. fastidiosa impacted by HR. For example, HR between X.
fastidiosa isolates belonging to different subspecies has been proposed to be responsible for plant
host shift and new disease emergences in isolates infecting citrus, mulberry, and blueberries
(Nunney et al., 2010; Nunney et al., 2014a; Nunney et al., 2014b). Experimental studies have
demonstrated natural competence and recombination in X. fastidiosa both in vitro (Kung and
Almeida, 2011), and in habitats mimicking the natural growth environment of the bacterium
(Kandel et al., 2016). Moreover, intersubspecific HR (IHR) between subsp. fastidiosa and subsp.
multiplex has been recently demonstrated in vitro (Kandel et al., 2017). A previous study used
two complete genomes of X. fastidiosa subsp. fastidiosa, Temeculal and M23, and showed the
presence of variable regions that were related to a subsp. multiplex isolate, M12 (Nunney et al.,
2010). This approach could be more useful in further understanding the role of HR in plant host
shift, virulence, and disease emergence than MLST as the former approach provides information
on the whole genome. Therefore, the objective of this study was to utilize whole genome
sequence data to determine IHR in X. fastidiosa wild-type strains isolated from field infections
and in recombinant strains experimentally produced in vitro (Kandel et al., 2017). Results show
that whole genome sequencing approach allows detection of IHR that was not detected by
MLST. Genomic regions of up to 10kb were found to have recombined from a donor strain of
subsp. multiplex to the recipient strain of subsp. fastidiosa in one of the recombinant produced in
vitro. Moreover, regions of IHR derived from subsp. multiplex were frequently detected in

multiple wild-type strains of subsp. fastidiosa and were randomly distributed across the genome.
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A highly virulent subsp. fastidiosa strain WM1-1 showed two IHR regions that were more
identical to subspecies multiplex strains than the fastidiosa strains. These data suggest that IHR is

widespread in X. fastidiosa and could have broader implications in its adaptation and virulence.

Materials and methods

Bacterial strains, media, and culture conditions

X. fastidiosa subsp. fastidiosa wild-type strains WM1-1, Temeculal, Temeculal*, and CCPM1;
and subsp. multiplex strain AlImaEMS3 were used for this study. A variant strain that was isolated
from infected grapevines in California and was initially presumed to be Temeculal but differed
based on whole genome sequence analysis in this study was also used and is referred to hereafter
as TemeculaL. Mutant strains NS1-CmR, in which a chloramphenicol resistant gene is inserted
in the neutral site 1 in the Temeculal chromosome (Matsumoto et al., 2009); pglA-KmR, in
which a kanamycin resistant gene is inserted to disrupt the gene encoding polygalacturonase in
the Fetzer strain (Roper et al., 2007); and KLN59.3, in which green fluorescent protein (GFP)
and kanamycin resistant gene are inserted in a neutral region of Temeculal (Newman et al.,
2003) were used. In addition, mutant strain NS1::Km-AlmaEM3 was generated by transforming
the wild type AlmaEM3 with pAX1.Km plasmids (Matsumoto et al., 2009). The recombinant
strains AlmaTemeculaL recombinants 1 and 2 were generated by mixing heat killed NS1::Km-
AlmaEM3 with wild type TemeculaL. The NS1-pglA recombinant was generated by co-
culturing strains NS1-CmR and pglA-KmR in PD3. The gfpWMZ1-1 recombinants 1 and 2 were
generated by mixing heat-killed KLN59.3 with WM1-1 cells in PD3 agar medium as previously
described (Kandel et al., 2017). Further information about strains, mutants, and recombinants

used in this study is presented in Table 4-1.
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Table 4-1: Strains, mutants, and recombinants used in this study

Strain Host plant subspecies Place of Reference/source
isolation
WM1-1 Grape fastidiosa  Dahlonega/GA (Parker et al., 2012)
CCPM1 Grape fastidiosa  Dahlonega/GA (Parker et al., 2012)
Temeculal®  Grape fastidiosa  Riverside/CA  (Van Sluys et al., 2003)
Temeculal*  Grape fastidiosa  Riverside/CA  (Oliver et al., 2014)
Temeculal®  Grape fastidiosa CA This study
paglA Grape fastidiosa  Napa/CA (Roper et al., 2007)
(Fetzer)
M23 Grape fastidiosa  Kern/CA (Chen et al., 2010)
NS1-CmR Mutant of Temeculal fastidiosa NA (Matsumoto et al.,
2009)
KLN58.3 Mutant of Temeculal fastidiosa NA (Newman et al., 2003)
(GFP)
NS1pglA Recombinant of fastidiosa  NA (Kandel et al., 2016)
recombinant® NS1-CmR and pglA
mutant
AlmaTemL  Recombinants of fastidiosa  NA This study
recombinants TemeculaL with
1 and 2¢ AlmaEM3 donor
gfpWwM1-1 Recombinants of fastidiosa NA (Kandel et al., 2017)
recombinants WM1-1 with
1 and 2¢ KLN59.3 donor
AlmaEM3 Blueberry (Emerald)  multiplex  Alma/GA (Oliver et al., 2014)
M122 Almond multiplex  Kern/CA (Chen et al., 2010)
9A5C? Sweet orange pauca Séo Paulo/ (Simpson et al., 2000)
Brazil

20nly genomes were used from NCBI database for these strains.

b\/ariant of Temeculal that was confirmed by whole genome sequencing in this study.
‘Recombinant was produced by co-culturing live cells of donor and recipient.

dRecombinant was produced by co-culturing heat-killed donor and cells and live recipient cells.
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All strains were cultured in Periwinkle Wilt (PW) medium (Davis et al., 1981) agar plates,
modified by replacing phenol red with 1.8 g litre! Bovine Serum Albumin (BSA) (Gibco Life
Sciences Technology), for one week at 28°C. Each strain was initially taken from -80°C glycerol
stock, re-streaked onto new PW plates, and cultured for another week before use. Kanamycin,

chloramphenicol, and ampicillin were used at a concentration of 30, and 10 pug ml™?, respectively.

DNA extraction, library preparation, and sequencing

X. fastidiosa strains WM1-1, TemeculaL, Temeculal*, AlmaEM3; mutants NS1-CmR, pglA-
KmR, KLN59.3; and in vitro recombinant strains AlmaTemeculaL recombinants 1 and 2, NS1-
pglA recombinant, and gfpWMZ1-1 recombinants 1 and 2 were sequenced using Illumina Miseq
system at Auburn University. These strains were selected for whole genome sequencing based on
their genetic relatedness, geographic location, and severity of virulence as reported in previous
studies (Parker et al., 2012; Oliver et al., 2014). Strains WM1-1, CCPM1, AlmaEM3, BBI64,
and BBO08-1 genomes were sequenced using PacBio sequencing and assembled by Celera
assembler by our collaborator’s lab and regions of interest have been used in this study (Rodrigo
Almeida, University of California Berkeley). Partial sequences of strains EB92-1 (Zhang et al.,
2011), GB514 (Schreiber et al., 2010), Ann-1, MULO0034, U42D, Griffin-1, ATCC35871
(Marcelletti and Scortichini, 2016a) were retrieved from NCBI gene bank database whenever

required.

For Illumina Miseq sequencing, cells cultured on PW agar plates were suspended in 400 ul of
sterile MilliQ water and DNA was extracted using a modified CTAB protocol (Doyle, 1987).
Extracted DNA was run through gel electrophoresis (1% agarose gel in TAE buffer) to detect

RNA contamination followed by treatment with RNase A (ThermoFisher Scientific). Both DNA
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and RNA concentrations were verified with a Qubit® 2.0 Fluorimeter (Life Technologies) using
the Qubit dsDNA and Qubit RNA HS Assay Kit (Thermo Fisher Scientific), respectively. DNA
samples of 20 ng were then adjusted to 50 pl (2.5 ng/ul) volume by diluting in sterile MilliQ

water.

DNA libraries were prepared using Nextera® DNA Library Preparation Kit (Illumina) according
to the manufacturer’s protocol. Twelve separate genomic libraries were pooled together using
different indices pairs used for each library. Clonal amplification and sequencing was performed
on a MiSeq flow cell using MiSeq reagent kit V2. Paired-end sequencing was performed with

250 cycles for each end.

Quality filtering and trimming

Two FastQ files per genome (one each for forward and reverse reads) were generated as the final
output files of the sequencing run. The FastQ files contain the actual nucleotide bases and the
quality score for each base call of the fragments/reads. The FastQ files were run through FastQC
(Babraham Bioinformatics), a quality control tool for high throughput sequence data, to assess

the quality of sequencing runs.

Trimming was performed using Trimmomatic-0.35, a flexible trimmer for Illumina sequence
data (Bolger et al., 2014). The command for Trimmomatic was designed such that it allowed
removal of adapter contaminations, bases with Phred quality scores lower than 20 (1% error
probability) from the beginning and end of the reads, and a sliding window trimming of 4:20.

Reads with length shorter than 36bp after trimming were removed.

118



De Novo assembly

Trimming was followed by De Novo assembly of the trimmed reads using SPAdes 3.9.0
(Bankevich et al., 2012), a de Bruijn graph based assembly program. Assembly was performed
using a command with careful mode switched on that allows mismatch correction. K-mer sizes
of 21, 33, 55, 77, 99, and 127 were used. For two genomes WM1-1 and AlmaEM3 that had
sequences available from both Miseq and PacBio sequencing, a hybrid assembly algorithm of
SPAdes 3.9.0 was used. Resulting scaffolds or contigs of the SPAdes assembly were used for
further analysis. Contigs of length shorter than 200bp were removed. Quality of assembly was
assessed with QUAST, a quality assessment tool for genome assemblies (Gurevich et al., 2013),

and the assembly statistics were recorded.

Reference mapping of raw reads and assembled contigs

Reference mapping was performed using Geneious map to reference algorithm (Kearse et al.,
2012). The raw reads were quality trimmed using the Geneious trimming option such that reads
containing bases that had error probabilities of >5% were removed. The reads were paired using
‘set paired read’ option and mapped to Temeculal reference (Van Sluys et al., 2003) using
default settings for medium sensitivity. The assembled contigs were aligned to Temeculal
genome using pairwise genome alignment program LASTZ plugin within Geneious (Harris,

2007).
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Annotation

Annotation of assembled contigs was performed by a command line tool Prokka (Seemann,

2014). Selected genomes were also annotated using web-based RAST server (Aziz et al., 2008).

Detection of variable and recombinant regions in the genomes

A consensus contiguous-genome sequence was generated from the reference mapping for the
genomes sequenced in this study. Regions with coverage less than 5x were designated as gaps
and ambiguous bases were fixed manually with the help of reference assembly. Consensus
sequences were used in a multiple sequence alignment using MAAFT 7.31 software (Katoh and
Standley, 2013). The aligned genome sequences were analyzed by Gubbins 2.2.0-7 (Croucher et
al., 2015) with minimum SNPs for recombination detection set to 100. After confirming the
presence of regions of recombination in the genome, the reference assembly was manually
visualized to detect presence of variable regions in the Geneious genome browser. Variable
regions in AlmaTemeculaL recombinants 1 and 2 and subsp. fastidiosa strains WM1-1, CCPM1,
TemeculaL, and pglA (Fetzer) were located based on the presence of elevated levels of locally-
clustered SNPs. Variable regions detected in this way were used as query in a basic local
alignment search tool (BLAST) against the NCBI gene bank database. Regions of the strains that
yielded better matches to the sequences of different subspecies than their own (i.e. subsp.

fastidiosa) were selected for further analysis.
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Phylogenetic analysis of variable regions

Orthologous regions, in other strains, of the variable region detected above were identified by
BLAST search in the gene bank database and a local BLAST database created by using the
contigs generated by De Novo assembly. Sequences were aligned using Muscle Multiple
Sequence Alignment program (Edgar, 2004). Phylogenetic trees were generated by a maximum
likelihood (ML) analysis using RAXML version 7.2.8 with rapid bootstrapping and search for
best-scoring ML tree algorithm using 1,000 replications. Sequence of the pear leaf scorch strain
PLS229 (Su et al., 2016) was used as out-group. Variable regions that grouped with a different
subspecies were inferred as regions of intersubspecific recombination. For comparison of the
phylogeny, MLST sequences of seven house-keeping genes as described previously (Yuan et al.,
2010) were retrieved for all strains used above (strain ATCC35871 was not used as two MLST
genes leuA, and petC were missing in its draft genome, petC was missing in PLS229). The
MLST sequences were concatenated, aligned, and phylogenetic tree was generated by RAXML
using same parameters as with the variable regions. A phylogenetic tree of whole genomes was
also generated by RAXML using 1,000 bootstrap replications and rapid bootstrap algorithm from
the alignment file generated from MAFFT genome alignment with the subsp. pauca strain 9A5C
used as outgroup. Nodes having less than 50% consensus support were collapsed to generate the

consensus tree.
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Results

Coverage, assembly statistics, and annotation of sequenced genomes

The Miseq sequencing platform generated 0.32-3.42 million reads per genome (Supplementary
table 4-1) of which approximately 85% survived trimming. Average read length was 113.8-
158.8bp. Average coverage ranged from of 20x-184x. The number of contigs generated by De
Novo assembly ranged from 105-254 with a high N50 value ranging from 93,631bp -1,48,434bp
except for AlmaTemL_rec2 for which the assembly contained 420 contigs with a N50 of
27,752bp. The total assembly size ranged from 2.45Mbp-2.74Mbp, which is within the range of
X. fastidiosa genome size. A hybrid assembly approach using reads from Miseq and PacBio
sequencing significantly improved the assembly as indicated by the reduction in the number of
contigs and increase in N50 values for the genome assembled with this approach (Supplementary
table 4-1). Quast results using Temeculal as reference genome showed that the assemblies cover
more than 95% of the genome (data not shown). Using repeat finder plugin from Geneious, it
was detected that Temeculal genome contains at least 235 repeat regions ranging from >100bp-
7,465bp (data not shown) suggesting that a De Novo approach is highly unlikely to produce a
complete single genome for X. fastidiosa even when both long and short reads are merged in
assembling. Reference mapping with the Temeculal showed that the sequenced genomes had
>99% identity except for a subsp. multiplex strains AlmaEM3 that had 96.3% identity with the

Temeculal reference.

Annotation of strain WM1-1 genome with RAST server showed that the genome contains 2727
coding sequences with 55 RNA genes and a GC content of 51.6%. A total of 1082 (39.7%) of the

coding regions had unknown functions and were assigned as hypothetical proteins. The genome
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also contained 66 phage and phage-related proteins and 16 mobile element proteins. Number of
genes involved in different metabolic pathways is shown (Fig. 4-1). AlmaEM3 annotation
showed 2731 coding sequences with 56 RNA genes and a GC content of 51.7%. AlmaEM3
contained 1091, 72, and 12 hypothetical, phage, and mobile element proteins, respectively.
Annotation with Prokka generated 2355-2616 gene features including 50-53 RNA genes (data

not shown).

Subsystem Coverage Subsystem Category Distribution Subsystem Feature Counts

B Cofactors, Vitamins, Prosthetic Groups, Pigments (176)
W Cell Wall and Capsule (113)

W Virulence, Disease and Defense (47)

@ M Potassium metabolism (7)

W Photosynthesis (0)

Miscellaneous (18)

| Phages, Prophages, Transposable elements, Plasmids (18)
Membrane Transport (79)

@ M Iron acquisition and metabolism (10)
RNA Metabolism (124)

B Nucleosides and Nucleotides (62)
Protein Metabolism (197)

| Cell Division and Cell Cycle (34)

Motility and Chemotaxis (0)

B Regulation and Cell signaling (40)
Secondary Metabolism (8)

DNA Metabolism (105)

W Fatty Acids, Lipids, and Isoprenoids (73)
@ M Nitrogen Metabolism (5)

W Dormancy and Sporulation (1)

@ M Respiration (73)

B Stress Response (71)

Metabolism of Aromatic Compounds (1)
Amino Acids and Derivatives (207)
Sulfur Metabolism (21)

Phosphorus Metabolism (30)
Carbohydrates (107)

Fig. 4-1. Annotation of strain WM1-1 with RAST server showing number of genes involved in

various functions.

Detection of homologous recombination in the genomes of X. fastidiosa strains by Gubbins

Whole genomes of X. fastidiosa obtained in this study and other reference genomes obtained
from GenBank database (Table 4-1) were aligned with MAFFT software and the alignment file
was used as input to detect regions of recombination in the genomes using Gubbins. Multiple

recombination regions were detected in the genomes (Fig. 4-2). Some of these recombination
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regions were shared by strains that belonged to multiple clades in the phylogenetic tree, where as
other regions were unique to a specific clade. For example, the phylogenetic clade containing
WM1-1 and its two recombinants (gfpWM1-1 recl and 2) contained five recombination regions
that were unique to this clade and nine regions that were shared with strains belonging to other

clades (Fig. 4-2).

KLN59.3_gfp I
m23 | | ]| I
A"...---- Temeculal_NCBI I
Temeculai* I
polA__ Fetzer I | I I I Il I I I I I I
TemeculaL I I II I I I I I
Nst.CrR I mm 1l I |
e AlmaTem_rec I I I III I I I I I
[ s sen s emn e emen oo AlmaTem_rec2 I I III I I I I I
e e NS pglA_ree I I III I I I I I
‘, gfpWM1_rec2 I I I I I I I I II | I | I
=== gipWM1_rect I I I I I I I I II | I | I
— coPMi I I I I I I | I I
260

Fig. 4-2. Detection of recombination in the genomes of Xylella fastidiosa subsp. fastidiosa wild-
type and in vitro recombinants using Gubbins. The panel on the left shows the resulting
phylogeny based on the genome sequence. For each strain, colored blocks represent the regions
of recombination. Red blocks indicate predicted recombination occurring on an internal branch,
which are therefore shared by multiple isolates through common descent. Blue blocks represent
recombination that occur on terminal branches, which are unique to individual isolates. Gubbin

was run with default setting with minimum SNPs for recombination set to 100.
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Detection of recombination in the genome of experimentally obtained recombinants

Miseq reads of donor, recipient, and recombinant strains were mapped with the reference
Temeculal. Based on the reference mapping of two of the intersubspecific recombinants
generated in vitro, recombination could be detected only in the flanking region of the antibiotic
insertion site. In one of the recombinants (AlmaTemL _recl), a ~10kb region of the genome in
the flanking region was detected to have recombined (Fig. 4-3A). However, for the other
recombinant (AlmaTemL_rec2), only regions of antibiotic resistance and short homologous
flanking regions (regions used to generate the pAX1.Km plasmid) were detected to have
recombined. On phylogenetic analysis based on this 10kb region, the strain (AlmaTemL_recl)
that showed recombination grouped with the donor strain AImaEM3, while the one that lacked
recombination (AlmaTemL_rec?2) besides the antibiotic region, grouped with the recipient strain,
TemeculaL (Fig. 4-3B). Intra-subspecific recombination could not be detected in the
recombinants (NS1-pglA recombinant and gfpWM1-1 recombinants 1 and 2) as the flanking
regions of antibiotic insertion did not have any sequence difference between the donor and
recipient to allow detection of recombination. The two gfp recombinants recombined both the
kanamycin region and the gfp region as indicated by phenotypic observation of kanamycin
resistance and GFP-fluorescence as well as by the presence of these regions in the genomes of
these recombinants (data not shown). Recombination could not be detected between the donor
and recipient at other genomic regions. Recombinant regions detected by reference mapping
were confirmed in the De Novo assembled contigs by local BLAST of the recombinant region as

query against the contigs as database.
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Fig. 4-3. Detection of intersubspecific recombination in the recombinants produced in vitro.
Kanamycin marker-tagged, heat-killed, genomic DNA of Xylella fastidiosa subspecies multiplex
strain AlImaEM3 was used as donor with the live recipient cells of subsp. fastidiosa strain
TemeculaL. Recombinants were selected by acquisition of antibiotic resistance and whole
genomes of two recombinants and the donor and recipient parents were sequenced. A) A region
of ~10kb indicated by dark vertical strips is the recombined region in recombinant 1 that grouped
with the donor strain at this region in the phylogenetic tree constructed by RAXML with 1000
bootstrap replications (B); Scale bar indicates number of substitutions per site and numbers at the
tree nodes indicate % bootstrap support.
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Detection of intersubspecific recombination in wild-type subsp. fastidiosa strains from

subsp. multiplex donors

By using a similar approach as above, variable regions with respect to the Temeculal reference
genome as predicted from the Gubbins analysis, were detected in the genomes of subsp.
fastidiosa strains WM1-1, TemeculaL, Fetzer, and CCPML1. Variable regions ranged in size from
below 4kb up to 9kb (Table 4-2). These regions contained a greater number of SNPs with subsp.
fastidiosa strains compared to that with subsp. multiplex strains (Table 4-2). To ensure that these
variable regions are not due the bias of the reference mapping, De Novo assembled contigs were
aligned to the Temeculal genome, and the presence of these regions was confirmed in the
contigs; an example with WM1-1 variable region 1 is presented in Fig. 4-4. BLAST search with
the NCBI database showed that some variable regions identified in the genomes of subsp.
fastidiosa strains were more identical to subsp. multiplex strains than with subsp. fastidiosa
strains, and grouped perfectly with them on phylogenetic analysis based on these variable
regions (Fig. 4-5A). This confirmed that the variable regions present in the genomes of subsp.
fastidiosa strains were derived from subsp. multiplex strains by IHR. Phylogenetic analysis
performed for the same strains based on MLST approach showed that strains containing IHR at
specific genomic positions group with subspecies fastidiosa strains with MLST (Fig. 4-5B). This
further reinforced that the variable regions detected in the genomes of subsp. fastidiosa strains

originated from subsp. multiplex.
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Table 4-2: Predicted genomic regions of intersubspecific recombination in Xylella fastidiosa
subsp. fastidiosa strains from subsp. multiplex donors

Strain Subspecies MLST Length of variable  #SNPs with  #SNPs with
Sequence region fastidiosa multiplex
type strains® strains®
(ST)?
WM1-1 fastidiosa 2 8384bp 272-273 3-7
(530784-539167)¢

WM1-1 fastidiosa 2 5650bp 97-98 11-17
(1893724-1899373)¢

TemeculaL  fastidiosa 1 8777bp 211-216 6-8
(1066742-1075518)¢

polA fastidiosa 4 8777bp 211-216 6-8

(Fetzer) (1066742-1075518)¢

CCPM1 fastidiosa 1 5432bp 102-103 5-11

(172056-1725938)¢

4Sequence type of strains based on MLST of seven house-keeping genes. All sequence types (1,
2, and 4) group within subsp. fastidiosa based on previous studies

PNumber of single nucleotide polymorphism with subsp. fastidiosa strains at the variable region
“Number of single nucleotide polymorphism with subsp. multiplex strains at the variable region
dposition of variable region based on Temeculal numbering of the genome
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Fig. 4-4. Intersubspecific recombination in strain WM1-1. Variable region was observed as
marked by dark stripes (middle panel) when contig generated by De Novo assembly was aligned
to Temeculal genome. A zoomed-in version of variable region observed in reference mapping of
the WM1-1 reads showing six occurrences of SNPs within a span of 180bp is shown (lower
panel). Region of WM1-1 changed by intersubspecific recombination. Genes involved in ATP
synthase and 50S ribosomal subunits were altered by this intersubspecific recombination in

WM1-1 (upper panel).
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Fig. 4-5. (A) RAXML tree of Xylella fastidiosa strains from different subspecies based on WM1-
1 recombinant sequence. WM1-1 is grouped with subspecies multiplex strains at the recombinant
region (boxed). (B) RAXML tree of the same strains (except ATCC35871) based on
concatenated sequences of seven MLST genes. Strain WM1-1 groups with subspecies fastidiosa
strains based on MLSA. Scale bar represents number of substitutions per site. Trees were
generated by RAXML version 7.2.8 with rapid bootstrapping and search for best-scoring ML tree

algorithm using 1,000 replications. Scale bar indicates number of substitutions per site.

Phylogenetic tree of X. fastidiosa strains based on whole genome sequence alignment

A phylogenetic tree (Fig. 4-6) generated based on the genomes derived from the Temeculal
reference mapping and other reference genomes obtained from NCBI (Table 4-2) using the
subsp. pauca strain 9A5C as outgroup showed that the wild-type X. fastidiosa subsp. fastidiosa
strains group together forming separate clades within the tree. The in vitro recombinant strains
group together within a same clade with their recipient parent confirming that recombination
occurred only at a specific genomic location, and therefore this region is not sufficient to change
the phylogenetic grouping. Moreover, the tree shows two separate groupings of the Temecula
strains (Temeculal, Temeculal*, and gfp mutant grouping together, while TemeculaL, NS1-
CmR, and the recombinants of TemeculaL and NS1pglA forming a separate clade). Strains
WML1-1 isolated from Georgia formed a separate clade while the other Georgia strain CCPM1
was intermediate between Georgia and California strains. Subsp. multiplex strain AlmaEM3
isolated from blueberry plant in Georgia grouped together with another multiplex strain M12

isolated from almond plants in California (Fig. 4-6).

131



— 9AS5C
WM1-1
* — gfp WM _rec2
P gfp W1 _recl
* — CCPMI
M?23
* ® Temeculal INCBI)
* Temeculal®
. "L KIN59.3 (gfp)
pglA (Fetzer)
* - ———— AlmaTem recl
— NS1-CmR
* *
Temeculal
* —— AlmaTem rec2
) S NS5 1pglA rec
—— AlmaEM3
i M12
05
* =100% consensus support

Fig. 4-6. Phylogenetic tree of X. fastidiosa wild-type strains and in vitro recombinants based on
whole genome. All in vitro recombinants group together with the recipient parents while the
wild-type strains form separate groupings. Genomes were aligned with MAFFT and tree was
generated using RAXML with rapid bootstrapping algorithm using 1,000 replications strain
9A5C was used as outgroup. Consensus tree was generated by collapsing nodes with less than

50% support. Scale bar indicates number of substitutions per site.
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Discussion

The ease with which sequences of whole genomes can now be obtained provides unprecedented
opportunities to study various phenomena related to disease epidemics, pathogen emergence, and
virulence of microbial pathogens associated with humans, animals, and plants. By comparing
isolates that infect different hosts, virulence factors utilized by these pathogens in host
colonization can be identified. Moreover, by determining the genetic relatedness of isolates
infecting different crops or occurring at different geographic locations, the disease epidemics can
be studied and decisions on management options made accordingly. More importantly, patterns
of genetic exchanges that lead to genetic diversity and disease emergence can be studied in more
detail with the availability of whole genome sequence data. However, use of next generation
sequencing techniques in generating whole genome sequences is error-prone, mainly because
genomes are sequenced in the form of very short (e.g. lllumina) to medium sized (e.g. PacBio)
fragments (reads). Also there are inherent error probabilities associated with various sequencing
platforms (Fox et al., 2014). Therefore, quality control is critical at every step of the sequencing
plan from library preparation, quality filtering, assembly, to quality assessment of the genome.
Availability of a closely identical reference genome is very useful in examining the quality of
sequencing results. X. fastidiosa was the first plant pathogenic bacterium to have its full genome
sequenced (Simpson et al., 2000). Subsequent complete genome sequencing of a grapevine
strain, Temeculal, and comparative genomic analysis between the grapevine and citrus strain
demonstrated that the two genomes are very similar (Van Sluys et al., 2003). More genomes
representing other strains and subspecies have been sequenced almost to their entirety (Chen et

al., 2010; Zhang et al., 2011). This provides a definite opportunity for draft genomes produced
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by next-generation sequencing platforms to compare highly similar complete genomes of X.

fastidiosa to assess the quality of draft genomes.

The initial sequencing run for this study had a high Phred score (>30 for more than 80% of the
base calls), FASTQC analysis showed that most of the genomes passed the quality criteria, and
finally a strict quality filtering was used to trim the data. Reference mapping of the reads showed
that most of the reads were aligned to the reference genome resulting in a high reference
sequence identity of 96-100%. All subsp. fastidiosa genomes had more than 99.3% identity with
the Temeculal reference while subsp. multiplex strain AlmaEM3 had 96.3% identity. Moreover,
all the genomes achieved a high depth of coverage (at least 20x to 180x). De Novo assembly
statistics indicated that a robust assembly of the genomes was achieved except for one genome
(AlmaTemeculaL recombinant 2 that had relatively higher number of contigs and higher
assembly size). The number of contigs was drastically reduced by a hybrid approach of
assembling the Illumina and PacBio reads together. This can be expected as the longer read
lengths of PacBio system can close repeat regions in the genome that cannot be covered by short
reads of Illumina sequencing. However, even with the hybrid approach, a complete contiguous
chromosome could not be obtained, possibly due to the presence of repeat regions that are >7kb
according to Temeculal genome analysis. Previous draft genome assemblies of X. fastidiosa
have also reported similar results of genome fragmentation (Zhang et al., 2011; Chen et al.,
2016). A BLAST search of the contigs generated showed that most of the contigs aligned
perfectly with the genomes of X. fastidiosa in the NCBI database. Generally, the assembly size,
GC content, and number of gene features obtained from annotation results were consistent with
the genomes deposited in NCBI (Chen et al., 2016; Marcelletti and Scortichini, 2016b).

Moreover, phylogenetic analysis based on MLST and whole genomes obtained from this study
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were comparable to previously described X. fastidiosa taxonomy (Yuan et al., 2010; Marcelletti
and Scortichini, 2016b) suggesting that the genome sequences obtained in this study are of high

quality.

X. fastidiosa is a rapidly emerging plant pathogen around the world (Saponari et al., 2013;
Almeida and Nunney, 2015). Genetic studies demonstrated extensive of HR within and between
subspecies of X. fastidiosa (Scally et al., 2005; Almeida et al., 2008; Nunney et al., 2012;
Nunney et al., 2014a; Nunney et al., 2014b; Coletta-Filho et al., 2016), predicting that HR
between subspecies is involved in plant-host shift and disease emergence. Our recent study
demonstrated experimentally that recombination potential differs among X. fastidiosa strains and
IHR occurs in vitro between subsp. multiplex and subsp. fastidiosa (Kandel et al., 2017). Strains
of subsp. fastidiosa showed higher recombination frequencies than those of subsp. multiplex.
However, no evidence of phenotypic change was observed in the recombinants that were
selected randomly (Kandel et al., 2017). This led to the determination of the minimum limits of
recombination which were found to be 0.7-4kb per recombination event (Kandel et al., 2017). In
that study, however, recombination was examined only at the flanking region of antibiotic
insertion site due mainly to the limitation of the method used for sequencing (Sanger method).
Therefore, to understand the limits and broader implications of HR, a whole genome analysis

approach could be more useful.

A whole genome sequencing approach has been applied to detect recombination in recent studies
(Marttinen et al., 2012; Yahara et al., 2014; Croucher et al., 2015). Approaches involved in
detecting recombination look for regions of divergence that are not expected for the given clade
under consideration in a multiple sequence alignment. These regions are hypothesized to be

imported from a distinct donor (Croucher et al.,, 2015). Therefore, elevated levels of
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polymorphisms in a nucleotide sequence alignment are an indication that this region could be a
result of recombination. This approach may or may not be able to suggest the donor source
depending upon whether the donor sequence is available for alignment. Although, this approach
could be useful for alignment of short sequences such as MLSA, it becomes problematic when

the sequence lengths become longer.

Other approaches such as ClonalFrame (Didelot and Falush, 2007) and its improvement for
whole genome sequences, ClonalFrameML (Didelot and Wilson, 2015) take into account both
SNPs at a specific region (e.g. the variable region) over the SNPs across the whole sequence and
infer location of recombination based on the presence of elevated levels of SNPs. However, these
approaches cannot model the origin or the donor source and cannot predict recombination if
fewer than expected number of SNPs are present in recombination region (Didelot and Maiden,
2010). A similar approach referred to as Gubbins (Genealogies Unbiased By Recombination In
Nucleotide Sequences) was developed for large datasets (Croucher et al., 2015) and can predict
the regions of recombination in a genome, but still does not take into account the origin of the
sequence. Moreover, this approach requires clonal populations (e.g. within a same sequence
type). This method was used in our dataset and recombination regions were detected, but could
not model the source of the recombinant region requiring a different approach. Another method,
ClonalOrigin, can model recombination from a specific donor to a specific recipient (Didelot and
Maiden, 2010), but requires clonal genealogy to be specified and is computationally intensive

(Yaharaet al., 2014).

In this study, a very straight-forward approach was used to detect recombination and infer its
source in the genomes of X. fastidiosa. After detecting HR by Gubbins, genomes were compared

to a common and very similar reference genome, and variable regions were identified. The
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variable regions were then used in a BLAST search to identify their origin. Although, it was time
consuming and required extra manual effort limiting its use for large datasets, the results are
accurate as shown by the phylogenetic analysis. In a previous study using MLST (Nunney et al.,
2012), a genetic introgression test was designed to detect IHR in short regions of subsp. pauca
strains from Brazil. This method compared variation in native sequences to a probable donor,
which had to be at least a different sequence than the native ones. Here, we compared native
sequences to find variable regions, which were then inspected in the database to trace their

origin.

With the method used here, IHR was detected both in the in vitro generated recombinant and
wild-type X. fastidiosa strains collected from infected plants. Moreover, this approach provided
the maximum limit of recombination to be up to 10kb per recombination event (based on our
limitation to detect only regions that differ in sequence between the donor and the recipient
strain). Recombination was randomly distributed across the genome such that some strains were
recombinant at one genomic position, while others at other positions. For example, strains WM1-
1 and CCPM1, that were isolated from different grapevine fields in Georgia, showed
recombination at different genomic positions. Moreover, recombination present in TemeculaL
and Fetzer was not present in Temeculal, although these strains originated from California. This
indicates that recombination occurs randomly at different genomic locations whenever
genetically different donor and recipient co-exist, producing several new variant strains
containing genetic changes at different regions of the genome. Therefore, change in phenotype of
recombinants can be only expected when recombination occurs at regions conferring virulence or
fitness. In our test, the highly virulent strain WM1-1 (Oliver et al., 2014; Kandel et al., 2017)

showed regions of recombination in the genes involved in ATP synthase and 50S ribosomal
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subunit. The contribution of this recombinant region in the fitness and virulence of WM1-1
remains to be determined, but it can be expected that this genetic change can alter phenotype as it
occurs in the genes important for fitness and metabolism. The presence of this variable region in
strain WM1-1 was also confirmed by examining the genomes of two recombinants, gfpWM1-1
recombinants 1 and 2, that were generated by using WM1-1 as the recipient and therefore,
possess the same region as WM1-1 at this position. Moreover, recombinant regions detected in
TemeculaL were also detected in AlmaTemeculaL recombinants 1 and 2, in which TemeculaL
was used as the recipient. It should be noted here that few other variable regions were also
detected in the genomes but were not further analyzed as sequences of these regions were more
identical to the strains of same subspecies i.e., subsp. fastidiosa than with a different subspecies.

These regions could have originated by intra-subspecific recombination.

The high number of SNPs detected in the variable regions of strains used here are extremely
unlikely to be generated by point mutation within a short fragment, as SNPs caused by point
mutations should be randomly scattered, not locally-clustered. Moreover, it was shown that the
polymorphic regions matched with subsp. multiplex genome sometimes with 100% identity. This
confirms that the variable regions are generated by IHR between X. fastidiosa subspecies. MLSA
of house-keeping genes of the strains that carried IHR demonstrated that they are true to type to

their taxonomic grouping except at the IHR region, a result also supported by whole genome

phylogeny.

IHR between subsp. fastidiosa and multiplex was also detected in North American strains in
previous MLST studies (Nunney et al., 2014a; Nunney et al., 2014b). As the two subspecies have
been reported to exist together in North America for more than 100 years (Nunney et al., 2010)

recombination can be expected between them. Moreover, Nunney et al (2010) reported similar
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variable regions when comparing two subsp. fastidiosa genomes: Temeculal and M23. Strains of
both subspecies served as both donors and recipients for one another showing a bi-directional
pattern of HR in a previous study (Kandel et al., 2017). Therefore, data from both previous
studies and this study confirm that intersubspecific recombination is extremely common, and
strengthen the proposition of new disease emergence due to intersubspecific recombination in X.
fastidiosa. Careful planning and implementation of policies to limit introduction of novel

genotypes and to avoid co-existence of pre-existing genotypes is required to minimize this threat.
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Supplementary material for chapter 4

Supplementary table 4-1: Assembly statistics of sequenced genomes

) #Reads Read Size Refh
a c d f g
Strain #Reads trimp length Covg® #Ctgs (Mbp)® N50 L50 (%)
WM1-1 113 245 148434 5
2042684 2587777 1387 1452 0 Suvi  saosne o 997
100 246 115714 7
AIMaEM3 722996 654360 1357 358 )0 oan  rorte L 963
Ar'erzi‘Tem" 1268086 1143060 1311 59.4 120 252 115978 7  99.3
Ar'erggTem'- 1234660 640702 1505 27.6 402 274 103360 6  99.9
Temeculal 2140558 1334223 1138 57.4 166 254 93631 8  99.8
Temeculal* 1960132 1751487 153.9 1097 113 245 09386 6 100
polAMUtNt  o10105 741373 1274 379 146 249 97642 6  99.8
(Fetzer)
NS1-CmR 319068 316673 1588 200 254 251 27752 29 997
NS1- 1400214 1285143 1510 76.8 124 253 135060 5  99.9
pglA_rec
'(;'f';')‘r’g"Q’ 3415272 3090572 1462 183.6 117 246 103359 6 100
ffm’l'\"l' 3133800 2842830 147.6 1712 105 245 134853 6  99.6
fffecvvz'v'l' 3048060 2730936 1404 156.2 125 245 134871 6  99.6

aNumber of reads produced by the sequencing run; ®number of reads that survived trimming;

caverage depth of coverage; enumber of scaffolds generated by SPAdes De Novo assembly; fsize

of the contig such that more than half of the assembly is contained in contigs longer than this
value; Snumber of contigs that contain more than 50% of the total assembly; "percent identity

with the reference Temeculal genome based on reference mapping

'Assembly statistics of a hybrid assembly from lllumina and PacBio reads
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Chapter 5
A rapid and efficient method for gene knockout and genetic complementation in Xylella

fastidiosa using overlap-extension PCR and natural transformation confirms that the type
IV pilin paralog predicted to be regulated by the alternative ¢° is the functional pilin

Abstract

Twitching motility is a major virulence factor of the plant-pathogenic bacterium Xylella
fastidiosa. Cells of X. fastidiosa at one of the cell poles possess type 1V pili, which are thread-
like filamentous appendages involved in twitching motility. Genomic analysis of X. fastidiosa
showed the presence of at least four paralogs of the pilA gene that encodes the major pilin
subunit of type IV pili. However, whether all paralogs have a functional role in type IV pili
biogenesis is not known. Here, using an efficient method of genome manipulation based on
overlap-extension PCR and natural genetic transformation, deletion mutants of two of the pilA
paralogs (pilA1 PD1924 and pilA2 PD1926) were generated in X. fastidiosa subspecies fastidiosa
strains WM1-1 and TemeculaL. Twitching motility of the mutants was then assessed. Results
show that deletion of pilA2 that was predicted to be regulated by an alternative sigma factor (c°*)
caused loss of twitching motility, whereas deletion of pilAl did not influence twitching motility
in either strains. Moreover, loss of twitching motility caused by pilA2 deletion was restored when
a wild-type copy of the pilA2 gene was complemented at a neutral site in the genome of one of
the mutants. This study demonstrates that homologous PCR templates generated by overlap-
extension PCR can be used to rapidly generate gene knockouts and perform genetic
complementation in X. fastidiosa, and that twitching motility in X. fastidiosa is controlled by
regulating the transcription of the major pilin subunit that is predicted to be under the control of

c>* factor.
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Introduction

Xylella fastidiosa is a Gram-negative, Xylem-limited, insect-vectored, plant-pathogenic
bacterium causing incurable diseases and substantial economic losses to the growers of
grapevines, citrus, coffee, plum, and almond (Hopkins and Purcell, 2002; Chatterjee et al., 2008).
Pierce’s disease (PD) of grapevines in the United States and citrus variegated chlorosis (CVC) in
Brazil, two most impactful diseases of X. fastidiosa, are major limiting factors in the production
of these crops for those countries (Hopkins and Purcell, 2002). The xylem sap-feeding insect-
vectors sharpshooter leafhoppers and spittlebugs transmit and inoculate the bacterial cells into
the plant xylem vessels, where the cells attach to the surface, form biofilms, and move along and
across the xylem vessels (Newman et al., 2003; Roper et al., 2007). The severity of disease
symptoms depends on the extent of xylem vessel occlusions produced by bacterial aggregates
(Newman et al., 2003). Therefore, the potential of cells for aggregation and systemic
colonization of the xylem vessels are considered the major determinants of pathogenicity in X.

fastidiosa.

X. fastidiosa cells are non-flagellated but possess two types of pili at one of their cell poles, short
type | pili involved in cell attachment and biofilm formation, and long type IV pili involved in
twitching motility (Meng et al., 2005; De La Fuente et al., 2007; Li et al., 2007). Twitching
motility involves flagella-independent translocation of cells on a moist surface facilitated by
extension, tethering, and retraction of type IV pili (Mattick, 2002). It was demonstrated in X.
fastidiosa that a mutant lacking type I pili (fimA mutant) was biofilm-deficient but twitching-
enhanced, whereas the mutants lacking type IV pili were biofilm-enhanced and twitching

deficient (Meng et al., 2005; De La Fuente et al., 2007; Li et al., 2007). Moreover, mutants that
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were twitching-enhanced traveled further upstream from the point of inoculation in grapevines
(Meng et al., 2005). In addition, X. fastidiosa strains that lacked or exhibited reduced twitching
motility (Kandel et al., 2017) had less severe disease symptoms in the model plant tobacco and
natural host blueberry (Oliver et al., 2014; Oliver et al., 2015). Also, a polygalacturonase gene
mutant that is compromised in lateral movement due to its inability to degrade xylem pit
membranes was avirulent in grapevines (Roper et al., 2007) and was twitching deficient (Kandel
et al., 2016). Furthermore, seven transposon mutants, including a mutant of hemagglutinin that
mediates cell-cell aggregation, showed hypervirulent phenotypes and faster movement in
grapevines than their wild-types (Guilhabert and Kirkpatrick, 2005). A previous study has also
demonstrated the role of cell-cell communication system involving a diffusible signaling factor
(DSF) in regulating host colonization, movement, and biofilm formation in X. fastidiosa
(Newman et al., 2004). Interestingly, it was shown that mutant that was unable to produce DSF
was hypervirulent to grapevines (Newman et al., 2004) and had increased expression of several

type 1V pili genes compared to the wild-type strain (Wang et al., 2012).

These observations suggest that motility of cells is one of the important virulence factors of X.
fastidiosa. As noted before, type IV pili are the structures involved in motility of X. fastidiosa
cells. Involvement of type IV pili and twitching motility in host colonization and virulence were
also described in other Gram-negative bacteria including human pathogens such as Pseudomonas
aeruginosa (Burrows, 2012), Neisseria meningitidis (Morand et al., 2009), N. gonorrhoeae
(Wolfgang et al., 1998); and plant pathogens such as Ralstonia solanacearum (Liu et al., 2001),
Acidovorax citrulli (Bahar et al., 2009), Xanthomonas citri (Dunger et al., 2014), and

Pseudomonas syringae (Taguchi and Ichinose, 2011). Besides twitching motility, type IV pili
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were also reported to contribute other functions like biofilm formation, electron transfer

(Mattick, 2002; Craig et al., 2004), and natural DNA transformation (Seitz and Blokesch, 2013).

Structurally type IV pili are flexible, filamentous appendages composed of polymers of a single
pilin protein-subunit that is encoded by pilA gene. However, extremely complex machineries are
involved in the biogenesis and function of type IV pili. For example, in P. aeruginosa, where
twitching motility and type 1V pili have been characterized in detail, approximately 40 genes are
required for the function of type IV pili including genes for pilin subunit, pilin assembly and
retraction, and regulatory genes (Mattick, 2002). Genomes of X. fastidiosa (Simpson et al., 2000;
Van Sluys et al., 2003) contain numerous genes that share signature motifs and properties of well
described pili genes. Role of some of these genes such as pilB, pilO, pilQ, pilR, pilY1 in type IV
pili biogenesis and twitching motility was demonstrated in previous studies (Meng et al., 2005;
De La Fuente et al., 2007; Li et al., 2007; Cursino et al., 2011; Cruz et al., 2014). Moreover,
environmental signals such as calcium (Cruz et al., 2014), pectin (Killiny and Almeida, 2009),
and chitin (Killiny et al., 2010) were shown to regulate one-to-few twitching motility genes.
Other studies demonstrated the involvement of chemotaxis related genes (Pil-Chp) in regulating
twitching motility and expression of type IV pili genes (Cursino et al., 2011; Hao et al., 2017). In
addition, at least six open reading frames (ORFs) that encode characteristic pilin subunits were
predicted in the genome of CVC strain 9A5C and one of the ORFs was predicted to be regulated
by RpoN, the alternative sigma factor 54, ¢ (da Silva Neto et al., 2008). At least four homologs
of the pilA ORFs are also present in the grapevine strain Temeculal (Van Sluys et al., 2003).
Protein products of two of these homologs, referred to as PilA1 (PD1924) and PilA2 (PD 1926)

in previous studies (Wang et al., 2012; Parker et al., 2016), share complete set of functional
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features of the type IV pilin subunit (Mattick, 2002). Expression analysis based on whole
transcriptomics showed that both of these pilA paralogs are expressed in Temeculal, although
the expression of pilA2 was greater than that of pilAl (Parker et al., 2016). Other studies (de
Souza et al., 2003; 2005; Caserta et al., 2010; Cruz et al., 2014) have considered pilAl paralog in
their expression analysis to determine the influence of various environmental parameters on
twitching motility. However, the exact role of these pilA paralogs remains poorly understood,
and whether both or one of them has a major functional role in type IV pili biogenesis and
twitching motility is not known, a clear understanding of which can help future gene expression
studies to target the functional pilin paralog providing a better estimate of the regulation of type

IV pili biogenesis and twitching motility in X. fastidiosa.

Therefore, the objective of this study was to characterize the function of the two pilin paralogs,
pilAl (PD1924) and pilA2 (PD1926), in two X. fastidiosa subspecies fastidiosa strains WM1-1
and TemeculaL. Presence of the pilA paralogs in the genomes of these strains was first
confirmed, followed by screening of their promoter sequences to identify binding sites of
regulatory elements. Separate deletion mutants of each paralogs were generated in both strains
and double deletion mutant of both paralogs was generated in WM1-1. Moreover, a
complemented mutant of pilA2 deletion was generated in strain TemeculaL. Twitching motility
of all deletion mutants and the complemented mutant was assessed. Noteworthy is that this study
used a new gene deletion and complementation method that utilized overlap-extension PCR to
generate a marker-tagged homologous template and natural genetic transformation of X.
fastidiosa. Results show that this method can be used to rapidly and efficiently generate gene

deletion mutants and complemented mutants of the deleted genes in X. fastidiosa. Furthermore,
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the pilA paralog (previously referred to as pilA2 in the Temeculal strain) predicted to be
regulated by ¢>* (RpoN) based on the analysis of its promoter sequence was shown to be the
major pilin subunit gene as deletion of this paralog caused loss of twitching motility that was re-

stored by genetic complementation.

Materials and Methods

Bacterial strains, media, and culture conditions

X. fastidiosa subsp. fastidiosa strains WM1-1 and TemeculaL isolated from infected vineyards in
Georgia and California, respectively were used in this study. Strains were cultured on PW (Davis
et al., 1980) agar plates, modified by replacing phenol red with 1.8 g litre of Bovine Serum
Albumin (BSA, Gibco Life Sciences Technology). Each strain was initially cultured from -80°C
glycerol stock for one week at 28°C and re-streaked onto new PW plates for another week before
use. PD3 medium (Davis et al., 1981) was used for culturing and suspending cells in liquid.
Antibiotics kanamycin and chloramphenicol were used at a concentration of 30 and 10 pg ml™,

respectively.

DNA extraction and overlap-extension PCR for construction knockout template

For DNA extraction, cells cultured on PW agar plates were suspended in 400ul of sterile MilliQ
water. DNA was extracted using Quick-DNA™ Fungal/Bacterial Miniprep Kit (Zymo Research)
using manufacturers protocol. Bead beating for DNA extraction was performed for 5min using

Mini-BeadBeater-96™ (BioSpec Products).
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Knockout templates targeting four genomic regions according to Temeculal reference sequence
were constructed. The four regions were upstream non-coding region of pilQ (PD1691),
downstream region of pilM (PD1695) that disrupted the mrcA gene encoding penicillin-binding
protein 1A, pilAl coding region (PD1924), and pilA2 coding region (PD1926). These templates
were named as 1691 construct, 1695 construct, 1924 construct, and 1926 construct, respectively.
Constructs 1691 and 1924 contained kanamycin resistant cassette, while the other two constructs
1695 and 1926 contained chloramphenicol resistant cassette. For creating each knockout
construct, approximately 0.7-1.2kb upstream and downstream flanking regions of the targeted
genomic region were PCR amplified using primer pairs UP_F/UP_R and Dn_F/Dn_R,
respectively (Table 5-1). Antibiotic cassettes were amplified using Antb_F and Antb_R. DNA of
strain WM1-1was used as template for upstream and downstream fragments, while plasmids
pUC4K, and pAX1.Cm were used as template for kanamycin and chloramphenicol cassettes,
respectively. Primers Up R and Dn_F were 5’-extended with at least 21bp homologous regions
of the antibiotic cassette to facilitate overlap-extension of these fragments. The three separately
amplified fragments (upstream, antibiotic, and downstream) were purified from agarose gel and
mixed in equal proportions in an overlap-extension PCR reaction using the end-primers (UP_F
and Dn_R). The fusion product was purified from gel and stored at -20°C before use or used as
template for amplification with the internal primer pair int_F/int_R. All the primers (Table 5-1)
were designed with Primer3 Primer Design Tool in Geneious software (Biomatters). PCR was
performed with standard protocol using iProof™ High-Fidelity PCR Kit (Bio-Rad) in S 1000™
thermal cycler (Bio-Rad). PCR products were gel-purified using either Gel Extract Mini Kit (5

PRIME) or Freeze "N Squeeze™ DNA Gel Extraction Spin Columns (Bio-Rad).
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Natural transformation of X. fastidiosa strains with PCR template and confirmation of
mutants

Transformation of X. fastidiosa cell was performed with the gel-purified or internal primer-
amplified PCR template using natural transformation protocol as previously described (Kandel et
al., 2016; Kandel et al., 2017). Briefly, recipient X. fastidiosa strain WM1-1 and TemeculaL
cultures from PW plates were suspended in PD3 liquid medium and optical density (ODsoo) was
adjusted to 0.25 (~108 cells/ml). Ten pl of this suspension was spotted onto PD3 agar plates and
10ul PCR template was added on top of the spots. Spots were allowed to dry for about an hour
and the plates were incubated at 28°C for three days. After three days, each spot was suspended
in 0.5ml of PD3 and 100 pl aliquots were spread-plated onto PW plates containing respective
antibiotics. After two weeks of incubation at 28°C, mutant CFUs were enumerated and re-
streaked onto new antibiotic PW plates. Control spots of the strain cells without the addition of
PCR template were also included for each experiment. Double mutants were generated by using
pilAl mutants as recipients with the gel purified PCR template of pilA2 deletion (1926

construct).

Confirmation of gene deletion was carried out by PCR and sequencing. PCR was performed with
three sets of primer pairs, namely the out pairs (out_F/out_R) that target the genomic region
outside the recombination region of the construct, antibiotic primers (antb_F/antb_R), and
respective gene primers (pilAl_F/pilA1_R and PD1926 F/ PD1926 F). For each PCR, wild-
type strains were included as controls. Sanger sequencing of the mutant at the deleted genomic
region was performed using primers targeting the out-region, internal-region, and antibiotic-

region. Information about all the primers is presented in Table 5-1.
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Growth curve and biofilm formation

Growth curve and biofilm formation of the mutants were assessed together with the wild-types in
96-well plates for five days as previously described (Kandel et al., 2017). Experiments were
repeated three times with three plates per time except for one experiment in which single plate

was used.

Twitching motility

Twitching motility assessment of wild-type and mutant strains was performed in PD3 plates and
PD3 plates supplemented with 50% Chardonnay sap as previously described (Kandel et al.,
2017). Twitching motility was observed for at least ten transformant colonies for each mutant.
Selected colonies were re-streaked and repeated observation of these colonies for twitching

motility was performed.

Complementation of pilA2 mutants

Complementation of pilA2 mutants was performed with the PCR-amplified and gel-purified
complementation template prepared from the fusion PCR of three fragments (upstream pilA2
complementation template, pilA2 template containing the pilA2 ORF flanked by its promoter and
terminator region, and downstream pilA2 complementation template). The upstream pilA2
complementation construct was amplified from NS1::Km WM1-1 (Kandel et al., 2017) using the
primer pairs pilA2C_up_F and pilA2C_up_R (Table 5-1). These primers amplify the upstream
flanking region of NS1 and the kanamycin cassette in a single fragment. The 950 bp pilA2
fragment contained 237bp upstream promoter region, pilA2 coding region, and 216bp

downstream region. This fragment was amplified using primer pairs pilA2_F and pilA2_R using
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the wild-type WM1-1 DNA as template. The downstream complementation product was also
amplified from wild-type WM1-1 DNA using primers pilA2C_dn_F and pilA2C_dn_R and is
same as the downstream region of NS1 site. Primers pilA2C_up_R, pilA2F, pilA2R, and
pilA2C Dn F at their 5 end had a 27bp extension that was homologous to the adjoining
fragment. The individual fragments were amplified, gel-purified, and fused with extension PCR
as described above. The PCR fragments were then used in a natural transformation assay with

the pilA2 mutants of WM1-1 and TemeculaL.

RNA preparation and quantitative PCR

X. fastidiosa TemeculaL cells cultured in PW plates were suspended in PD3 and adjusted to
ODsoo of 0.25 as previously mentioned. Three 15 ml plastic tubes containing thee ml of one of
the mediums (PD3, PD3 supplemented with three g/liter of BSA or 100% Chardonnay sap) were
supplemented with 120 pl of the ODeoo adjusted TemeculaL cell suspension. Tubes were
incubated at 28°C with shaking at 150 rpm for three days. Cells were then precipitated by
centrifugation of the tubes at 5000 rpm for 5 min at 4°C. The supernatant medium was discarded
and the pellet formed at the bottom of the tube was suspended in 200 pl of DNA/RNA shield
(Zymo Research) and RNA was extracted using Quick-RNA™ MiniPrep (Plus) kit (Zymo
Research) using in-column DNase treatment following the manufacturers protocol. RNA
concentration was measured by Nanodrop (NanoDrop 2000 spectrophotometer, Thermo
Scientific). Complementary DNA (cDNA) was prepared using qgScript cDNA SuperMix
(Quantabio) with 170ng of normalized RNA in 20ul volume. Quantitative PCR was performed
using 1 pl of cDNA in 20 pl volume containing 4 pl of 5x PerfeCTa MultiPlex g°PCR ToughMix

(Quantabio), 0.4 uM forward and reverse primers and 0.2 uM TagMan probe (labeled with 5” 6-
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carboxyfluorescein [FAM] and 3’ Black Hole 588 Quencher-1 [BHQ-1]). Reactions were
performed using CFX96™ Real-Time System (Bio-Rad) with following cycling parameters:

95°C for 1 min, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 min. Fold change

in expression of pilAl, and pilA2 was calculated by 2"22°T method (Schmittgen and Livak, 2008)

using expression of nuoA gene as the endogenous control. Primers and probes used for gene
expression are also included in Table 5-1. Experiments were performed once with three

replicates per media type.

Table 5-1: PCR and gRT-PCR primers and probes used in this study

Primer name Sequence (5°-3°) Description Amplicon Reference

size (bp)

1924 up F GCGGCACCACGTATATC  Amplify upstream 981 This study
AATAAAA region of pilAl

(PD1924)

1924 up R GCAACACCTTCTTCACGA
GGCAGACAGAGAATTCA
TGTGTGGGGGTTTA?

1924 dn_F GAGATTTTGAGACACAA  Amplify 1190 This study
CGTGGCTTATGAATACAC downstream region
ACAGCAACACGATC of pilAl (PD1924)

1924 dn R TTGGAGAAGAGGCGTGT
TAAAAAC

1924 int_F ATATACAGGGTGCTTGCT Amplify internal 2952 This study
GATTGA region of pilAl

construct

1924 int R GGATGGGTTTAGGGATG
CTGATAA

1924 out_F AAACCACCACCGATAAC Confirm pilAl 3509 This study
AACAATC mutants (primers ~ 2884°

target outside the

1924 out R AATAGCGTTGGTAAGAA  pilAl construct)
ATCCAGC

1926 up_F CATTTCACTTTGACTTCA  Amplify upstream 1032 This study
CCCGAA region of pilA2

(PD1926)
1926 _up R TGCCCCGTATTCAGTGTC

156



GCTGATTAATAGCGTTGG

TAAGAAATCCAGC
1926 _dn_F GCCTGGTGCTACGCCTGA Amplify 700 This study
ATAAGTGAAACACGATT  downstream region
CATGGGTAAATGCTC of pilA2 (PD1926)
1926 dn_R TGAGCGTCAATTTTAGAG
GATGGA
1926_int_F TCAGCAATACTCATACTG Amplify internal 2773 This study
GCACTT region of pilA2
construct
1926 int_ R AACGTGTGCTTGAATCTT
CGAATT
1926 out_F ACAAGAGTGAGCCGTTA  Confirm pilAl 3004 This study
CAACTAT mutants (primers ~ 2352°
target outside the
1926 out R CTTTTCCAATGAGCAGTT pilAl construct)
ATCGGG
Kan_F GTCTGCCTCGTGAAG Amplify 1204 This study
kanamycin
Kan R AAGCCACGTTGTGT cassette
Cm_F AATCAGCGACACTGAATA Amplify 1119 This study
CGG chloramphenicol
cassette
Cm_R TCACTTATTCAGGCGTAG
CAC
pilA2C up F CGCGCCCGTTATTAATCG Amplify upstream 1957 This study
AA fragment of pilA2
complementation
pilA2C_up_R2° ATATTGAAGGGTGCAAT  construct (contains
ACAAAGCATCTAGTCTC  upstream of NS1
AACCATCATCGATGAA region and
kanamycin
cassette)
pilA2C_dn_F2° GTTTCAAGAGAGAGAGC Amplify 799 This study
GTTCAACACGATGCTGTT downstream
AACCATTGTCATC fragment of pilA2
pilA2C dn_R TAACCTTGTCAGCGTAGA complementation
TG construct (this is
same as NS1
downstream
fragment)
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pilA2_F ACAATTCATCGATGATG  Amplify pilA2 950 This study
GTTGAGACTAGATGCTTT coding region,
GTATTGCACCCTTCAAT 237bp upstream,
and 216bp
downstream to
include promoter
bilA2_R GCCATTGATGACAATGG ?Qgi;irsm'”ator
TTAACAGCATCGTTTCAA
GAGAGAGAGCGTTCAAC
pilA_F AAACACCGGACTTGCCA  Primer and probe 140 Cruz et al;
ACATCAC to amplify 2014
pilA_R TGTTGCATGTCCACTGAC fragment of pilAl
CTCCAT
pilA_Pd AAACCATCGCTTGGAAT
CGTAGCGTCGA
PD1926 F CACTCCTAACGCTATTGG Primer and probe 117 Parker et
ACTAC to amplify al; 2016
PD1926 R TTGACCTGACCATTACCA fragment of pilA2
ATCA
PD1926_P¢ TGGTGGACATCACAACT
ACTGGCG
nuoA_F AGACGCACGGATGAAGT Reference gene for Cruz et al;
TCGATGT qRT-PCR 2016
nuoA_R ATTCCAGCGCTCCCTTCT
TCCATA
nuoA_Pd¢ TTCATCGTGCCTTGGACT
CAGGTGTT
1691 up F AGGCAACCTGACAGCGA Amplify upstream 541 This study
TAC region of 1691
1691 up_R2° GCAACACCTTCTTCACGA construct
GGCAGACCGTTGATGTTC
GAGAAGTGCG
1691 Dn_F2° GAGATTTTGAGACACAA Amplify 504 This study
CGTGGCTTTGCATCAACC downstream region
CCAAAGCTGA of 1691 construct
1691 DnR AAGCGATCCAATGAAGG
GCT
1691 int_F ACGGCCCTTCTCTAAGAT Amplify internal 2152 This study
TGC region of 1691 087"
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1691_int_R TGTGTGGTGCTTGCATAT  construct

TCTG

1695 up_F CGATGGCCTGTTGATAGC Amplify upstream 1027 This study
GATA region of 1695

1695 up_R CCGTATTCAGTGTCGCTG construct
ATTGTCACCACGTTTGAG
GAGTTTG

1695 Dn_F GTGCTACGCCTGAATAA  Amplify 1018 This study
GTGAAACGGGGTGAATG  downstream region
GACATTAG of 1695 construct

1695 Dn_R CAGATGGGGAGTGCTGC
TTTA

1695 _int_F AAAGACGAAATCCTGGA  Amplify internal 2640 This study
GCTGTAT region of 1695 1546°

1695 _int R TTGATACCAATTGGAAG  construct
ACAACGC

8Underlined region indicates 5’ extended region of the primer to facilitate overlap-extension.
bAmplicon size in the wild type strain without the insertion of antibiotic gene.

“These primers were re-designed as the previously designed primers for this region did not work.
4These were probes used for qRT-PCR and were labeled with FAM at the 5° end and BHQ1 at
the 3’end.

Results

PCR template transformed X. fastidiosa cells generating targeted gene deletion mutants
Transformants were generated from all the PCR templates used for strains WM1-1 and
TemeculaL (Table 5-2). Ten colonies per strain per construct were re-streaked on to new
antibiotic plates. After confirming that the antibiotic gene is inserted in the desired genomic
region, one colony per strain for each construct were selected for further analysis. The pilA
mutants were selected for further analysis, while the other two mutants of upstream pilQ region
and mrcA gene were not characterized and are not discussed further in this study. For pilA

mutants, PCR confirmed that the construct replaced targeted pilA paralog from the desired
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location of the genome (Fig. 5-1). Double mutants were also confirmed using the same method
(data not shown). Sequencing results showed that the antibiotic cassette is inserted in the targeted
genomic location without altering the flanking region sequence. The antibiotic resistant
phenotype of the mutants was maintained even after re-streaking the mutant colonies for up to
five generations onto new antibiotic PW plates and after culturing the mutant cells in non-

antibiotic PW plates suggesting that the mutants generated by this method are stable.

Table 5-2: PCR transformants and twitching phenotype of mutants generated with various PCR
templates

PCR Template Recipient #transformants/0.1ml  Mutant
strain/mutant (meanzse) phenotype

pilAl (1924) WM1-1 53.4+15.9 Twitch plus
TemeculalL 35.6£20.7 Twitch plus

pilA2 (1926) WM1-1 27.6x4.5 Twitch minus
TemeculaL 6.2+3.4 Twitch minus
pilA1l WM1-1 19+5 Twitch minus

pilA2 complementation pilA2 WM1-1 0

template pilA2 TemeculaL  8.5+3.5 Twitch plus
Upstream pilQ (1691)? WM1-1 51+24.8 Twitch plus
mrcA (1695)? WM1-1 57429.2 Twitch minus

®These regions were only used to confirm that PCR template can be used for transformation.
These mutants are not further discussed in this study.
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Fig. 5-1 Confirmation of pilAl and pilA2 deletion from Xylella fastidiosa strains WM1-1 and
TemeculaL. PCR confirmation was performed using three different PCR for each mutant. Out-
PCR target genomic region outside the construct recombination site, kanamycin and
chloramphenicol PCRs target the antibiotic region inserted in the mutants, and pilA PCRs target
the respective pilA paralogs. Lanes 1 and 11; 1kb ladder, lanes 2 and 3; pilAl out PCR of pilAl
mutants and lane 4 wild-type for pilAl out PCR, lanes 5 and 6; kanamycin PCR of pilA1l mutants
and lane 7 wild-type for kanamycin PCR , lanes 8 and 9; pilA1 PCR of pilAl mutants and lane 10
wild-type for pilA1l PCR, lanes 12 and 13; pilA2 out PCR of pilA2 mutants and lane 14 wild-type
for pilA2 out-PCR, lanes 15 and 16; chloramphenicol PCR of pilA2 mutants and lane 17 wild-
type for chloramphenicol PCR, ladder 18 and 19; pilA2 PCR of pilA2 mutants and ladder 20
wild-type for pilA2 PCR. Longer PCR fragment from out-PCR in the mutants than in the wild-
types suggest insertion of antibiotic cassettes, which is confirmed by the presence of band with
antibiotic PCR in mutants but not in wild-types. Amplification with the target-gene specific PCR
shows that the mutants lack the target genes and therefore no amplification, but the wild-type

have intact gene therefore there is amplification (refer table 5-1 for amplicon sizes).
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Growth curve and biofilm formation of pilA mutants

Growth curves of the mutants were generated by culturing the cells in 96-well plates and
measuring the optical density every day for five days. Growth curves (Fig. 5-2) show that growth
pattern is similar for the mutants and wild-type. Biofilm formation significantly increased in both
pilA mutants and the double mutant compared to the wild-type in WM1-1, while only pilA2

mutant formed significantly higher biofilm than the wild-type in TemeculaL backgrounds (Fig.

5-3).
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Fig. 5-2. Growth curves of pilAl, pilA2, and double mutants of strain WM1-1 assessed by
measuring optical density (ODeoonm) every day for five days. Experiments were repeated three
times with three plates per experiment for two experiments and on plate for one experiment. At

least six wells per plate were used for each strain.
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Fig. 5-3 Biofilm formation of Xylella fastidiosa wild-type strains and mutants as measured by
0.1% crystal violet staining. Staining of biofilm was performed at the end of the growth curve
experiment. Data were analyzed in SAS 9.3 with PROC GLIMMIX. Error bars indicate standard
error of mean. Different letters within each group indicate significant differences at 5%

significance level. NA mutant not available for measurement.
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Twitching motility of wild-type, mutant, and complemented strains

Formation of colony fringe was observed to assess twitching motility as shown in Fig. 5-4. Both

wild-type and pilAl mutants of WM1-1 and TemeculaL displayed twitching motility, whereas

the pilA2 mutants were twitching-deficient for both strains. The double mutant of WM1-1 was

also twitching deficient (Fig. 5-4). Similar pattern of twitching was observed in media

supplemented with 50% chardonnay sap (data not shown).

pilA2 double WM1-1

J l - . ¥ 54 3
pilA2 Temeculal
complemented

Fig. 5-4. Twitching motility of wild-type, pilA mutants, and complemented pilA2 mutant
colonies. Twitching motility was observed for at least ten independent transformants with
equivalent results obtained in all cases. For selected transformants for each background,

observation was made at different time points. Scale bar on lower right panel indicates 100pm.

Complementation of pilA2 re-stored twitching motility

pilA2 mutants that were deficient in twitching motility were complemented using the wild-type

copy of pilA2 ORF and its native promoter and terminator at the neutral site 1 of X. fastidiosa

TemeculaL genome. pilA2 mutants of WM1-1 could not be transformed with the pilA2
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complementation template. TemeculaL mutants could be successfully complemented with the
fusion product of upstream, pilA2, and downstream PCR template. Seventeen transformants
(Table 5-2) were generated in total, and five were re-streaked on new PW plates supplemented
with both antibiotics (kanamycin and chloramphenicol). Two of these colonies were confirmed
with PCR and sequencing for the insertion of pilA2 fragment in the neutral site. Twitching
motility of five transformant colonies selected for re-streaking showed that complementation re-

stored twitching motility lost by pilA2 deletion (Fig. 5-4).

Sequence analysis of pilA paralogs and their promoter

Based on gene expression analysis using a microarray experiment, a pilin paralog (XF2542) was
predicted to be the major pilin of X. fastidiosa subsp. pauca strain 9A5C in a previous study (da
Silva Neto et al., 2008). BLAST search using the 9A5C sequence of this paralog as query against
Temeculal genome showed PD1926 as the closest homologue with 98% coverage and 87%
amino acid sequence identity, while the other paralog PD1924 had 97% coverage and 65%
identity. On pairwise alignment, the two paralogs (PD1924 and PD1926) of Temeculal were
68% identical by nucleotide sequence and 62% identical by amino acid sequence. However, both
contained all the characteristic features of a pilin subunit including the leader peptide, cleavage
site, N-terminal hydrophobic region, pilin domain, cytoplasmic, transmembrane, and extra-
cellular domains etc. (data not shown). On comparing regulatory regions in the promoter based
on the regions predicted by the previous study (da Silva Neto et al., 2008), putative binding sites
of the alternative sigma factor o> were identified in the promoter of PD1926 in both Temeculal
and WM1-1 (Fig. 5-5). Therefore, results of deletion and complementation experiment and the

promoter sequence analysis confirm that the pilA paralog encoded by PD1926 is the functional
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pilin in X. fastidiosa subsp. fastidiosa strains WM1-1 and TemeculaL and the expression of this

pili is predicted to be under > regulation.
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M12

9A5C

WM1-1 AG C
Temeculal AG C
M12 T — T
9A5C GAG-— T

WM1-1

Temecula1

M12 G
9A5C T A

WM1-1
Temecula1
M12
9A5C

WM1-1
Temecula1
M12

9A5C

HHQO

Fig. 5-5. Determination of characteristic features of a 6> binding sites in the promoter of PilA2
(PD1926) of Xylella fastidiosa subspecies fastidiosa strains WM1-1 and Temeculal. Subsp.
multiplex strain M12 and subsp. pauca strain 9A5C are included for comparison. Translation
start site (ATG), and integration host factor binding sites are underlined. Asterisk (*) indicates
the conserved transcription start site that is 66bp upstream of the translation start site predicted
previously for strain 9A5C. Boxed regions indicate conserved elements of -12 (CTGC) and -24
(TGGCAC) regions of a typical c>* factor. Arrows indicate conserved inverted repeats, the

possible enhancer binding sites of the 6> promoter.
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Expression of pilA2 was higher than pilAl and supplementation of BSA in PD3 reduced
pilA2 expression

Expression of the two pilA paralogs was compared among three different media using gRT-PCR
using the housekeeping gene nuoA as endogenous reference gene. As shown in Fig. 5-6A,
expression of pilAl was not changed by growth in PD3 supplemented with BSA or grapevine
sap. However, expression of pilA2 was significantly reduced (P=0.006) by addition of BSA in
PD3. Expression of pilA2 was significantly higher than that of pilAl in all media tested (Fig. 5-

6B).
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Fig. 5-6. Expression analysis of the two pilA paralogs of TemeculaL strain. (A) Results are
expressed as fold change of pilA genes expression in cells cultured in PD3 medium
supplemented with 3% of BSA (BSA) and 100% sap from grapevine variety Chardonnay (sap)
relative to PD3. (B) Fold change in expression of pilA2 relative to that of pilAl for same cultures
under three different media. Gene expressions was normalized by using nuoA as endogenous
control. Asterik indicates significant difference in fold change as compared by one-sample T-test
(fold change # 1; P < 0.01). Error bars indicate standard errors of mean in fold change from three

independent replicates of one experiment.

168



Discussion

Twitching motility has been described as the mechanism by which X. fastidiosa cells move in the
xylem vessels of infected plants, even upstream from the point of inoculation where the flow of
transpiration stream cannot transport the cells. Studies (Meng et al., 2005; De La Fuente et al.,
2007) showed that X. fastidiosa cells at one cell pole possesses a long type 1V pili that mediates
twitching motility. Involvement of twitching motility in basipetal movement of cells in
grapevines was demonstrated as the mutants lacking type IV pili were deficient in twitching
motility and showed reduced up-stream migration in grapevines than the wild-types and

twitching-enhanced mutants (Meng et al., 2005).

In the present study, role of one of the paralogs of type IV pilin in twitching motility was
demonstrated. Despite X. fastidiosa genomes possessing several genes encoding pilin subunit (da
Silva Neto et al., 2008), and at least two of the paralogs possessing similar structural features in
the genomes of strains used in this study, the finding that only one of the pilA paralog (PilA2,
PD1926) contributes to twitching motility was unexpected. Of all the mutants generated, pilA2
mutants and double mutant lost twitching motility that was re-stored when a copy of pilA2 gene
was re-inserted at a different location in the genome. However, the pilA1 mutants showed similar
twitching motility to that of the wild-types, although biofilm formation was increased in these
mutants in WM1-1 suggesting a different role of PilAl. Expression analysis in previous (Parker
et al., 2016) and this current study showed that pilA2 is expressed at a significantly higher level
than pilAl. Moreover, the closest homologue of pilA2 was demonstrated to be regulated
differently by a ¢>* factor in a subsp. pauca strain (da Silva Neto et al., 2008). Deletion of the

rpoN gene encoding ¢ showed a pronounced inhibitory effect in the expression of this homolog
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but not in the other pilA paralogs. Regulatory elements of ¢°* in the pilA2 promoter region of
strains used in this study were confirmed by sequence comparison with the promoter of the
subsp. pauca strain. Overall, loss of twitching in pilA2 mutants, greater expression of pilA2 than
pilAl, and regulation of pilA2 by a different sigma factor suggest a different route of the

regulation of twitching motility in X. fastidiosa.

Previous studies in P. aeruginosa have demonstrated that mutants defective in ¢>* protein
production were non-motile and unable to produce type IV pili (Ishimoto and Lory, 1989) and
flagella (Totten et al., 1990). Furthermore, expression of type IV pilin was demonstrated to be
regulated by ¢°* and PilR/PilS two-component regulatory system in a variety of other bacterial
species (Parker et al., 2006; Kehl-Fie et al., 2009; Ray et al., 2015; Bretl et al., 2016). In X.
fastidiosa, a mutant of pilR gene, the response regulator of the PilR/PilS system, was deficient in
twitching (Li et al., 2007). Therefore, the findings from previous studies that one of the pilA
paralog is deferentially expressed in a RpoN mutant (da Silva Neto et al., 2008), that the mutant
of predicted ¢>* activator is deficient in twitching (Li et al., 2007); and the results of the present
study that the pilin paralog under ¢>* regulation is twitching deficient, conclusively confirm that

type 1V pilin production in X. fastidiosa is regulated by ¢>*.

In addition to its involvement in the regulation of genes involved in motility, the primary role of
c>* was described to be in nitrogen assimilation under nitrogen limited conditions (Zhao et al.,
2009; Francke et al., 2011; Zhang and Buck, 2015). Whether nitrogen limitation co-regulates
genes of nitrogen assimilation and motility responses through ¢, or these two responses are

regulated separately using different signal transduction mechanisms is not known. Interesting is
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the fact that in previous studies (Galvani et al., 2007; Kandel et al., 2016) supplementation of a
nitrogen rich compound bovine serum albumin (BSA) in the culture medium of X. fastidiosa
significantly reduced twitching motility, and in the present study BSA was shown to decrease the
expression of the major pilin pilA2. Although it is not known if X. fastidiosa cells use BSA as
nitrogen source, it could act as an environmental signal that regulate the activation of the ¢,

which then activates genes related to nitrogen assimilation and motility.

Sigma factors are well-known to regulate expression of bacterial genes and operons by binding
to the core RNA polymerase enzyme and directing it to recognize specific sequence motifs in the
bacterial promoters to initiate transcription. With the first characterization of the house-keeping
sigma factor ¢’ in Escherichia coli (Burgess et al., 1969), at least seven other sigma factors
regulating various functions have been identified and are broadly classified into two groups,
referred to as 6’0 family and ¢>* family (Paget, 2015). The ¢>* factors are unique in the sense that
they differ in sequence from the c’® class, recognize promoters with conserved GG and GC
motifs located at -24 and -12 bases up-stream of the transcription start site (unlike -35 and -10
elements of ¢'° class), and require ATP dependent activators known as enhancer binding proteins
(EBPs) for their activation (Zhang and Buck, 2015). In X. fastidiosa, several ¢>* binding
promoters have been identified (da Silva Neto et al., 2010) and two of them (promoter of one of
the pilA paralog and glutamine synthase gene) were experimentally verified (da Silva Neto et al.,
2008; 2010). Moreover, nitrogen limitation induced these genes in ¢>* dependent regulation
system. In this study, expression of pilA2 in grapevine sap was comparable to PD3, a medium
that favors twitching motility (Kandel et al., 2016). This supports the previous finding that

twitching motility of X. fastidiosa occurs in the plant xylem vessels (Meng et al., 2005), where
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sap is the growth medium and nutrient source for X. fastidiosa cells. It is not known if twitching
motility of X. fastidiosa occurs in the foregut of insect vectors, although cells are more likely to
be involved in attachment and biofilm formation than in twitching motility in the insect foregut.
The insect foregut system is composed mainly of chitin and embedded proteins and X. fastidiosa
cells were able to degrade chitin and use it as a carbon source (Killiny et al., 2010; Labroussaa et
al., 2017). With xylem sap being a nitrogen limited environment and insect foregut being a
nitrogen rich environment due to imbedded proteins, X. fastidiosa cells may use ¢>* gene
regulation system to regulate nitrogen assimilation and twitching motility genes in these two
distinct growth environments. However, further experiments will be required to substantiate

these propositions.

Even if X. fastidiosa was the first plant pathogen to have its genome sequenced (Simpson et al.,
2000), there is still limited understanding regarding the complete set of its virulence factors. This
is because almost 40% of the proteins encoded by the genome do not have a known function and
are designated as hypothetical proteins (Van Sluys et al., 2003). Also, X. fastidiosa has been a
difficult pathogen for genetic manipulation as reported in previous studies (Monteiro et al., 2001;
da Silva Neto et al., 2002). Although transposon mutagenesis (Meng et al., 2005; Roper et al.,
2007) and homologous recombination protocols (Newman et al., 2004; Matsumoto et al., 2009;
Cruz et al., 2014; Navarrete and De La Fuente, 2015) have been used, these protocols are time-
consuming and inconsistent in efficiency. This is further complicated by the fastidious and slow-

growing nature of the bacterium (Wells et al., 1987).
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In this study, we developed a rapid and simplified method of genetic manipulation using overlap-
extension PCR and natural transformation as X. fastidiosa was shown to be very efficient in
natural genetic transformation (Kung and Almeida, 2011; Kandel et al., 2017). Using this
method with a careful planning, gene knockouts can be generated within a month from the start
of the bacterial culture from -80°C, and it does not require any plasmid vectors and steps such as
restriction digestion, ligation, E. coli transformation, and plasmid preparation. Only few PCR
steps are needed to generate an allelic exchange template that homologously recombines with the
recipient bacterium, inserting a marker in exchange of the target gene. We believe that this easy,
cheap, rapid, and efficient technique will augment genetic and functional studies aimed at
understanding the virulence mechanisms of X. fastidiosa in more detail. This method was used to
insert antibiotic marker genes at five different genomic locations. This included the pilA mutants
and double mutants as well as the complemented mutant of pilA2. The location of genetic
complementation was used as suggested and successfully utilized by a previous study
(Matsumoto et al., 2009). Transformation of X. fastidiosa strains with linear DNA has been
reported in a previous study (Kung and Almeida, 2011) and similar method of genetic
transformation has been used in other bacterial systems that are capable of natural transformation
(Aranda et al., 2010; Gomaa et al., 2017). In our experience three critical steps in the success of
this method are, i) overlapping regions must be at least 21bp between the two fragments as
regions shorter than this did not result in successful fusion of the PCR products, ii) growth stage
of the cells used also caused some variation therefore, we suggest to use seven day old cultures
from a second re-streak, although this may differ depending on the strain used for the study, and
iii) medium used for natural transformation should be PD3 or PD2 (PW and XFM can be used

without BSA supplementation). Moreover, in our experience, the concentration of PCR template
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used could also influence the efficiency of transformation as gel purified PCR template (low
DNA concentration) resulted in relatively lower number of transformant colonies than internal-

primer amplified PCR template (high DNA concentration).

In our previous studies, we showed that twitching deficient strains or mutants lost the ability of
natural transformation (Kandel et al., 2016; Kandel et al., 2017). In this study, however, we
could naturally transform the twitching deficient pilA2 mutant of TemeculaL. In a previous study
(Kung and Almeida, 2014), twitching deficient mutants of pilO and pilQ were not transformable,
whereas another twitching deficient mutant of pilB was transformable. Similarly, in our studies
the twitch-minus and non-transformable strains contained mutations in pilQ and pilM genes. This
may indicate that, although higher twitching motility increases the rate of natural transformation
(Kandel et al., 2017), partial, rather than the complete, set of type IV pili structures may be

involved in natural transformation of X. fastidiosa.

In summary, a rapid and efficient natural genetic transformation protocol was developed to
generate gene deletion and complemented mutants in two strains of X. fastidiosa subsp.
fastidiosa. This method revealed that the pilA2 paralog of the ORF PD1926 encodes the
functional pilin subunit of type IV pili that is involved in twitching motility of X. fastidiosa.
Future studies could target this paralog to better understand the factors influencing twitching

motility and virulence of X. fastidiosa.
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