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Abstract

Xylella fastidiosais a Gramnegative, vectotransmitted, planpathogenic bacterium
causing incurable diseases to economically important crops such agmgagierus, almond,
and coffee. Recent epidemiological studies showXhé&stidiosas expandig its planthost
range and is spreading to new geographical locations. Moreover, strains isolatdteBemew
infectionsweregenetically different and shadpresence of homologous recombinat{biiR) in
some case$iR between subspecies Xf fastidios has been described as a major evolutionary
force in creating gerie diversity and causing plaiiost shift. AsX. fastidiosals naturally
competentthis could be an explanation for intersubspecific recombination and disease
emergence. However, limitedformationexistsregardingnatural competence &. fastidiosan
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 cha detected in the genomesXoffastidiosaTherefore,
experiments were performed by-calturing combinations of recipient strains and donor DNA
(plasmids, marker tagged livand heakilled cells) under various growttonditions; by
selecting the recombinants based on the acquisition of marker, and testing theirgesimoty
vitro andin plantg and by sequencing and compawhole genomes of the parent and
recombinant strains. Results demonst#tat natural compenhce readily occurgnderin vitro
conditions that mimic theaturalhabitats othe bacterium. Moreover, widespread natural
competence ability was detected among strains isolated from diverse host plants, and

intersubspecific recombination was validategderimentally. The rate of recombination was



significantly correlated with growth mtand twitching motilityWhole genome sequence
analysis oin vitro generatedecombinantsnd virulent straingsolatedfrom infected fields
demonstrated the presenceandérsubspecific recombination in up to 10kb genomic region
Results of this studsgtre useful fopolicy makers in formulating strict quarantine measures to
limit the introduction of newX. fastidiosagenotypes and prevent both inteand intersubspeci
recombination between the introduced and native strains, which will minimize the risk of new
disease emergence and reduce economic losses due to the incurable diseasesXaused by

fastidiosa
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Chapter 1
Overview of Xylella fastidiosataxonomy, diversity, distribution, disease emergence,
homologousrecombination, and natural competence
1. Xylella fastidiosa
Xylella fastidiosas a Grarmnegative, fastidious, plammathogenic/endophytic bacterium causing
serious diseases in crops of economic importance such asigepérus, almond, peach, plum,
pecan, and coffe¢éHopkins and Purcell, 2002The bacterial cells are rod shaped vatlength
of 0.93.5um anda radius of 0.28).35um Wells et al., 198) The bacteriuns slowgrowing,
strictly-aerobic, mesophilic (optimum growth occurs atZB3C), and neutrophilic (pH of 6.5
6.9) (Wells etal., 1987. Cells are aflagellar, but possess two types of pili, short type | pili (0.4 to
1.0 um) and long type IV pili (1.0 to 5.8 pmoth positioned at one of the cell poldseng et
al., 2005. Type | pili are involved in adhesion of cells to surfaces and-aggoegation, while
type IV pili are involved in twitching motilitf{Meng et al., 2005De La Fuente et al., 20D7a
characteristic type of bacterial motility that involves dragging of cells on surfaces facilitated by

extension, tethering, and retractioithe type IV pili.

1.1. Disease mechanism, major diseases, and symptoais. fastidiosa

The disease mechanism, although not fully understood, involves attachnxeriastidiosacells

and formation of biofilrike aggregates in the xylem vesselgich ae conduits of water and
mineral nutrients in th@lant (Chatterjee et al., 2008Biofilm, together with gum and tylose
formation in response t¥. fastidiosainfection (Sun et al., 201)3 obstructs the flovof xylem

sap through the vessels. This obstruction induces disease symptoms typical of water deficiency

and mineral imbalanc@&hatterjee et al., 200®e La Fuente et al., 20LDisease development



is associated with systemic colonization of the xylem vegdlds/man et al., 2003 Systemic
colonization is facilitated by twitching motilittMeng et al., 2006 and ability of the bacterium

to degradepit membranes ithe xylem vessel§Roper et al., 20Q7PerezDonoso et al., 2000
Recent studies have demonstratezlitivolvement of mineral nutrients of xylem sap, calcium in
particular, in the disease process of surface attachment, biofilm formation, and twitching motility

(Cruzet al., 2012De La Fuente et al., 20]18ruz et al., 2014Parker et al., 2026

The major diseases caused Kyfastidiosear e Pi erceds Disease (PD)
chlorosis (CVC); bacterial leaf scorch (BLS) in almond, blueberry, oleander, oak; phony peach
disease; plum leaf scald; and olive quick decline syndr(lEkPO, 2015 PD was the first
disease described fof. fastidios and was reported in California around 18®4erce, 189p

PD ha now spread to several staiasthe southeastern U.S. including Florida, Georgia and
Texas(Parker et al., 20)2X. fastidiosahas received significant research importance after CVC
emerged in Brazil in 1987 and PD-emerged in California in 1990¢Hopkins and Purcell,
2002. CVC was reportedo affect approximately 40% of citrus trees in Brazil and cause an
annual loss of around $120 milligBove and Ayres, 2007 During the years from 1992000,

PD destroyed more than 1,000 acres of grapevines in northern California causing damages of
over $30 million(Brown et &, 2002. The host range ofX. fastidiosahas been constantly
expandingand now include859 plant species in 75 botanical famil{&~SA, 2018 andalso

has a widespreadgeographical distributiofAlmeida and Nunney, 20)5

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

PD and BLS involve marginal leaf scorch that progresses towhedsiid vein with a clear



yellow to puplish 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 berri@sopkins and Purcell, 200Dliver et al.,

2014 Oliver et al., 201k Synptoms 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 vectorsof X. fastidiosa

X. fastidiosais exclusively vectotransmitted by two groups of xylem sap feeding insects:
sharpshooter leafhoppers (Cicadellidae) and spittlebugs (superfamily Cercopoidea, with five
species of Aphrophoridae and two species of Clastopteriglejeida and Purcell, 2003
Almeida et al., 2008 Vector colonization occurs in a persistent and-cioculative mannewith
bacterial cells forming biofilms at the cibarium and precibarium region of the foi@hgatterjee

et al.,, 2008 No transovarial or transstadial transmission has been demonstrated-callcell
communicationsignal (diffusible signaling factor; DSF) has been shown to be involved in
biofilm formation in the vectors and transmission to the plant Hbe®/man et al., @)4). Two
important aspects of vector transmissionXinfastidiosaare that there is no latent period for
transmission and no specificity is involved between the vector species. dastidiosaisolates
(Almeida and Nunney, 20)5The vectors are distribed 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 sharpshdstapljocephala atropunctatand the

glassywinged sharpshootéHomalodisca vitripennjs(Almeida and Nunney, 2015



1.3. Taxonomy and genetic diversityof X. fastidiosa

Xylella fastidiosais a gammaproteobacterium in the family Xanthomonadac@akells et al.,
1987. Isolates were grouped within a single speciesXoffastidiosa but recently another
speciesX. taiwanensiswas described for the Taiwanese strains causing pearctaahg§Su et

al., 2014. Initially, three subspecies were described within the speci¥s fastidiosaby DNA-

DNA hybridization: subspfastidiosa subspmultiplex, and subsppauca(Schaad et al., 2004

This subspecific designation was later confirmed by Multi Locus Sequence Typing (MLST) of
seven housekeeping geneshativo more subspecies described from isolates not included in the
previous studies: subsgandyj and subspmorus(Scally et al., 2005Yuan et al., 201.0Nunney

et al., 2014h Subspecies demonstrate a certain level of host speciffdityeida et al., 2008
Oliver et al., 20140liver et al., 201} but this is rapidly changing due to extensive homologous
recombination present M. fastidiosalAlmeida et al., 2008Nunney et al., 2012Nunney et al.,
2014a Nunney et al., 2014kColettaFilho et al., 2015 A recent study based on core genome
andysis of 21 X. fastidiosastrains proposed only three clearly defined subspefastdiosa,
multiplexandpauca,with morusandsandyistrains grouped within subsfastidiosa(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 genorsdahaben
the two strains, which explains that there is very limited genetic diversiy fastidiosa(Van
Sluys et al., 2003 Despite this limited geniet variation, X. fastidiosaisolates differ in
phenotypic characters associated with virulence such as plant host range, symptom type, and

disease severityOliver et al., 2014 Oliver et al., 201 With the use of MLST/MLSA and



MLSA of environmentallymediated genes, genetic diversity has been detected among isolates
between and within subspeciéslimeida et al., 2008Yuan et al., 2010Parker et al., 2012
Nunney et al., 2014dNunney et al., 2019bMore insights are likely to be generatgigen the

ease with which whole genome sequences can be generated

1.4. Geographial distribution of X. fastidiosa

X. fastidiosawas initially believed to be a virus restricted to North Ame(idawitt, 195§.
However, it was later described to be a fastidious bacterium inhabiting the xylem vessels by
subsequent studiesX. fastidiosais now present in the Americas, Taiwan, and I{8gponari et

al., 2013 Retchless et al., 20L4and some yet to be confirmed cases in (Famanifar et al.,

2014 and Turkey(Guldur et al., 2006 More recently reports of. fastidiosadetection from

France and Spain are availatrona et al., 2037

MLST analysis ofX. fastidiosastrains suggested evolution of different subspecies in geographic
isolation with subspfastidiosastrains originated from Costa Rica in Central Ame(ianney et

al., 2010, subspmultiplexstrains native to temperate and subtropical North Am¢Ncaney et

al., 2012 Nunney et al., 2014aand subsppaucastrains native to South Ameri¢dlunney et

al., 2012. Current reports show that subsastidiosais present in the U.S., Central America,
and Taiwan; subspmultiplexin the U.S. and Brazil; and subgpaucain South and Central

America and Italy{Almeida and Nunney, 20}5



1.5.Homologous recombination and disease emergenceXnfastidiosa

Homologous recombination (HR) involves exchange of DNA fragments between two similar
DNA molecules and is a hallmark of ctie@ genetic diversity in almost every life forf@orer

et al., 201). 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 experiencegpiite of

the replication fork or DNA damages due to exposure to mutagens such as UV or reactive
oxygen specieg¢Dorer et al., 201 1Lenhart et al.,, 20)2 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 bactemsphespectively,

to transfer DNA from one bacterial cell to the other, while natural transformation involves
uptake of naked extreellular DNA fragnents by the recipient cell andcorporation into the
genome of the bacter{&eitz and Blokesch, 2013n X. fastidiosagenetic studies mainly based

on MLST hae shown that genetic diversitgsults from horizontal gene transfer and genetic
recombination. In fact, a MLST study showed that HR had a gredésthan point mutation in
creating allelic variation in this bacteriug8cally et al., 2006 A very widespread HR has been
detected by studies utilizing. fastidiosastrains collected from diverse geographic locations and
plant hostgScally et al., 2005AImeida et al., 2008 Nunney et al., 2010Yuan et al., 2010
Nunney et al., 2012Nunney et al., 2014aNunney et al., 2014bColettaFilho et al., 201§
Moreover, some of these studiesedlicted HR between subspecies causing host shiX. in
fastidiosa(Nunney et al., 2014d&unney et al., 2013). Interestingly X. fastidiosawas recently
described to be naturally competditung and Almeida, 20)1 providing a justification for

frequent HR events datted inX. fastidiosastrains.



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 ipooation into the bacterial genome by HR
(Lorenz and Wackernagel, 1994atural competence was initiaproposed as a mechanism of
nutrient acquisition as cells developed competence under starvation cond8eits and
Blokesch, 2018 Although, the exact role of natural competence is unclear,ntpcated in

repair of damaged DNADorer et al., 2010and generation of genetic diversity that leads to
adaptatior(Baltrus et al., 2008and increased viruleng¢é&riffith, 1928 CoupatGoutaland et al.,

2011).

Natural competence was discovered in 1928 by Fred&idkth (1928 and best described in

1999 by David DubnafDubnau, 1999 Griffith worked with two strains ofStreptococcus
pneumonaga typelll -S (smooth) and type-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 anthsuocthe

host 6s | mmune r e s-kiledhssneoth stiaips with livei raugh sthams Griffith
showed that the rough strains converted into
principled moved f r o multinghirecondessenrtof rough strdine to lethal e c e
strains. Subsequent studies demonstrated that the transforming principle was DNA and that DNA
serves as the genetic material in the ogltsenz and Wackernagel, 1994&ince the discovery

of natural competence, more than 80 bacterial species have been described to be naturally
competent with many aspects cdmpetence development identified among diverse bacterial

systems. For instance, although competence is constitutive at all growth pha$eisseiia



meningitides(Catlin, 1960, N. gonorrhoeag(Biswas et al., 1977 and Helicobader pylori
(Israel et al.,, 2000 S. pneumoniaés competent at mitbg phage(Havarstein et al., 1995
whereasHaemophilus influenzaat stationary growth phag®lacfadyen et al., 2001 Another
naturally competent bacter, Acinetobactesp., does not differentiate self or foreign DNA and
is always competent, but the transformatfoequency varies with the growth phase and is
favored by a nutritional boogPalmen et al., 1994H. influenzaeprefers species specific (self)
DNA and the selection for seldNA is mediatedoy DNA uptake sequences (DUS), short and
conserved sequence motifs highly represented in the genome and recognized by hypothetical
proteins on the cell surfadg®&mith et al., 1990 Neisseriaspp. also use DUS or DUES (DNA
uptake enhancing sequences) to facilitate uptake of DNA from closely related $pé#dies et

al., 199). In H. pylori, restriction modification systems have been found to limit the uptake o
distantly related DNAHumbert and Salama, 2008&lthough, it was believed that. pylori can

take up any DNA independent of its source.

1.7.Mechanisms ofnatural competence

Gramnegative and Graspositive bacteria differ to some extent when it comes to the
mechanisms of natural DNA transformation mainly lheseaof the fact that Gramegative
bacteria possess an outer cell wall, which does not occur for-@uaitive bacteria. This would
mean that the initial interaction between the DNA and the cell components is different in these
two groups of bacteria. Remeh has shown that DNA translocation through the inner membrane
is similar and carried out by orthologous prote{@aibnau, 1999 The general scheme of

natural competence that applies to botbugs of bacteria can be presented as follows: 1.

Bindingof extrac el | ul ar DNA by <cell surface proteins,



DNAwi th an exonucl ease, 3. Entry of the-56
stranded DNA (SDNA) with SSB proteins such as DprA and RecA, and 5. Scanning for
homology by RecA and homologous recombination with the recipient chromod&ahkkali,

2013.

In Gramypositive bacteria, such &acillus subtilis,binding of DNA occurs to specific sites on
the cell surface. No preference has been folandhe nucleotide sequen¢®ubnau, 1999
Competence development in Grauositive bacteria is regulated by quorum sensing signals
involving competence stimulating proteins (C$R#varstein et al., 1995CSPs were shown to
activate a twecomponent regulatory system formed by a histiimase sensor ComD, and the
response regulator ComE. Phosphorylation of ComE by ComDE actlgb&san alternative

sigma factor that activates the expression of competence @tdemstein et al., 1995

In Gramnegatve bacteria, proteins involved in the biogenesis of type IV pili, type Il secretion
system, and twitching motility (PSTC proteins; pili, secretion, twitching, and competence) are
involved in binding of extracellular DNA and its translocation to the peagmhic spacéHobbs

and Mattick, 1993 In theperiplasm, other competenoglated proteins stabilize the DNA and

st

r

direct it toward the inner membrane transl oca

entry of the 56strand into the cytoplasm oc

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 DN®eitz and Blokesch, 201L3The process of natural



competence that applies to majority of Grapygative cells is shown belowm figure 1-1.
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Fig. 1-1. Process of natural competence in Graggative bacteriéSeitz 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 conditiofistee hypothesdsave been presented to &ip

natural competencerirst, DNA serves as a nutrient source under starvation conditions, and
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induction ofthe competence state leads to uptake of DNA to serve as food for the bacterial cells.
Second, incoming DNA serves as a repair template for danidg@dcaused by DNA damaging
agentsthereby 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 hypothesils specific examples from representative bacterial

species.

1.8.1.Natural competence under starvation

As stated earlier, starvation signals induce natural competertdeiniluenzae Cells develop
competence at the stationary growth phase and when trausfesm 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 competercin H. influenzag(Wise et al.,1973. The cAMP receptor protein (CRP)
(Chandler, 1992 and adenylate cyclase (Cyaf)orocicz et al., 1993were also required
suggesting a signal transduction dependent indudiioaddition a CAMP dependent gersay;
homologue oftfoX in other competent bacteria, was required for natural etenpe ofH.
influenzagRedfield, 1991 The expression afxywas upregulated by addition of cCAMRZulty

and Bacak, 199%. Sxy was shown to influence the competence regulon consisting of 25 genes
in 13 different transcriptional units identified using microarray expression profRedfield et

al., 2005. Each of these transcriptional units contains a competence regulatory element (CRE), a
22-bp element associated with the promdtearudapuram and Barcak, 1997his element is
renamed as CRPBimplying that it is a binding site f@RP, and is dependent on the Sxy protein

(Cameron and Redfield, 2008ased on these findings, and although anitefiink between the

11



cAMP/CRP, CRPs, and Sxy in regulating natural competencédininfluenzaehas yet to be
established, it is proposed that formation of a cCAMP/CRP complex under starvation condition

activates the expression ®{y, which then causesdnuction of natural competence state.

1.8.2.Natural competence for DNA damage repair

Unlike the type IV pililike structures for DNA uptake in other Gramagative bacterid{l. pylori

uses type IV secretion system (T4SS), also referred tora8system(Karnholz et al., 2006

H. pyloriis constitutively competerftsrael et al., 2000 although the recombination frequencies
differ according to growth stagéBaltrus and Guillemin, 20Q6suggesting the involvement of
some competence regulatory mechanisms. One signal that induces competéngylari is

DNA damagegDorer et al., 2010Dorer et al., 20101 DNA damage caused by ciprofloxacin, an
antibiotic belonging to thesecondgeneration of fluoroquinolone, induced RecA dependent
induction of genes such as genes for T4SS and a lyse#enerotein (causes Kkilling 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 gen@3orer et al., 2010 This upregulation of gene involved in DNA

uptake and lysozyme dependent fratricide was also observed in thep@siive bacteriaS.
pneumoniag in response to DNA damag@rudhomme et la 200§. Moreover, natural
competence in another Gramgative pathogeri,egionella pneumophillais also induced by

DNA damage caused by UV and antibiotig@Sharpentier et al., 2011 Interestingly, these
distantly related species that induce natural competence upon DNA damage lack an efficient

SOS system for DNA damage repéBeitz and Blokesch,(3). This suggests that DNA

12



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 provideveadap
advantages to the recipient cells. However, therea igpaucity of experimental studies
demonstrating this phenomenon. The pioneer study of Gr{ff@28 demonstrated the transfer

of virulence froma 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 inAcinetobacter baylyreported a

fithess benefit of DNA uptake independent of recombination and UV stress, while recombination

reduced survival (Hulter et al., 201}

Vibrio choleraeis an opportunistic, Gramegative human pathogen that has extensive genetic
diversity. Although no direct association of natural competence aagbtation 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 iV. cholerads induced when the bactargrow on chitin surfacegdeibom et al.,

20095, an environment the bacterium experiences in its natural aquatic growth habitat. The
regulatory mechanisms of natural competence have been extensively studied in thisnhacte
Regulatory proteins named as Tf@¢®crudato and Blokesch, 2012nd HapR(Scrudato and

Blokesch, 201B control genes involved in DNA uptake, transportation, stability, and

13



homologous remmbination of the incoming DNA with the chromosome. TfoX expression is
dependent on growth of bacteria on chitin surfaces, while HapR expression is baseetelh cell
communication signals. HapR has been described to be the main regulator of quorumirsensing

V. choleragScrudato and Blokesch, 2012

Although the link between growth on chitin surfaces and expressithoXoik not clear, a recent
study (Dalia et al., 201 identified a membrane bound transcriptional regulator, Tfasis
predided to be a membrane spanning protein containing a periplasmic domain and a cytoplasmic
helix-turn-helix DNA binding domain. The mutants tibS genes are not competent even when
induced by culturing the cells with chitifDalia et al., P14). It was further shown that the
periplasmic domain is important for competence as a deletion mutant of this domain was non
transformable. Furthermore, overexpressiontfoX rescued the effect of th#oS mutant
indicating that TfoS acts upstream ®foX and might have a regulatory effect dafoX
expression. Interestingly, it has been shown that initiation of translation ¢fothenRNA is
controlled by a Hfg based small RNA, TfoR. TfoR, by base pairing with the stem loop structure
of tfoX mMRNA, exp®es its ribosome binding site facilitating translation. This induction of

translation otfoX activates the downstream competence related g&aesamoto et al., 20)1

HapR, the quorum sensing regulator which is produced only at high cell density, has been shown
to repress the extracellular nuclegSeper et al., 2031 This repression is important for natural
competence as any surrounding DNA that can be transferred by natural competence is degraded
in the presence of nucleag@®okesch and Schoolnik, 20P8n addition, HapR also induces the
expression otomEA a gene encoding the periplasmic DNA binding pro{dieibom et al.,

2005 Blokesch and Schoolnik, 20p&nd a subset of other competence related genésasuc
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pilA and comEC (Scrudato and Blokesch, 2012Hence, celcell communication signals
promote competence M. cholera by suppressing the degradation of extracellular DNA and
stabilizing the incoming DNA in the periplasmic space and in the cytop{&mudato and

Blokesch, 202).

2.1. Natural competence in plant pathogenic bacteria

Natural compeaince has been described in twadant pathogenic bacteriaRalstonia
solanacearum(Bertolla et al., 1997 and X. fastidiosa (Kung and Almeida, 20)1 R.
solanacearumshowed 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 transforrtian frequency reaching up tox@07 per cell. The cmpetent cells
preferred DNA from closely related species and concentration of DNA in the transforming
medium affected transformation frequency. These results suggestRthablanacearum
competence might be induced by starvation signals, and the prefdoenselfDNA 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 thapieat cells(CoupatGoutaland et al., 20)1

One of the transformed strains was significantly more aggressive in causing diseasesdn tom
plants compared to the wilgpe recipient. These results suggest BRiasolanacearuroould use

natural competence to acquire newmge 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 inXylella fastidiosa

Natural competence iX. fastidica was recently describegKung and Almeida, 2011 Cells

were competent at the exponential growth phase and a minimal medium was more favorable than
a complex ad rich medium. DNA methylated witK. fastidiosamethyl transferase was more
efficiently recombined than nemethylated DNA suggesting a preference for-BIA (Kung

and Almeida, 20111 A recombination frequency of ~®@er recipient cell was described in the
liquid medium which was later shown to increase by two orders of magnitude under solid media
agar conditiongKung and Almeida, 2011Kung and Almeida, 2024 Cells required at least a
96bp flanking homology for natural competence to occur with maximum natural tmmpe
occurring with plasmids containing 1kb of flanking homology. Length ofimmmologous insert

was negatively correlated to the recombination frequency supporting a requiremenDidAelf

for successful natural competen@éung et al., 2018 Moreover, two strains were shown to
recombine when coultured (Kung and Almeida, 20)1 suggesting that natural competence

could be a mechanism of horizontal gene transf. iiastidiosa

Limited information exists, however, on the importance of natural competence in the epidemics
of X. fastidiosa More speffically, 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 irX. fastidiosa Moreover, natural competence could provide an explanation for
planthost shift and new disease emergence currently observedfastidiosa and proposed to

be the result of homologous recombination between different subspeci¥s faktidiosa
Clearly, additional studies are required to understand the role of natmgdetence inX.

fastidiosagenetic 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 adaptationsXffastidiosa

Specific objectives

1. Determine he 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 recombinatiaitro in X.
fastidiosa

3. Examinethe role of intersubspecific recombinationdnfastidiosavirulence and disease

emergence

Hypotheses

1. On coculturing different strains aX. fastidiosarecombination will occur in media flow
condition

2. Natural competence rates will be significantlyfeliént among. fastidiosastrains

3. Substantialnumbes of recombinants will form on coulturing strains of twoX.
fastidiosasubspecies

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

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

fastidiosa
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6. Linear homologous DNA fragments can be used to construct gene-&ntsckn X.

fastidiosa

Experiments were designed to test natamahpetence in a systegmicrofluidic chambersjhat

mimics the natural habitat of the bacteriuto test natural competence and compare the
recombination frequency among strains belonging to different subspecies and infecting different
plant hosts, to tesintersubspecific recombinatiom vitro between two most prevalent
subspecies in the U.S., and to test if natural competence is the mechanism involved in
intersubspecific recombinationAlso, experiments aimed to test if randomly selected
intersubspecificecombinants differ in the virulence phenotypes from their recipient parents, and
to use whole genome sequencing and analysks fastidiosastrains and recombinants produced

in vitro to detect the presence of intersubspecific recombination.

The resarch performed in this dissertation has been divided into the following four chapters.
Chapter2 e nt i batumldcomietence oX. fastidiosaoccurs at a high frequency inside

mi crofluidic chambers mi mi cé&addregssed thepestibraaft er i u |
whetherX. fastidiosadevelops natural competence in the natural habitat of insect foregut and

plant xylem vessels. This chapter was published in the American Society of Microbiology
journal mMmAppgRhvedomment al Mi aldrestes thé wadabildy. of Ch a p f
natural competence amorX fastidiosastrains and if intersubspecific recombination occurs

under experimental conditions. This chapter has been accepted for publication in the American
Phytopathological &c i et y | o uar RlaniMi & Mo b @ c U InChapterd préséntsn s 0 .

the results of genome sequencing and analysis tdstidiosastrains and recombinants. Results

demonstrate that up to ~10kb of genomic regions can be transferred from donor to the recipient
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strains, andregions intersubspecific homologous recombination derived fronfastidiosa
subsp.multiplex were detected frequently in the genomesXoffastidiosasubsp.fastidiosa
strains Chapter5 presents a possibility afverlapextension PCR andatural transfomation
approach in generating gekrockoutsand genetic complementation X. fastidiosawith a
focus given to the major pilin genes of type IV pili. Results show that this method can be
successfully used for genetic manipulationXinfastidiosa and oneof the pilin subunits thas
predictedo beu n d e r t h e-54poomdter is the fundtional pilin subunitXf fastidiosa
Further research using both genomic and experimental approach will unravel the role of natural

competence iX. fastidiosadisease emergence and host shift.
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Chapter 2
Natural competence ofXylella fastidiosaoccurs at a high frequency inside microfluidic
chambers mi micking t hbtatsbacteri umés na

Abstract
Xylella fastidiosais a xylemlimited bacterium that is the causal agent of emerdisgases in
severaleconomically important crg Genetic diversity studies have demonstratechdlogous
recombinationoccurring amongX. fastidiosastraing which has beemproposedo contribute to
host plant shifts. Moreover, experimental evidence confirmed Xhdastidiosais naturally
competenfor recombinatiorin vitro. Here, as an approximation of natural habitats (plant xylem
vessels and insentouthparts), 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 pairXoffastidiosastrains that were previously
reported to recombine in erulture. Highest frequency of recombination was obtained with PD3
medium, when compared to other two media (XFM, PW) used in previous sibiigsction of
media components lead to identification of bovine serum albumin asntadhitor 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 conditiorst {tdoes). Recombinatidrequencies
in MC and agar plate conditiongvere not significantly different fromeach other Grape&ine
xylem sap from both susceptible and tolerant varieties allowed high recombination frequency in

MC when mixed with PD3. These sdts suggest thaX. fastidiosacan become naturally
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competent in the natural growth environment of liquid flow, and this phenomenon could have

implications inX. fastidiosaenvironmental adaptation.

Introduction

Natural competences a phenomenothat allows bacteria to take up DN$egmentdrom the
environment andncorporateinto the genome via homologous recombinati®wrenz and
Wackernagel, 1994 Natural competenogas first demonstrated Btreptococcus pneumaein

1928 by Frederick Griffit{1928. He showedthat virulence geneseretransfered from donor

to recipient cellsconverting the notwirulent recipients into virulent pathoge(sriffith, 1928).

Since then, ~80 bacterial speciegdivergent phylehave been described as naturally corepe
(Johnston et al., 2014 Although the exact reasanfor occurrenceof natural competenci
bacteria still remain unknown studies showed that natural competence is induced under
conditions of starvatiorfHerriott et al., 1970Lorenz and Wackernagel, 199Rertolla et al.,
19973 and DNA damagdDorer et al., 201)) and has been hypothesized that the incoming
DNA serves as a food source and DNépair 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 iHelicobacter pylori(Baltrus et &, 20098. Interestingly, naturatcompetencédas

been demonstrated in some of thesthighly diverse and successful human pathogens such as
H. pylori (Hofreuter et al., 1998 Humbert et al., 200)1 Neisseria meningitids and N.
gonorrhoeae(Sparling, 1966 Hamilton and Dillard, 2006 and Porphyromonas gingivalis
(Tribble et al.,, 201 which require rapid adaptation to evade the immune response.

Furthermore, natural competence also was described in two plant pathétEssnia
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solanacearun(Bertolla et al., 1999and Xylella fastidiosa(Kung and Almeida, 20J1 both of

which have very broad plant host ranges.

Xylella fastidiosais a bacterialpathogenaffectingmany economically important creguch as
grapevines, citrus;offee,peach, and almon(Hopkins and Purcell, 2002The dis@aseprocess
is not completely understoodtbut it is proposed thaX. fastidiosaforms biofilm-like aggregates
and blocksxylem vessels, the conduits for water and nutrigarisportin the plantgChatterjee
et al.,2008. This blockage hinders xylem sap flow and starves the upper aerial parts of water
and mineralnutrients producing symptoms that resemble those of water and nutrient dgficit.
fastidiosais transmittedby a number of xylem safgeding insecténcluding sharpshooter leaf
hoppers and spittlebugs in whieh fastidiosaforms biofilms in the foreguHill and Purcell,
1995 Redak et al., 2004 Taxonomically X. fastidiosais divided intofive subspecies based on
multi-locus sequence typing (MLSTpcally et al., 205, Nunney et al., 2014b Even within
subspecies, host range and genotype diversgpéen describefAlmeida et al., 20Q8arker et
al., 2013, and recombination events among straingelzeen detected among field collected
samples(Nunes et al., 20Q3Almeida et al., 2008 In fact, flomologous recombinatiowas
shown to have a greater effectganeratinggeneticdiversityin X. fastidiosahan point mutton
(Scally et al., 2006 Recent outbreaks of. fastidiosadiseases in Eurog&aponari et al 2013
and Asia(Leu and Su, 1993u et al., 201Band also in new plant hosts such as oli&sponari
et al., 2013 blueberry(Chang et al.,, 2009 and pear(Leu and Su, 1993suggest great

adaptation potential of this pathogen.
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In a number of plant specieX. fastidiosais believed to live as a harmless endoptwithout
inducing disease symptonislewman et al., 20Q3hatterjee et al., 2008Coexistence 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 MHU&Bed studies detected inter
subspecific recombination among strainsXoffastidiosaand proposed recombination as the
mechanism of new allele acquisition leading to plant host shift and diseaseeerogertnter
subspecific recombination was described to generate strains that infect citrus an(Nuoffesy

et al., 2012 mulberry (Nunney et al., 2019b and blueberry and blackber{lunney et al.,
20143. A recent studyalso showed intesubspecific recombination between coffefecting
strains in plants intercepted in Frandacques et al., 20L5Natural competence coulte an

explanation for the frequent recombination events detect¥dfastidiosa

Natural competence K. fastidiosawas recentlydescribedn vitro (Kung and Ameida, 201},

andthe rate of homologous recombination was shown thidfieer when the cells were growing
exponentially insolid agar plates than in batch culture tubes, amgimal mediumwas more
conducive than rich mediu@Kung and Almeida, 20)4Using a plasmid as a donor DNA, a 96

bp of flanking homology was sufficient to initiate recombinatignng et al., 2018 Moreover,

some competeneelated and type IV pili genes were shown to be involved in the pri€esg

and Almeida, 201¢ Although some of those studies were performed using plasmids as donor
DNA, two strains were also shown to recombine ircatiure conditiongKung 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 objectie of this study was to test the hypothesis that natural competedcefastidiosa
occurs under flow conditions (an approximation of the natural habitat of this bacterium).
Associated with this objective was the aim to elucidate if previous observatiohgto
frequency ofX. fastidiosanatural competenci vitro (Kung and Almeida, 20%1Kung et al.,

2013 Kung and Almeida, 20)4vere dependent on batch culture conditions (both test tubes and
agar plates), which allow ceib-cell contact for longer time without replenishing of nutrients or
removal of secreted otecules. 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 availablX.féastidiosa Therefore, to
circumvent the limitation ofX. fastidiosarecombination tests in the natural hosts that are
affected by uneven bacterial distribution and low populat{dlesvman et al., 200Pas et al.,

2015, we performed recombination experimentsaimicrofluidic chamber (MC¥ystem that
mimics the natural environment of xylem vessels and insect foreguts. MC atisuous
media flow conditions and formation of biofilms, and hmeeenpreviouslyused to study the
behavior ofX. fastidiosaDe La Fuente et al., 200De La Fuente et al., 2008ruz et al., 2012
Navarrete and De La Fuente, 2D1Biofilm 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
publicaions on this topi¢Kung and Almeida, 201 Kung and Almeida, 20)4were used in this
current study to facilate comparison with literature and to further our understanding of natural
competence iX. fastidiosaThe results presented here shibwat growth underflow conditiors
supportnaturalcompetence iiX. fastidiosawith recombination frequeies equivalen to that on

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

occurs at high rates under flow conditions, representing natural habi¥atéasfidiosa

Materials and Methods

Bacterial strains, media,and culture conditions

X. fastidiosasubspeciedastidiosamutantsNS1-CmR [a mutanbof wild type strainTemeculd in
which a chloramphenicol resistant cassetias inserted ira non-coding region using the suicide
plasmid ;AX1-Cm (Matsumoto et al.2009], and pglA-KmR [a kanamycin resistant mutant of
the Fetzer strain in which tlgeneencoding polygalacturonasedisruptedRoper et al., 2007,
were ugdin this study.The mutants wereulturedin periwinkle wilt (PW) agar mediurtDavis
et al., 198) modified by omitting phenol red and adding 1.8 g fitdsovine serum albumin
(BSA, Gibco Life Science Technologyand supplemented with the respective antibiofRi33
(Davis et al., 198jland nodified XFM (Kung and Almeida, 20)Mwereused when state®ectin
was added to a finatoncentrationof 0.01% as previously describéKilliny and Almeida,
2009. Kanamycinwas used at 30 pg mhland chloramphenicol at 10 pg ™llnocula were
prepared by streaking cultures from t#8&'C freezer stockon PW agar pkes and incubating
the plates fob-7 days at 2&. Cultures were then+sireaked onto new plates and incubated for

another 57 days before use.

Media selection for naturalcompetence and growth irmicrofluidic chambers
To select a medium ttest occurraece of naturatompetencéen MC, threemedia(PW, modified
XFM, and PD3 were first tested in solid agar plates. XFM and PW, used in previous studies

(Kung and Almeaila, 2011 Kung and Almeida, 2004 were selected as positive and negative
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control media for recombination, respectively. Natural competence experiments were performed
according to Kung et afKung and Almeida, 2011Kung and Almeida, 20)4with some
modifications. Briefly,cells (ODsoo= 0.25)0f NSI-CmR andpglA-KmR mutants were prepared

in liquid media by scraping the cultures from PW antibiotics plates.uT'eh each strain wre
spottedon top of each otham the agaplates of PW, XFM, and PD3 without antibiot@asd the

spots were allowed tdry for ~1 haur. The plates were then incubated at@8&r ~3 days. Wo

spots from the same plate were then scraped offsaursgpended i1 ml of PD3to make one
replication, and 3 replicates were included for each media type per experiment. The
experiments were reptedindependenthtwice for XFM and at least three times for PRAd

PW. Single mutant strains (donor and recipient) were included as cofth@suspensions were

then serially diluted and 100l of appropriate dilutionsvere plated on PW agar platesn
triplicate supplemented with botlantibiotics (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 IRMSspvithout antibiotics

for enumeration of total viable cellRlates were incubated at @8for at least 14 days before
CFUs were enumerated. The recombination frequesicyhe antibiotic resistant siteas
calculated as the ratio of recombinant CKG&Us from both antibiotics plate§) total CFUs
(CFUs from appropriate no antibiotics plates) in equal volumes of suspefftemselecting the
media thasupported recombination in the agar plates, media (PD3 and XFM) were tested in the

MC for cell att@hment and biofilm formation.
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Media components influencing naturalcompetence and twitching motility

To test specific components thatay influence naturalcompetencean initial screen was
performed by removing or adding componettsPW and PD3mediain solid agar plates as
described abov&he components tested were sodium citrate dehydrate, succinic acid, and starch
(present only in PD3); and BSA andglutamine (present only in PW) and Pectin. The effect of
BSA was further tested by supplementing3Pahd PD3+Lglutamine with BSA, and removing
BSA from PW and XFM. Experiments were repeated three times independently with three
replicates each time except for PD3glutamine treatment that was performed once with three
replicates. Twitching motility oboth mutants was determined in media with and without BSA
according to previous studié&alvani et al., 2007Cruz et al., 2014with few modifications.
Briefly, for PD3 and PW with and without BSA edia platesolidified with agar or Gelrite (rpi
Research Products and International Corp, Mount Prospeatielle) divided into two halves and
10-12 spots ofeach mutantstrain were madasing a sterile toothpick and plates were incubated
at 28°C for4-5 days.For XFM with and without BSA, plates solidified with agar were used and
incubated for 14l2 days before measurements were recor@aiony peripheral fring was
observedunder 10x magnification using Nikon Eclipse Ti Inverted Microscope (NIKON,
Melville, NY), and fringe width was measuréat six coloniesper plateper strainwith at least
seven meagsaments per colonysing the Nikon DSQ1 Digital CamergNikon, Melville, NY)
connected t@ Nikon Eclipse Ti Inverted Microscope (NIKON, Melville, NYgnd controlled by
NIS Elements imaging software version 3IQvitching experiments were performed at least
three times independently for PD3 and PW with aittiout 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 (M®D3 without antibioticswas the medium used,

andthe initial inoculum oNS1-CmR andoglA-KmR mutants were prepared as described above.

I. Competence in tubes

Twenty-five ml glass test tubesontainingthree ml of PD3 werenoculatedwith 100 pl ofeach

of the OD-adustedstrain suspensiongs donor and recipient celfnal ODeoo= 0.01) Tubes
containing single strain inoculations were included as control treatmeunt®s were then
incubated withshaking(180 rpm at 2&C). After ~3 days the tubes were vortexedlwe@ mix the
biofilm formed on the ailiquid interfacewith the rest of the suspensia@nd serially diluted and
plated aglescribed abovélhree independent experiments were performed and three replications

were includedn each experimer{h=9 in tota).

Il. Competence in MC

MCs were prepared as previously descrified La Fuente et al., 20R7Briefly, two parallel
channels with separate inlets for baetlecells and growing mediaere etched on a silicon
wafer. The channelwerethen modeled into a polydimethyl siloxane (PDMS) and sandwiched
between the PDMS layer and a glass cover slide. The inlets and agtetthen connected to
tubings thatwereconnected to syringegsSupplementalig. 2-1). The syringesvereconnected to
pumps which control media flow rate in the MC. TME wasmounted onto a Nikon Eclipse Ti
Inverted Microscope (NIKON, Melville, NY) to observe cell attachment and biofilm formation

using phase contrasand Nomarski Differential Interference Contrast optics. Time lapse video
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was taken usinga Nikon DSQ1 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 ofgtrainpairs (ODesoo = 0.25)were mixed

and inoculatednto the cell inlet syringesand growing medigPD3) was injected to the media
syringes. MCs were run for-B days with a media flow rate of 0.26 min* until abundant
growth of biofilm wasobserved At the end of thexperimentthe fractionof cells collected in

the outlet syringe (MC_out) was harvested and the fraction formed inside the channels (MC _in)
wasdetached and pushed to the outlet ctibecsyringeby increasing the flow rate to 3 pl

min™. Serial dilution, plating, CFU countsind frequencyof recombinationcalculatiors were

done aglescribed abovd-ourindependent experiments were performagth seven replicates in

total (n=7).

[ll.  Competence in MC with grapevine sap

Grapevine (Vitis viniferd) sap was collected from &. fastidiosa susceptible variety
(Chardonay) in Dahlonega, GAand a tolerant varietyB{anc Du Boi$ in Tallahassee, Fat the

end of thedormant season (March/AprilA new season cane was pruned and sap was collected
in a50-ml conical tube, which was stored in ice until it was brought back to th&yédm sap

was serilized by filtering with 0.22um vacuum filter and stored a80'C until usel. Sap
experiments wer performed in the MC with both pure sap and 50% sap mixed in(¥i)3
Natural competencassays were same as with the MC experiment with PD3. Experiments were

repeatedt leasthree times for both sap types
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Natural competence wih heatkilled donor cells and confirmation of homologous
recombination

Confirmation of homologous recombination occurring via natural competeas performed by
using heakilled donor cells in the solid agar plates. Suspension of the donor cells (either NS1
CmR orpglA-KmR mutants) were incubated at’@¥or 15 min for heat killing. Complete killing

was confirmed by plating arliguot onto PW plates. The heatled donor and live recipients
were then spotted on PD3 plates as described above. For confirmation of homologous
recombinationat the desired genomiegion, andomly selectedecombinantCFUs were re
streaked ontcmew doubleantibiotic PW platesand colony PCR wagerformedusing the
primers targeting thélanking region of the construct used to generate the mudaoteding to

Kung et al(Kung and Almeida, 20)1 Sequences of the flanking regions of antibiotic cassettes
insertion sites between the parent strains (NCBI AstoasnumbersKU873007#KU8730149

were compared using the Muscle Pairwise Alignment algorithm within the Geneious 9.0.3

platform(Kearse et al., 2032

Statistical Analysis

The number of recombinants, total CFUs, and recombination frequency data were analyzed in
PROC GLIMMIX (SAS 9.3) which fits statistad models to data with nemormal distribution

and norconstant 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 treatent s wer e separated by Tukeyds HSD ( h

the significance level 0P O 0. 05 . For the repeated experi me
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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 irX. 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 stwthat PD3is more conducive for
reconbinaion than other media (Fig2-1, Supplementaltable 2-1) followed by XFM
Recombination frequency wds9+0.4 x 1@ (1.9 recombinarg per~10° cells) for PD32.4+1.3
x 107 for XFM, and8.3+7.1 x 10 for PW. Recombinants were readigcoveredn PD3 (L00-
3000 recombinant CFUs 100f). In XFM, the number varied from {02 recombinant CFUs
100uft). In PW only one recombinant was recoveredatfthe experimentsperformed and
hence, the recombination frequency8cd x 10° per recipient cellvas set ashe detection limit
of the methodThe total CFU counts were not statistically different amongdhteemedia(P =

0.22)
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Fig. 2-1. Recombination in various growth mediRecombination frequenciesumber of
recombinants, and total CFU couiridifferent culture media in solid agar platee shown

Cell suspensions of the two stra{iNS1-CmR and pglAKmR) weremixed together on agar

plates and recombination was assessed by the acquisition of antibiotic resistance markers. Data
represent means an@stard errors from different experimersperiments were repeated
independentlywice for XFM (n=7) and at least three times for PD3 and PW (i3ifferent
lettersabove the banepresent significant differenae the recombination frequen¢l < 0.05)

as analyzed with PROC GLIMMIX in SAf®llowed by least square mean comparisons by

Tukeybds HSD.
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BSA impairs natural competenceand twitching motility

Components that are only present in PD3 (sodium citrate dehydrate, succinic acid, and starch)
and PW (BBA, L-glutamine) were initially screened for influence in natural competence as PD3
produced significantly higher number of recombinants than PW. Among the comptasteds

only BSA had a clear effecasrecombinants could not be recovered from treatmenboth PW

and PWL-glutamine, both of which contain BSA, but could be recovered from both media when
BSA was removed (Supplemental TaBl&). Further test of the effect &SA was performed in

four media (PD3, PD3+lglutamine, PW, and XFM) with and thiout BSA by conducting
additional experiments. Results showed that BS@ynificantly reduced frequency of
recombination when added to PIDB < 0.001) (Fig. 2-2) and PD3+Lglutamine(P < 0.001)
(Supplemental tabl@-1), and increased frequency when removexn PW (P=0.0025 and

XFM (P < 0.0001) (Fig. 2, Supplemental tabl2-1). Recombinants were readily recovered in
PD3 @23+72 100utY), and PD3+kglutamine 252+30100uf), but were significantly reduced
when supplemented with BSA £0.8 and 4+1.0 10Qul*, respectively). Similarly, the number of
recombinants increased in PW from 08@+2.6100uf! and in XFM from2.0+0.8to 8.6+2.1
100urt on removing BSA (Supplemental tab®l). Pectin supplementation to PD3 had no

significant effect in the recomtmtion frequencyR=0.79) (Supplemental tabg1).

Twitching motility, as measured by colony fringe width, was higher in PD3 than in other media
(Fig. 2-3). BSA significantly reduced twitching motility whesupplementedo PD3 and
significantlyincreasedwitching motility when removed from both PW and XFM with the NS1
CmR mutant (Fig2-3). However, no fringe could be detected with plgbA-KmR mutant in any

of the media tested (Fig-3).
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represent means and standard errors frofardiiit experiments. BSA significantly reduced
recombination frequency in each of the media. Different letters represent significant difference
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detection limit.
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Fig. 2-3. Twitching motility in media with and without BSAA) Fringewidth was measured
afterspotting the bacteria in media plates aribating at 28°C for-% daysfor PD3 and PW
and 1012 days for XFM Data represents means and standard errors from difeexpariments.
Experiments were repeatettiependently three times for PD3 and RW29-55) and once for
XFM (n=4-9). Data were analyzedith PROCGLIMMIX in SAS Different letterdor each bar
groupindicate significant differenc@ < 0.05) BSA signifiantly reduced twitching iall three
media for NSICmR, while twitching motility was not detectable (ND) faglA-KmR mutant in
any media(B) Colonies of NSICmR (fringe can be seen) apgdlA-KmR mutant (no fringe) in

media with and without BSAScale barepresents 100 pm.
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Growth environment mimicking X. fastidiosanatural habitats supports natural competence

Surface attachmemind biofilm formatiorof the cellswas tested in the MC with PD3 and XFM,
PW was not tested as it was not conducive for @smnre.Mixture of NSECmR andpglA-
KmR mutant was inoculated into the channels at the beginning of the experiBaht.
attachment and biofilm formation were pronounced with PBl3le XFM allowed very poor
attachment of cells and formation of biofilmsgF2-4). Hence, PD3 was selected as the medium

to perform furthenatural competence experimemMcCs.

Within hours of inoculationabundantX. fastidiosacellswere seen attached in the chanméth
PD3 medium(Fig. 2-4). Channels wereilfed with biofilm growth after ~5 days of injecting the
cells. The frequency of recombination in the MC_in fraction that consist maintiie biofilm
formed under the flow conditions insitlee microfluidic channelswas equivalent to that in the
solid agarcondition (P=0.52) (Fig 2-5). Noteworthy is thatte frequency in the MC _in fraction
was significantly highethan in the tubesP(< 0.0001) as well as in the MC_out fraction
(consisting of cells collected downstream from the chann@®s)k 0.0001) (Fig 2-5).
Recombinants were only occasionally detected in the MC_out fraction and the frequenbg was

lowest in thiscondition
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Fig. 2-4. Microfluidic channels showing cell attachment and biofilm formation in media and sap
dilutions over time. Mixture of cellsfdNS1-CmR andoglA-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. Scalbar on top left corner represents 10pum.
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Natural competence was maintainethside the microfluidic chambers with amendments of

grapevine sap

Cell gowth in pure xylemsap was slower than in PR#idin 50% sap neverthelessbundant

cell aggregation was seen in the Bléfter 7 days.However, growth of onlpglA-KmR mutant

was observed in most of the experiments wpere 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). Dummg experiment, both mutants were
recovered and recombinantgere formed in the MC _in fractionwith pure sap(~16 + 2
recombinant CFUs in 100 pl of the culture from six separate plates, and a frequency ~3.6 x 10
(Fig. 26). Because of the inconsistent growth of NShR in pure sapb0% sap(diluted with

PD3J) was usd for further experimentsThe frequency of recombination was highia PD3 as
compared td0% Blanc Du BoisH = 0.001)and50% Chardonnay saf’ (< 0.0001) (Fig2-6).
Considering only grapevine sapeduency of recombination was higher in 50% BlancHois

than in 50% Chardonnay (= 0.0002) (Fig2-6). Noteworthy is thatvith the sap experiments,
recombinants could be recovered only from the MC_in fraction but not from the MC_out

fraction (Supplementahble2-1).
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Fig. 2-6. Recombination frequencypumber of recombinants, and total CFUs from the MC _in
fraction withgrapevinesap.Recombination frequeryonvas significantly higher i®0%sap from
tolerantBlanc Du Bois(n=2) thansusceptiblé&b0% Chardonnayap (n=3)and pure sap (n=13s
analyzed in 8S with PROC GLIMMIXand Tukey HSOOHP < 0.05) Data represent means and

standard eors for different experiment.

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

(with a recombination frequency of (3.6#4) x 10’, n=5) were recovered inoth experiments
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tested when NSCmR was used as the live recipient, confirminagt thatural competence is the
process facilitating the homologous recombination. No recombinants, however, were obtained
whenpglA-KmR mutant was used as the live recipient. Experiments were performed also with
pAX1.Cm plasmids as donor DNA and cells pflA-KmR as recipients to confirm the non
competency opglA-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 tasgetegion by double recombination events (Suppleméngtal

2-2). Comparison of the flanking regions of the antibiotic resistance insertion sites between the
parent strainspglA-KmR and NS1CmR) at the NS1 angglA sites had 99.9% (one mismatch)

and 100%dentity, respectively (Supplementidd). 2-3), ruling out the possibility that the non

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

Discussion

Several hypotheses have been propogedexplain the existence ofnatural competencen
bacteria.One explanation is thatagvation signalsnduce competenceand the incoming DNA
servesas a nutrient source in poor nutrient conditiaedemonstrated ifl. influenza(Herriott et

al., 1970, P. stutzeri(Lorenz and Wackernagel, 199-ndR. solanacearum(Bertolla et al.,
1997h. Based on the results withh minimal medium (XFM)and a rich undefined medium
(PW), a previous studyKung and Almeida, 20)1speculated that growth in low nutrient
medium favors naturalompetence iX. fastidiosa.However,theresultsof this studywith these

two media(XFM, PW) and PD3, another undefined rich mediudemonstrated thajrowth in

PD3 significantly increases recombination frequency. This suggests that starvation is not

nea@ssary to induce competenceXinfastidiosa
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Two other components that differ between PD3 and PW are BSA -aghatdmine which are

only present in PWFurther investigation of the differences between PD3 and PW were
performed by either removing or additigese components to/from one anotheitial screening

with the components showed a pronounced effectBSA in the number of recombinants
recovered. Additional experiments confirmed that BSA significantly redaittee recombination
frequency when presem PD3, PW, and XFM. Since both XFM and PW contain BSA, this may
explain the lower recombination frequencies in these médi.previous study, BSA had been
found to reduce surface attachment and twitching motility.dastidiosaGalvani et al., 2007

In fadt, natural competence and twitching motility are dependenhe activity of type 1V gi in

X. fastidiosa(De La Fuente et al., 200Kung and Almeida, 2024 Therefore, in this study the
correlation between twitching movement and natural competence in different mvadia
investigated. Interestingly, PD3 allowed the highest fringe width amdepce of BA
significantly reducd 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 Xkth BSA. Most of the
colonies spotted in XFM and XFBSA showed very little or no visible growth. This can be
expected as XFM is a nutrielinited minimal medium. Moreover, theglA-KmR mutantthat

did not show twitching movement was mmimpetent whenested with heakilled NS1-CmR

and plasmid DNA as the donor. These results of concomitant decrease in natural competence and
twitching motility in BSA supplemented media andncompetency of twitch minustrain
suggest that twitching motility is corrédaml with natural competence K fastidiosa Natural

competence in other gram negative bacteria is mediated by type IV pili like stry&aitzsand
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Blokesch, 201B Consideringhe effectof BSA on witching, it remains to be determined if BSA

only altersmovement or biogenesis of type IMipi

Our results with different growth settings shoed that the recombinatiorfrequency is
significantly highe in the MC _in fractiorthan in the MC_out fractiorhe 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 biaf. This environment is conducive for both biofilm
formation and twitching motility as demonstrated in previous sty@led.a 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 condifons et al., 201¢%
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 handstsonsi
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 weasel 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 stutsoashowed that growth in solid plates increase
recombination compared to the growth in the liquid culture tydesg and Alméda, 20143.
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 detachmentashthgvaway of
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portions of biofilms from the MC_in fractions, supporting the proposition that biofilm formation
induces competenc8iofilm formation andqyuorum sensing signals have been shown to induce
natural competence in other naturally competent hacteich asv. cholerae(Antonova and
Hammer, 201), Acinetobactessp. (Hendrickx et al., 2003 andStreptococcus mutargki et al.,

200]). Biofilms, in addition to having dense population of cells, contain elevated amounts of
extracellular DNA(Steichen et al., 20)1lwhich can be used for transformation by competent
cells. Extracellular DNA has been shown to enhance biofilm formatignfastidiosa(Cheng et

al., 2010. Moreover,Kung et al(Kung and Almeida, 20)4also showed tha knoclout mutant

on abiosyntheic genefor diffusible signaling factor (DSF) celtcell communication signal in

X. fastidiosa had reduced rate ofecombinationjmplying that celcell communication signal

also may benvolvedin regulatingnatural competence X. fastidiosa

MCs experiments with grapevine sap provide closer resemoblto 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 a).2013. The experiments with amendments of sap in the MCs detected
natural competence providing an indication that natural competence occurs yhetihevessels

of host plants and possibly in the insect vectors. Although results with pure sap exfseweren

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 varid@&stenance 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 compdtacteria such aB. stutzeri(Lorenz and
Wackernagel, 1991and V. cholerae (Meibom et al., 2005 in which artificial medium
resembling natural soil extract, and natural growth substrate (chitin) induced competence,
respedwely. In R. solanacearumanother xylem colonizing plant pathogen, natural competence
has been demonstratedplanta (Bertolla et al., 1999 and the recipient strains were shown to

have increased virulencacquiing DNA regions as longsa40 kb from donor strains.

Findings from competence expaents 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 possibleNoteworthy is the fact that in thexperiments reported here,
recombination wa higherwith sap from atolerant grapevine variety, where infection bX;.
fastidiosais symptomlessCo-infection by two genetically different isolates together in the same
plant has been documented bef(@men et al., 2005 and there are reports of artificial mixed
infection of a vectofCosta et al., 20Q6as well as a singleector being able to transmit all four
subspecies oK. fastidiosa(Almeida and Purcell, 2003Moreover, it was shown thatdktes

from two different subspecies can cause disease in a singléQlnsr et al.,, 201k Hence,
possibility exists in nature that two differext fastidosastrains 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 shoMurgonorrhoeadDillard 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
recombnation events will not be beneficial to the recipient cell, some may have adaptive

advantage and increased virulence, among other phenotypes under selective pressure.
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example, the relative recent emergenceitrtis variegated chlorosis and coffee lsabrch (in

1980s) in South Americes proposé to be due tanter-subspecific recombination between a
subsp.multiplex donor and an unidentified native recipidsased on MLST(Nunney et al.,

2012. In addition,strainsthatar e cl assi fi ed i n t hneo rntieawiifect pr op o
mulberry, have been suggested to be generated by recombination betvsebsp.fastidiosa

donor anda subsp.multiplexrecipient (Nunney et al., 2014bA similar mechanisnmay have

resulted in strainthatinfect blueberry and blackberunney 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 gehdine o
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 thé@mexmal 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 (~1€ - 10° recombinants/tial cells) could be as much as ~2.5 ¥ h@yher, considering

the size of th&. fastidiosagenome (~2.5Mb).

In summaryX. fastidiosas naturally competent with a high rate of recombination when cultured
under liquid flow conditions of MC, a system thatmics 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 habkatfadtidiosa

supports natural competence. Moregvieabitats 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 competexcéastidiosathat
needs to be furthertiwied to understand the evolution and adaptation of this important plant

pathogen.
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Supplemental materialfor chapter 2

MC_in MC out

Supplemental fig. 2-1. Microfluidic chamber system showing tubings connected to syringes
filled with growth medium anddxterial 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 tbe outl

collection syringes (MC_out).
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Supplementalfig. 2-2. Confirmation of homologous recombination between X®iR and
pglA-kmR mutant using colony PCR. The upper bands are PCR producisghitiregion

specific primers and the lower bands with NS1lregiomiipgrimers. Lane 1; 100 bp ladder,

lane 2 3; wild type (WT) and mutant parents as indicated in the figure, I&8rdécombinants

of NS1-CmR andpglA-KmR, lane 24 negative control. The wild type for pglA is 2326bp and the
mutant with kanamycin cassettesertion 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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Supplementalfig. 2-3. Sequence comparison
CmR andpglA-KmR) at antibiotics resistance insertion si@eNS1 site andb) pglAsite. The
flanking regions were 99.9% identical at the NS1 site and 100% identicalpglfste

between the parents. Square indicates mismatch at MSdesiveen the two compared

sequences.
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Supplementaltable 2-1: Number of recombinants, total CFUs, and recombination frequency
under different media and settings

Media Setting #Recombinant§ #Total® Frequency N
PD3 Plate 322.8+72.8 2.9+1.2 E+07 1.940.4EQ05 18
PD3+BSA Plate 3.8+0.8 5.2+0.3 E+07 7.3+t1.5E08 9
PD3+BSA+L-glutamine Plate 3.7£1.0 4.2+1.5 E+07 8.6+2.4E08 3
PD3+L-glutamine Plate 252.0+30.2 3.1+0.2 E+07 8.2+1.0E06 3
PD3+Pectin Plate 202.4+11.2 1.8+0.5 E+07 1.3+0.3EO05 3
PD3-SA° Plate 985.0 5.2 E+07 1.8 E05 1
PD3SCD Plate 575.5 5.2 E+07 1.1 EO05 1
PD3-SCD-SA Plate 141.0 7.9 E+07 1.8 E06 1
PD3-Starch Plate 394.3 7.7 E+07 5.1 E06 1
PW Plate 0.1+01 3.7+1.7 E+07 8.3+7.1 E09 12
PW-BSA Plate 8.7£2.6 7.4+3.4 E+07 2.3+0.8 EO7 8
PW-L-glutamine Plate 0 ND¢ 0 1
PW-BSA-L-glutamine Plate 74.5 5.9 E+08 13E07 1
XFM Plate 2.0£0.8 3.4+£1.2 E+07 2.4x1.3 EO07 19
XFM-BSA Plate 8.6£2.1 6.7t1.3 E+06 1.4+0.3 EO6 12
PD3 MC in 146.3+48.1 1.2+0.4 E+07 1.5+05E05 7
PD3 MC_out 0.8+0.4 1.0£0.9 E+07 2.4+1.6 EO7 7
Chardonnay sap MC_in 16.0 4.4 E+07 3.6 E07 1
Chardonnay sap MC out O ND 0 1
50% Chardonnay sap MC_in 5.9+2.9 2.1+0.8 E+07 2.3t1.0EO7 3
50% Chardonnay sap MC _out 0.0 2.3t2.0E+06 O 3
50% Blanc Du Bois MC_in 8.0+7.3 2.6x1.6 E+06 7.3t7.2E06 2
50% Blanc Du Bois MC_out O 3.0+0.3 E+05 O 2
PD3 Tube 46.7+8.4 2.2¢0.6 E+07 3.0+0.9E06 9

a/alues are expressed as CRDuf?

®For the treatments where n >1, standard error of mean is included after the average number.
“Abbreviations. 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 amonylella fastidiosastrains and homologous
recombination occursin vitro between subspeciefastidiosaand multiplex

Abstract

Xylella fastidiosaan etiological agent of emerging crop diseases around the world, is naturally
competent for the uptake of DNffom the environment that is incorporated into its genome by
homologous recombination. Homologous recombination between subspeXidastidiosavas

inferred by in silico studies and waypothesized to cause disease emergence. However, no
experimentaldata are available on the degree to whichfastidiosastrains are capable of
competence and whether recombination can be experimentally demonstrated between
subspecies. Here, using fastidiosastrains 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 straimisveas correlated to growth rate

and twitching motility. Moreover, intersubspecific recombination occurred readily between
strains of subsdastidiosaand multiplex as demonstrated by movement of antibiotic resistance
and green fluorescent protein fromndo to recipient cells, and confirmed by DNA sequencing

of the flanking arms of recombinant strains. Results demonstrate that natural competence is
widespread amon. fastidiosastrains and could have an impact in pathogen adaptation and

disease developme
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Introduction

Xylella fastidiosas a xylemlimited, plantpathogenic bacterium that causes destructive diseases
in a number of economically important crops
variegated chlorosis in citrus, and bactewalflscorch in coffee, plum, and almdtbpkins and
Purcell, 2002 In recent years, emergenceXoffastidiosadiseases hasbn reported in new host
plants andgeographic locationfChang et al., 20QSu et al., 2013Martelli et al., 201§ with

host range expanding to 359 plantsies in 75 botanical familieEuropean Food Safety
Authority, 2016. Taxonomically X. fastidiosastrains 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 withkinfastidiosa(Scally et al., 2005Nunney

et al., 2014h subsp fastidiosa sandyj morus multiplex andpauca The disease mechanism,
although not fully understood, involves formation of biofilm in the xylersse¢s of host plants,

and obstruction of xylem sap transport leading to alteration of water and mineral nutrients in the
aerial plant partgChatterjee et al.2008 De La Fuente et al., 20L3X. fastidiosastrains are
vectortransmitted by xylem safeeding insects such as sharpshooters and spittléBeagsk et

al., 2004. There is no known specificity involved in recognition of insect vectors Xand
fastidiosasubspecies, as a single insect vector was able to transmit multiple sub&pecsda

and Nunney, 2015 However, host planspecificity has been described between and within
subspeciegAlmeida and Purcell, 2003AImeida et al.,2008 Oliver et al., 2014 Harris and

Balci, 2015 Oliver et al., 201h Subspecies wereeleved to be geographically separated, but

dissemination of plant materials and insect vectors has led-&xistence of two or more
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subspecies in the same geographic locqtitiren et al., 2005Nunney et al., 20%,(Parker et al.,

2012 Nunney et al., @143.

Despite differences in plant host range, little genetic diversity has been described bétween
fastidiosastrains that infect different host plants on a genome wide scale. For example, the
grapevine strain Temecula and the citrus strain 9digc,nost divergent genomes withih
fastidiosa,shared 98% of their genes and 96% of average amino acid identity when their whole
genomes were compareWan Sbys et al., 2008 However, with the application of
MLST/MLSA techniques irX. fastidiosgphylogenetics, genetic differences have been described
among and within subspeciéScally et al., 2005AImeida et al., 2008Nunney et al., 2010

Yuan et al., 2010Nunney et al., 2014bNunney et al., 2014c For instance, strains collected
from a single host and geographic location formed different hagstymen they were analyzed

by MLSA of environmentallymediated gene@Parker et al., 2032 Interestingly, studies that
detected genetic diversity amor¥} fastdiosa strains have also reported the presence of
homologous recombinatigiiR) (Scally et al., 2005AImeida et al., 2008Nunney et al., 2010
Nunney et al., 2012Nunney et al., 20zNunney et al., 2014Nunney et al., 2014dMarcelletti

and Scortichini, 20L8ColettaFilho et al., 201Y. In fact, HR was predicted to have greater effect

in creating genetic diversity K. fastidiosahan point mutatioriScally et al., 2005Kung et al.,

2013. Moreover, studies based on genetic data have shown occurrence of intersubspecific
homologous recombination (IHR) betwe#n fastidiosasubspeciegNunes et al., 2003 and
hypothesized IHR to lead to plant host sfiMunney et al., 2012Nunney et al., 2014MNunney

et al., 2014k Co-existence of differenK. fastidiosasubspecies has enablec thossibility of

IHR to a greater extent. Interestingly, natural competence was descrifedastidiosa(Kung

65



and Almeida, 201)land provided an explanation ftire 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 b{LBERRnz and Wackernagel,
1994). Described in 1928 by Frederick GriffittGriffith, 1928), natural comptence was
proposed as a mechanism of nutrient acquisition under starvation con(f@tzsand Blokesch,
20133, but has been also implicated in repair of damaged Néver et al.,, 201) and
bacterial genome evolution provig) adaptive advantag@altrus et al., 2008and increased
virulence (Coupat et al., 20)1to the recipient bacterium. In majority of naturally competent
bacteria, competence developmh is regulated and induced by external environmental cues
(Seitz and Blokesch, 201BaRegulatory mechanisms involved in the induction of natural
competence have been described in well studied balc®ystems such asibrio cholerae

(Antonova and Hammer, 201 5%andHaemophilus influenza@ameron et al., 2008

However, very limited information exists regarding natural competen&e fastidiosaasonly

few studies have been perform@dung and Almeida, 2011Kung et al., 2013Kung and

Almeida, 2014 Kandel et al., 2016 Studies so far have demonstrated natural competerie of
fastidiosain vitro in batch culture¢Kung and Almeid, 2011 Kandel et al., 2016 solid media

(Kung and Almeida, 20t4Kandel et al., 2016 and in mecrofluidic chambers (MC), a system
designed to closely r es e mb(Kaadeltethat, 20ia Matuealr i u md s
competence occurred at a high frequency under flow conditions in MC including conditions with

grapevine sap as growth mediufikandel et al., 2016 Cells developed competence when
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entering into the exponential growth phéi&eng and Almeida, 203 Kung and Almeida2014),
appeared to prefer DNA from sedburces over foreigaource§Kung and Almeida, 20)1 and
required flanking region homology for recombinatigfung et al., 2018 One key knowledge

gap is related to the variability of natural competence among strains as previous studies were
based on few closglrelated strains belonging to the same sufasgidiosa(Kung and Almeida,

2011 Kung et al., 2013Kung and Almeida, 2014&Kandel et al., 2016 Since both genotypic

and phenotypic differences have been describeX. ifastidiosastrains (Scally et al., 2005
Parker et al., 20320liver et al., 2014 Antonova and Hammer, 201®liver et al., 2015
ColettaFilho et al., 201Y, their naturacompetence abilities could differ as is the case reported

in other naturally competent bacte(@romkova et al., 199&ikorski et al., 2002Fujise et al.,

2004 Coupat et al., 2008Bosse et la 2009 Maughan and Redfield, 200&vans and Rozen,
2013. Moreover, although IHR has been detected by MLST studies, and was hypothesized to
lead to plant host shifNunney et al., 2032Nunney et al., 2014Nunney et al., 2014¢cthere 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 corpetence inX. fastidiosastrains that belong to different subspecies ii) and to
test experimentally if IHR occurs between the taubspecies prevalent in the US. Results
showed that eleven of the thirteen strains were naturally competent, and recomisicativad

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 subspastidiosaand subspmultiplexwhen combinations of smr and recipients from

two subspecies were -@ultured. These findings demonstrate tKatfastidiosaisolates have

different recombination potential, and -ewistence of subspecies allows IHR that leads to
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generation of novel genotypes, which based @ génomic regions of recombination, could

show altered adaptation and/or virulence.

Materials and Methods

Bacterial strains, media, and culture conditions

X. fastidiosa subsp. fastidiosa strains WM11, Temeculal, Temeculal*, CCPM1, Fetzer,
ConnCreek, an@EB92-1; and subspmultiplexstrains AimaEM3, BB0&., BBI64, Birmingham

EIm (BH EIm), and Georgia Plum were used in this study. Strain Chardl was isolated from
infected vinevitis vinferab Char donnayé i n Dahl onega, Georgi a
subsp.fastidiosastrain based on its plant host (Supplemetdhble 3-1). A Temeculal mutant
expressing green fluorescent protein (Temec@&P) was used from a previous study
(Newman et al., 2003 Mutant strains NS1::KAMWVM1-1, NS1::KmEB92-1, and NS1::Km
AlmaEMS3 were geerated by transforming the wilype strains with pAX1.Km plasmids, and
strain NS1::CrrAlmaEM3 was generated by transformmwgh pAX1.Cm plasmidgMatsumoto

et al.,, 2009 that insert the respective antibiotic resistant genes at neutral site (NS1) in the
genome. Mutant strairmsrA:Km-WM1-1 was generated by transforming pMSRA
(Supplementatable 3-1). All transformations were performed using the natural competence

protocol described below.

All strains were cultured in P\{Davis et al., 1980agar 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, rstreaked onto new PW plates, and cultured fortharo

week before use. Medium P¥Bavis et al., 1981lwas used to suspend the cells in liquid and
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for natural competence experimentsauria Bertani B) medium was used to culture
Escherchia colicells. Kanamycin, chloramphenicol, and ampicillin were used at a concentration

of 30, 10, and 10Qig mI?, respectively.

Test of natural competence oK. fastidiosastrains

Plasmids pAX1.Cm(Matsumdo et al., 2008 and pKLN61(Newman et al., 20Q4were used

from previous studies. Plasmids pMSK#&n, and pMOPBKm were prepared as described
earlier(Cruz et al., 2014and are being characterized for another study in our laboraZien(

et al.,2017 submitted Briefly, ~800 bp long upstream and downstream fragenianking open
reading frames of methionineSsoxide reductasen{srA PD0859), and outer membrane protein
(mopB PD1709), respectively were PCR amplified from the Temeculal genomic DNA. The
upstream and downstream fragments were digested using Asaiti@stenzyme (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.irtoli EAM1
competent cells that expreXs fastidiosaDNA methylase(Matsunoto 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 adjustetDng/ul (NanoDrop 2000
spectrophotometer, Thermo Scientific). ihlots were stored at20'C until use. Natural
competence assays were performed in PD3 agar plates. The recipient strains were adjusted to
optical density (Okvo) 0.25 (=16 cells/ml) in PD3 broth. Ten pl of this suspension were spotted
onto PD3 agar plase and one ug of plasmid in 10 pl volume was added to the spots. Following
incubation at 2& for ~3 days (for nomompetent strains this incubation time was extended up

to 5 days), spots were suspended imllof PD3, and serial dilutions were plated et
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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. Af@m2eks of incubation at 8,

CFUs were enumerated for recombinants (number of coloniesieéb 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 totablaaells. For a given experiment, at least three
repetitions were performed per strain, and the experiments-GduiaPogical replicates. For each
strain, spots without the addition of plasmids were included as controls for every experiment.
Genomic incgporation of the antibiotic resistant marker from the donor plasmid was confirmed

by PCR as previously describ@¢andel et al., 2016

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

To compare flanking region DNA sequence homology rmgnecipientX. fastidiosastrains with
respect to each donor plasmid; &md downrstream flanking regions of the antibiotic insertion
sites of the plasmids pAX1.Cm, pKLN61, pMSRAn, and pMOPBKmM were obtained. Ujand
downstream sequences homologousacheplasmids region were obtained from the genomes of
the strains WM1l, Temeculal, Temeculal*, BB AImaEM3, BBI64 §ee chapter)4 and
EB921 (Zhang et al.201]). The genomes (except EB92 were sequenced using an Illumina
Miseq and PacBio sequencing systems, and resulting reads after quality trimming were mapped
to the Temeculal reference genouseng the Geneious map to reference algori{Kimarse et

al., 2012. The two upand downstream sequences veeconcatenated, 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. fastidiosastrains

Growth curves of strains were generated by culturing strains in PD3 medium in 96 well plates,
and measuring Odgo value every day for eight days. At the beginning (day 0), wells of the 96
wells plate were inoculated with 190 of PD3 and 1Qul of cell suspension (Of3=0.25) with

eight wells (repetitions) used per strain. Eight wells were filled with | #G8f PD3 to serve as
controls. The plates were incubated at 27°C with shaking ard®fmin. ODQyoo values were
measured using Cytation 3 uiimode 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 {play$) using

the formda [rate= {In (OD da¥) i In (OD day1)}/time]. Biofilm was quantified using the crystal
violet assay as previously descrii€tuz et al., 201pat the end of the growth curve experiment
(eighth day). Settling rate, as a measure of oetlell attachment, was determined by measuring
ODeooof a cell suspension in a cuvette when cells appeared to settle exponentBdlyrfiutes

post inoculation (mpi)}. Settling rate was calculated as in growth rate using the formula; [rate=
{In (OD 5mpi) iln (OD 30mpi)}/time]. Twitching motility measurement was performed as
previously describedKandel et al., 2016 Experiments were repeated independently at least

three times with at least three technical replicates per time.

Transmission Electron Microscopy (TEM)

X. fastidiosastrains WM11, AlmaEM3, and BBI64 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 se=strdak mentioned

above. Cells from the edges of the colony were suspended ipl IGsterile water. Six ul of
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this suspension was pipetted on a forrsarbon coated TEM grid, and cells were allowed to
settle for 10 min. The leftover liquid was blottedt 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, Jermanyimages were acquired with MaxIm DL software (Diffraction

LTD, Canada).

Sequence comparision of genes ¥f fastidiosastrains involved in natural competence

Sequence comparison of the genes involved in natural competeXcdastidiosa(Kung and

Almeida, 2014 strains that were positive and negative for natural competence was performed.
Sequences of genegil@, pilB, pilM, pilQ, pilO, recA comA andcomBF 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. Insertiw'deletions were further confirmed by Sanger sequencing of both forward and
reverse fragmentéEurofin Genomics, USA) using specific primers (Supplemetatiale 3-3).

Primers were designed with Primer3 Primer Design Tool in Geneious, and PCR was performed
with standard pr ot eidaity PORKit (BpRad).PRCR prbdhcts Werg h

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

Test of intra- and intersubspecific homologous recombination
To assess IHRX. fastidiosastrains belaging to subspfastidiosaand subspmultiplex were
used. In one set of experiments, sulfaptidiosastrain WMZX1 was tagged with a kanamycin

resistant marker at theasrA genomic region risrA:Km-WM1-1) and subspmultiplex strain
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AlmaEM3 was tagged wit chloramphenicol resistant marker at the NS1 site (NS:::Cm
AlmaEM3) using the natural competence protocol described above. These two mutant strains
were cocultured in MC for five days, and on solid agar plates for three days with PD3 medium
as previouslydescribed(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 wekdléedty
incubating a suspension (@9~0.8) at 90°C for 15 min. He&illed donor strains were spotted

on PD3 plates on top of live recipient strains. NS1:W1-1, NS1.::KmEB921, and
TemeculaiGFP from subspfastidiosa and NS1::KmAImaEM3 from subspmultiplex were

used as donor strains while WM] Temeculal, and EB9R (fastidiosg; 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 WIM. and AlImaEM3 combinations. Recipiemnly spots

were included as controls. The complete killing of donor strains was confirmed by plating

aliquots of 10Qul in PW plates.

Confirmation of intersubspecific recombination

To confirm that the recombinarsquiredthe antibiotic/GFP marker from the donor strain, PCR

and sequencing approaches were performed. PCR confirmation was done as previously described
(Kandel et al., 2006 Up- and downstream flanking regions and antibiotic region of two

selected recombinants oé#kkilled NS1::KmAlmaEM3 and WM11 (WM1-1 recombinant 1
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and 2) and hedilled NS1::KmWM1-1 and AlimaEM3 (AlmaEM3 recombinant 1 and 2), were
sequenced using Sanger sequencing platform as mentioned above using specific primers
(Supplementatable 3-3). Pimers were designed with Primer3 primer design tool in Geneious,
and PCR was performed with s-FidelitydP€R Kit (BioRawl}t o c o |
PCR products were purified using PCR Extract Mini Kit (5 PRIME) before sequencing.
Resulting sequems were concatenated, and aligned in a multiple sequence alignment together
with the donor and recipient sequences to confirm the movement of antibiettream, and
downstream region from the donor to the recipient. Selected recombinants eXillezht
TemeculaGFP donor and AlmaEMS3 recipient were confirmed by both observing GFP
fluorescence using Nikon Eclipse Ti Inverted Microscope (NIKON, Melville, NY), and

precipitation test ifcppendorf tubes.

Virulence assessmenin vitro and in planta

The recpient paent strains WMA11, and AlmaEM3and randomly selected recombinants of the

two strains were testead vitro for twitching motility, and settling as the parents differed in these

two traits. Twitching motility and settling measurement was perforagdiescribed above.
Virulence test of the parents and randomly selected recombinants -@\fgdombinant 2 and
AlmaEMS3 recombinant 2) was performed in the green house at Plant Science Research Centre
(PSRC), Auburn University in a completely randomized glesiThe parent strains and their
recombinants were inoculated in model plant tobabdtiootiana tabaccujn cul t i var SR1
Havanabo, a n d Vdacaongumo Roe bueelbée r[rB/P A1 8, 138] ). Di sea
severity ratings on a scale of-7Q) for tobacco and blueberries, respectively were recorded as

previously describe{liver et al., 20140liver et al., 201p 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-tbtiches after the appearance

of first symptoms (~60 days post inoculation). For blueberry, severity scores7dpiwére 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 incidenéer tabacco

and average severity scores for blueberry. AUDPC values were calculated based on the midpoint
rule method(Campbell and Madden, 1990 A UDP C'! [&i+yi)i2] (t+1 T t) 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 bluebs experiment was performed once with ten plants per treatment. Following
disease scoring, selected plants were usedlatésthe bacteria from petiole armddrib region

of the leaves of plants inoculated wih fastidiosaand buffer control as descef in a previous

study(Parker et al., 2012

Statistical analysis

Recombination frequencies of the strains were log transformed and analyzed using PROC
GLIMMI X in SAS 9.3 followed by pogtoc analysis using TUKEHSD (Honestly Significant
Difference) aP O 0. 05 . Treatments or replicates that
from the analysis. Virulence traits (fringe width, settling rate, biofilm, AUDBIDes) were also
compared in SAS 9.3 with PROC GLIMMIX and TUKENSD atP O 0. 05. Correl
analysis among the variables was carried out in R 3.2.5 with cor.test and rcorr functions under

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

under accession numbers KY6167R¥616749.

Results

X. fastidiosastrains differed in their ability to undergo natural competence

Thirteen X. fastidiosastrains belongingo two subspecies were tested for natural competence
using plasmids containing an antibiotic resistant marker flanked on either skleféstidiosa
homologous genomic regiondlatural competence was confirmed in eleven of the thirteen
strains tested, whit recombination frequency ranging from below detection limit to 0.024 per
recipient cell (Table&-1). Two strains (BBI64 and Georgia Plum) did not recombine wiyhoéin

the plasmids tested (Tabl&-1). Generally, subspeciefastidiosa strains had higher
recombination frequency compared to subspeaiestiplex strains, although differences were

not significant between the two groups. On comparing flanking DNA sequence homology of the
recombination site, strains showedB30% identity with the homologous lieg of the donor
plasmid (Supplementdig. 3-1 and Supplementdhble 3-2). Strains belonging to different
subspecies had more divergence in the flanking region DNA sequences than the strains within
the same subspecies (Supplemetdhle 3-2). Although m correlation was detected between
recombination frequency and flanking region DNA similarity [pKLN61 (r=0.890.33); 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 (Supplemietgtble 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 magnituein recombination frequency (Tal#el, Supplementalable 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 pM8RAplasmids were

used asdonor with WMZ1. Generally, recombination frequency was higher with pKLN61
plasmids than with other plasmids (TaBi&).

Table 3-1: Recombination frequency . fastidiosastrains with various donor plasmids

Recombination frequency [(mean + SE) *J0

Donor plasmid

subspecies/host plar

Strains pPAX1.Cm pKLNG61 PpMOPB-Km pMSRA-Km
WM1-1 fastidiosagrape  ?117+23.54  2400+1200 414.7+196.1 1170+540.1
Temeculal fastidiosagrape  14.83+6.88 47.58+22.8%°¢ 0.60+0.19  0.03+0.02
Temeculal*  fastidiosdgrape  10.91+2.58 21.54+8.6%7 NA NA
CCPM1 fastidiosagrape  19.25+2.6%°  165+62.82"° NA NA
Chard1 fastidiosagrape  18.66+2.73° 50.94+16.80/° NA NA
Fetzer fastidiosagrape  0.83+0.18°¢  11.93+2.88% NA NA
ConnCreek fastidiosagrape  0.17+0.05%  8.24+2.2g NA NA
EB921 fastidiosdelderberry 0.017+0.08  7.32+4.27¢  0.002+0.00% 0.21+0.2%
AlmaEM3 multiplexblueberry 0.085+0.08"  7.48+1.18%  0.01+0.008° 0.07+0.04
BB08-1 multiplexblueberry 1.87+0.59¢  3.627+1.16 NA NA
BH EIm multiplexelm 0.27+0.18%  12.25+6.258 NA NA
Georgia multiplexplum

Plum 0 0 NA NA
BBI164 multiplexblueberry 0 0 0 0

*Recombination frequency was calculated as the ratio of number of recombinants to total viable

cells. SE indicates standard error for independenicegpk. Experiments were repeate@ 2
times with at least three independent replicates per time with each type of plasmihtal Aot

available.

YPlasmids were constructed with homologous regions targeting different sectionXof the
fastidiosagenomeFor 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. @ifent 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 witiyidal
parameters such as growth rate, twitching mgtibiofilm formation, and celto-cell attachment
(measured by settling rate). Growth curves (Bi@A) were generated by culturing the strains in

96 wells plates for eight days and measuringcaptiensity at 600nm. By plotting natural log of
ODsoo values against time of growth, strains were estimated to attain exponential growth during
1-4 days post inoculation, from which growth rates were calculated 3HiB). Growth curves

and growth rate alues 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=0.6P=0.026); and pAX1.Cm (r=0.6%=0.015)], strains
having lowest growth rates (AlImaEM3, BBQ8 BH EIm) were competent, while those having
average growth rates (BBI164 and Georgia Plum) were not. Strains differed significantly in other
parameters such as biofilm formation (F@1C), settling rate (Fig3-1D), 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=0.7R=0.006)], and not with biofilm
[PKLN61 (r=0.00,P=0.99); and pAX1.Cm (r=0.0%=0.87)],or settling rate [pKLN61 (r0.27,
P=0.36); and pAX1.Cm (r6.36, P=0.22)]. Strains that lacked natural competence (BBI64,
Georgia Plum) were also deficient in twitching motility (F&§2A and 3-2B). Transmission

TEM imaging of selected strains differimgy natural competence and twitching motility showed
dense type IV pili (structure involved in twitching motility) for strain WA 1but no type IV pili

was observed for strain BBI64 (Fi§-2C). Twitching motility of subspfastidiosa strains

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

fastidiosastrains (Fig3-1D).

Insertion was detected in pili genes of necompetent and noamotile 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 screene@ilA, pilB, pilM, pilN, pilO, pilQ, recA comA andcomB were intact in all
strains except BBI64, in whighilQ gene was found to be mutatdthe BBI64 genomic reads,
mapped to the reference Temeculal genome, showed an insertjiiQircoding region
(PD1691) (Suppleental fig. 3-2), which was further confirmed by sequencing thiQ
fragment. BBI64 sequences, at other competence related rehahsdentical sequence to at
least onearmother naturally competent and motile strain of subspeunigdtiplex This suggested

that the insertion atilQ rendered BBI64 nomompetent and nemotile. Another strainpgglA-

KmR) that lacked twitching and competence in a previous gKdydel et al., 2006showed an
insertion inpilM (PD1695) coding region, which was also confirmed by furtbquencing (data

not shown). No frame shift mutation was observed in the competelated genes in another

norrcompetent and nemotile strain Georgia Plum (data not shown).
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Fig. 3-1. Growth curvegA), growth rategB), biofilm formation(C), and setthg rategD) of X.

fastidiosastrains used in this study. Growth curves were generated by culturing the bacteria in 96
wells plates and measuring @pvalues each day during eight days. Growth rate was calculated

from the growth curve at the exponentiabwth phase (# 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 measuwingaies at

the interval o 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 GLIMMIXhBost

analysis was performed with Tukey HSD at 5% significance level.
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Fig. 3-2. Twitching motility and TEMof X. fastidiosastrains used in this study. Twitching

motility was assessed by measuring the fringe width of the bacterial colonies spotted on PD3
plates after & days of incubation. Horizontal white bar on top right panel indicates 108um
Measurements included at least three biological replicates with four technical replicates per time
except for BH EIm for which motility was measured only onatl 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 diféece in twitching motility. Error bars indicate standard

error for independent replicates. ND: motility was not dete@@dlEM images of selected

strains. Strain WMIL and AlmaEM3 exhibited dense pili both long (type IV pili indicated by
6306) arndyplrodt pi |l i indicated by 6Y6 and 6Y6),
BBI164. Horizontal black line indicates 1um, magnification 12 (&K.
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Intersubspecific homologous recombination occurred betweenX. fastidiosa subsp.
fastidiosaand X. fastidiosasubsp.multiplex

IHR was confirmed by mixing different combinations of donor and recipient strains from two
subspecies oK. fastidiosaunder various growth conditions. First, different antibiotic resistant
donor and recignt strains from subspecisidiosaandmultiplexwere cecultured in MC and

on agar plates with PD3 medium, and acquisition of double antibiotic resistance was assessed.
Secondly, marker (kanamycin/GFP) tagged, tkdketd donor and wiletype live recipient strains
from two subspeci 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 At both
and livedead combinations of donor and recipient (Bi§). From botHive experiments, o co
culturingmsrA:Km-WM1-1 (subspfastidiosg and NS1::CrmAlmaEM3 (subspmultiple®y, 179

+33 recombinant colonies per 100l of culture with a frequency of 5.311MC, and 96+8
recombinant colonies per 100ul of culture with a frequency of 1.2>0 agar plates were
obtained (Fig.3-3A). With live-dead combinations, strains WM1and Temeculal (subsp.
fastidiosg readily recombined DNA from heat killed NS1::KAmaEM3 donor (subsp.
multiplexy, and strain AlmaEM3 (subsmultipleX recombined DNArom heatkilled NS1::Knt
WM1-1, NS1::KmEB92-1, and TemeculaGFP (subspfastidiosg (Fig. 3-3). The number of
recombinants varied {412 colonies per 100ul of culture) depending on dearoipient
combinations. Strain EB92 did not recombine with DNA fra heatkilled donor but could act

as donor for strains of both subspecies (Bt). Strain BBI64 was also unable to recombine
with heatkilled donor cells. This strain was not used as -kékgd donor as it could not be

tagged with the antibioticesisance gene due to lack of recombination. Recombination detected

82



with the heakilled donor cells demonstrates that natural competence is the horizontal gene

transfer mechanism involved.

The occurrence of IHR was further confirmed by PCR, sequencing, ambtypic assessment.

PCR confirmed insertion of antibiotic resistant cassette in the recombinant strain (data not
shown). Sequence comparison of the flanking regions, in two recombinants eachladliddeat
NS1::KmAlmaEM3 donor and WML recipient (WM21 recombinants 1 and 2); and heat
kiled NS1.::KmWM1-1 donor and AlmaEM3 recipient (AlImaEM3 recombinants 1 and 2)
together with the donor and recipient strains, detected recombination of antibiotic cassette region
as well as upstream and downstream flankiegjons (Fig.3-4, Supplemental tablg-4). The
recombinant of AlImaEMS3 with he#illed TemeculadGFP donor was kanamycin resistant and
exhibited green fluorescence (characteristic of donor), and fast precipitation (characteristic of

recipient) further coirming occurrence of IHR at kanamycin/GFP region (Bi.).
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Fig. 3-3. Intra- and Intersubspecific recombinationXn fastidiosaRecombination betves
antibioticresistance markeaggedX. fastidiosastrains belonging to subspecfastidiosa
(msrA:Km-WM1-1) and subspeciesultiplex(NS1::Cm-AlmaEM3) when cultured together in
microfluidic chamber (MC) and agar plates with PD8uble antibiotic resistant recombinant
colonies were recovered from both setti(lys Recombination oK. fastidiosastrains 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 Temec@&P strain, and hedilled by
incubating at 90°C for 15 min. Hekilled donor and recient strains were mixed on spots of
PD3 agar plates and incubated at 28°C fdrdays. Recombinants were selected by plating the
mixed spots in PMKm agar plates. Intersubspecific recombination was confirmed by mixing
heatkilled strains of subspeci¢adidiosa(NS1::Km-WM1-1, TemeculadGFP, and NS1::Km
EB92-1) with a recipient of subspecirultiplex(AlImaEM3); and heakilled NS1::Km

AlmaEM3 with recipients of subspecitsstidiosa Bars represent mean number of recombinants
obtained for each combinati 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 recipient¢B).
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Fig. 3-4. Confirmation of intersubspecific recombination by sequemdViultiple sequence
alignment of sequences from donor, recipient, and recombinant strains in the upstream and
downstream region of antibiotic insertion was performed. \AIMihd AlmaEMS3 are wild type
strains belonging to subsiastidiosaandmultiplex respectively. WM11 recombinants were
generated by mixing wild type WM1 with heatkilled NS1::KmAImaEM3, and AlmaEM3
recombinants were generated by mixing wild type AimaEM3 with-kidatd NS1::KmWM1-1.
The shown region is 1037bp downstream ofiidueanycin resistant gene insertisiteand

247bp downstream of the homologous region used in the confinistindicate no difference
between donor and recipienBecombination occurred in WML recombinant 1 and both
AlmaEMS3 recombinants but not in WMILrecombinant 2 at the region shown here (see

supplementatable3-4 for information on a bigger region).
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AlmaEM3 Recombinant

Fig. 3-5. Confirmation of intersubspecific recombination K. fastidiossby movement of green
fluorescence gene from Temec@&P donor (subsagidiosa) to AlmaEM3 recipient (subsp.
multipleX. Upper panel shows fluorescence characteristics of donor, recipient, and recombinant
as observed under a fluorescence microscnpe lower panel shows the precipitation behavior

of respective strains aftsuspending 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 mixieg whol
genomic DNA of heakilled NS1:Km-AlmaEM3 donor and WMl recipent (WM1-1
recombinants), and hekilled NS1::KmWM1-1 donor and AlmaEM3 recipient (AlmaEM3
recombinants) were assessed for virulence phenotypes by measuring their settling rate and
twitching motility in vitro, and plant virulence. The recombinants aratameters for their
assessment were selected based on the differences observed in their parent strai®,(Big.

2A and3-2B; and3-6A and3-6B). On analyzing the results, the phenotype of recombinants was
found to be like that of the recipient paredfM1-1 recombinants had similar settling rate
(0.0023+0.0007 OD mih n=4),and twitching motility (177+20.3um, n=10), to that of WM

1 (Fig.3-1D, 3-2A, and3-2B); and AlmaEM3 recombinants had similar settling rate (0.04+0.002
OD min?, n=5) and twitchng motility (40+4.5um, n=10) to that of AlmaEm3 (Fig-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 -(Whktid
AlmaEMS3), and tleir recombinants colonized and produced characteristic symptoms of leaf
scorch, yellowing, and wilting in tobacco (Fig:6C). AUDPC values in tobacco derived from

the incidence rate were higher for WM1than for AlmaEM3 but not significantly different
between the recipient strain and respective recombinants f84\). In blueberry, AlmaEM3

and AlmaEM3 recombinant had significantly higher AUDPC values derived from the weekly
disease severity ratings compared to WMAnd its recombinant (Fi§-6B). Sympgoms 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 (Re¢5C). Isolation results
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confirmed infection by both parent strains and recombinantsbhiacco, but only AimaEM3 and
its recombinant in blueberry. Buffer inoculated plants were fre€. ddistidiosain both tobacco

and blueberry (data not shown).
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Fig. 3-6. Virulence test of donor, recipient, and recombinant strains in the greenhoeae. Ar
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 behavi¢h and B). Tobacco experiments were perforntette with ten

plants per treatment (data are shown from a representative experiment), and blueberry
experiment was performed once with ten plants in each treatment. BothVékid AimaEM3

and their recombinants produced symptoms in tobacco while onlgE¥#8 and their

recombinants produced symptomsloeberry(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 faur of the WM11 and AlmaEM3 recombinants previously
mentioned (including WMHL recombinant 2 and AlmaEMS3 recombinant 2 that were used for in
planta disease assessment). Length of recombined region in a singiiretmn event ranged

from 739bp3486bpwith recombination extending randomly in the apd downstream flanking
regions (Supplemental tab84). Two independent recombination events separated by a ~1kb
region were detected in WMILrecombinant 2 (Supplemental taBld). Possible recombination

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

Discussion

Previous studies on natural competencK.ifastidiosavere based on a few strains from a single
subspecies X. fastidiosasubsp.fastidiosg, althoudy recombination among strains of other
subspecies has been descriljddnes et al., 200Nunney et al., 2012Nunney et al., 2013
Nunney et al.,, 2014bNunney et al., 2014cColettaFilho et al., 201y. 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 igeregion (i.e.,

same donor plasmid) as in other naturally competent ba¢kunise et al., 2004Coupatet al.,

2008 Bosse et al., 200¥vans and Rozen, 20L3-lanking region DNA similarity of the strains

was not correlated with the recombinatioequency, 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 similaity 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 homologgrbetmer

and recipient DNA sequences or differences in growth rates that showed positive correlation
with recombination frequency, these parameters did not explain theongpetency of two

strains that had average growth and similar sequence homologyaEmmie 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 ratepoecipitation (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 fregency. Strain WM11 had the highest recombination frequency and showed
highest motility among strains, while the two roompetent strains were nomotile. Positive
correlation between recombination frequency and twitching motility was also suggested in our
previous study using different media compongitandel et al., 2016 Since components of

type IV pili are involved in both natural competence and twitching motility in several naturally
competent grammegative bacterigSeitz and Blokesch, 2018ancluding X. fastidiosa(Kung

and Almeida, 201% the activity of type IV pili could goern 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 setirepore of the outer membrari€ollins et al., 200}, and is
involved in type IV pili biogenesis and importing extr@lular DNA into the periplasmic space

(Seitz and Blokesch, 201BbPrevious studies iiX. fastidiosahave demonstrated thatlQ-
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mutants are nemotile (Meng et al., 2006and norcompetent(Kung and Almeida, 2004
Hence, we prdict that the insertion ipilQ coding region is responsible for the lack of twitching
and natural competence as BBI64 is unable to secrete the type IV pili. The lack of type IV pili
was confirmed by TEM imaging. Motility has been described as a majdenaei trait forX.
fastidiosa(Meng et al., 2005De La Fuente et al., 200 BBI164 has no motility aniVM1-1 has

the highest motility in this study. Consistent with the critical role of twitching in virulence,
BBI64 had reduced virulence while WM1was highly virulentQliver et al., 20140Oliver 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 polygalacturosa gengglA of this strain did nof{Kandel et al., 2026 On closer
examination Fetzer is motile (this study) while fhglA mutant is not(Kandel et al., 2016
Sequence data showed tipglA mutant had an insertion @ilM, a type IV pili biogenesis gene

that was shown to bavolved in twitching motility ofAcidovorax avanaein 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 competenge of
fastidiosastrains. X. fastidiosagenomes contain high levels of phage and pitiiageregions
(Nunes et al., 2003/an Sluys et al., 20Q3/arani et al., 2008 and natural competence could be
a mechanism to help cells minate new integration of these regions by recombining the
homologous DNA without phage sequences, as suggested by a recenfGstudsher et al.,
2016. Other studies have reported restrictimodification (RM) systems limiting
transformation frequenciNiza et al., 2016 In this study, although all donor plasmigvere

extracted from ark. coli strain expressing. fastidiosaDNA methyl transferaséMatsumoto
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and Igo, 201Y) it is possible that different strains especially from different genetic backgrounds,
possess different forms of-R systems, this could lead to differesce 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 -@itfesting strain to
transform a grape straifGuilhabert ad Kirkpatrick, 2003, suggesting existence of specific
recognition mechanisms to differentiate DNA from self or foreign sources. Sequence analysis
and annotation of th¥. fastidiosalTemeculal genome predicts at least four different types of R

M systems(Matsumoto andgo, 201(Q. Future studies focused on these specific topics could

explain the differences in recombination frequencies observed amfrfgstidiosastrains.

Difference in recombination frequencies based on genomic positions was previously reported in
Ralstonia solanacearur(Fall et al., 200y with positions containing recombination Fkejots

(recA and mutS showing the highest frequend¥all et al., 200y, In this study, higher
recombination frequency was observed for pKLN61, plasmid that recombines in the region of
rpfF gene, a diffusible signaling factor involved in eedll communication ofX. fastidiosa
(Newman et al., 2004 compared to pAX1.Cm that recombines at a neutral(Blegsumoto et

al., 2009; and pMOPBKm, and pMSRAKm that recombine at regions whose functiare

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., 2018 However, the upstream and downstream flanking region length was higher in
pPAX1.Cm (759790bp), pMOPBKm (~800bp), and pMSRAm (~800bp) than for pKLN61
(~350bp at one end and ~750bp at the othdj.elhe length of nahomologous 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 strairet these positions was also similar (except for EB9at
pAX1.Cm, and Temeculal for pMSRIAmM). This suggests that the difference in recombination
frequency at different genomic position is not associated with the characteristics of plasmid

regions, andtiremains 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 DNADorer et al., 2010and generation of genetic diversity that can lead to
adaptéion (Baltrus et al., 2008 For the generation of adapted strains, recombining regions
should come from a more successful and genetically distinct d@ompat et al., 2091 This
could be possible when closely related but genetically different strains of a same sp&niess$ co
in a single habitat. Detection of IHR K. fastidiosaby MLST/MLSA studies(Nunney et al.,
2012 Nunney et al., 2014bNunney et al., 2014csupported this possibility. In fact, these
studies proposed IHR leaj to plant host shift oX. fastidiosain citrus (Nunney et al., 2012
mulberry (Nunney et al., 2014¢ and blueberry(Nunney et al., 2014b Moreover, mixed
infection of the two subspecies have been suggested by pretnlisss For example, almond
leaf scorch strains isolated from the same orchard were found to be genetically di@aemet

al., 2005 Chen et al., 2000 and were grouped into two different subspecies; sdbspdiosa

and multiplex (Yuan et al., 2010 Infectionof a plum tree showing leaf scorch symptoms by
subsp.multiplexand subsppaucastrains was also reported by a recent st@yldttaFilho et

al., 20169. Results of this and previous studiéliver et al.,, 2014 Oliver et al.,, 201p
demonstrated that certain plants serve as hosts for strains friiplensubspecies. In addition,

vectors ofX. fastidiosaare found to be distributed worldwide in both temperate and tropical

93



climates and, unlike with plant hosts, exhibit no specificity for pathogen gen@Wmpeida et
al., 2005. In fact, a species of the vectdidmalodisca vitripennisyvas able to transmit four
subspecies oK. fastidiosa(Almeida and Nunney, 20)5All these observations ggest that
strains belonging to different subspecies maexigt within the same habitat (plant or insect),

providing opportunities for recombination.

Although IHR was detected between subspecies when whole genomes of the dorali€tgat

and recipiat 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, -@kb regions were detected thave
recombined, but the size could be higher as up to 80kb has been demonstrated to recombine by
natural competence R. solanacearunwith the recombinant strain showing increased virulence
(Coupat et al., 2091 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 bafsthe 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 mininum 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 proceures
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 eviderfican field observation oX. fastidiosadisease emergence

in new plant species and the detection of IHR in strains isolated from these infections by
MLST/MLSA (ColettaFilho et al., 201y, and from confirmation of natural competence in
habitats mimicking natural environmerftéandel et al., 208) to experimental validation of IHR

(this study), suggests that IHR is occurring in nature and may have broader evolutionary
implications in X. fastidiosadisease dynamics. In conclusioX, fastidiosastrains showed
extensive natural competence al®liti and the recombination potential differed among strains.
Moreover, intersubspecific recombination occurred readily betwXenfastidiosa subsp.
fastidiosaand subspmultiplex strains. These results emphasize the importance of quarantine
measures to limhthe introduction of novel genotypes Xf fastidiosain areas with prexisting
infection. Moreover, measures to isolate host plants of different subspecies may be required to
prevent mixed infections, minimizing the risk of generation of novel andevirgenotypes aoX.

fastidiosaby recombination.
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Supplementalfig. 3-1. Alignment of the flanking regioDNA sequencesf pKLNG61 insertion

site of X. fastidiosastrains.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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Supplementalfig. 3-2. Read mapping of BBI64 with Temeculal reference genome showing
insertion ofnucleotidedAdin the coding region gbilQ gene(A). Multiple sequence alignment of

pilQ nucleotide sequence of variodsfastidiosastrains(B). Insertion of A can be seen in

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

segment.
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Supplementaltable 3-1: X. fastidiosastrains, mutants, and plasmids used in this study

Strain Host plant  subspecies Place of isolation Reference/souce

WM1-1 Grape fastidiosa Dahlonega/Lumpkin/GA Parker et al., 201:

CCPM1 Grape fastidiosa Dahlonega/Lumpkin/GA Parker et al., 201:
(Petit
Manseng)

Chard1 Grape fastidiosd 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., 201:

ConnCreek Grape fastidiosa Rutherford/N@a/CA Oliver et al., 2014

EB921 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 Elm American  multiplex  Birmingham/AL Parker et al., 201:
Elm

Georgia Plum Plum multiplex  GA Parker et al., 201:

Mutants Wild type Description Reference/source
strain

msrA:Km-WM1l-1 WM1-1 msrA(PD0859) gene disruptedth  This study

kanamycincassette
NS1:Km-WM1-1 WM1-1 Km cassette inserted between This study

PD0702 and PD0703, neutral site

(NS1)
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NS1.:.KmEB921 EB921 Km cassette inserted in NS1 This study
NS1::Km AlmaEM3 Km cassette inserted in NS1 This study
AlmaEM3
NS1:.Cm AlmaEM3 Chloramphaicol (Cm) cassette This study
AlmaEM3 inserted in NS1
TemeculailGFP  Temeculal Km cassette and GFP gene inserte Newman et al;
in a different neutral site 2003)
Plasmids Plasmid Description Reference/source
background
pAX1.Cm pGEM-T Plasmid containing regiong o Matsumoto et al;
PDO0702, Cm Cassette, multiple 2009
cloning site, and PD0703; inserts
Cm cassette at NS1 when
recombined withX. fastidiosa
PAX1.Km pGEM-T Same as pAX1.Cm but contains Ki Matsumoto et al;
cassette 2009
pKLN61 pGEM-5Zf Plasmid contiaing X. fastidiosa Newman et al;
(+) oriC, and TN903 Km cassette and 2004
rpfF gene (PD0407)
PMSRA-Km pJET1.2 Plasmid Containining upstream an This study
downstream region ahsrAgene
(PD0859) with Km cassette inserte
in between
pMOPB-Km pJET1.2 PlasmidContaining upstream and This study

downstream region ahopBgene
(PD1709) with Km cassette inserte

in between

#Taxonomic classification not available but assumed to be a dabsidiosastrain based on its

plant host.
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Supplementaltable 3-2: Compaison of the flanking regions of the antibiotic insertion site
between the donor plasmids and reciplnfastidiosastrains.

Donor plasmid

Strains pAX1l.cm? pKLNG12 pMOPB? pMSRA?
WM1-1 99.9 100 100 100
Temeculal 99.9 100 100 95.7
Temeculal* 100 100 100 100
EB921 97.9 100 100 99.9
AlmaEM3 96.5 9638 969 95.6
BBI64 94.5 968 969 95.6
BB08-1 96.5 968 969 95.6

®Numbers indicate the ddentity between thBomologous regions (upstream and downstream
regions were concatenated for this analysighedonor pasmid and recipient strains
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Supplementaltable 3-3: Primers used in this study

Primer Name  Amplified Sequenxé) ( t Description Reference
region
pilQ_247_F pilQ (PD1691) CGTGGCGATAAGA  Amplify part of thepilQ 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 thepilM 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
stream region 1 ATGAGTATGCGG of NS1 site (855158
857659 based on
Temeculal reference
numbering)
858,571 R NS1 Up CGGTAAAATGCAG  Same as above This study
stream region 1 CTTCTATCCAG
863,179 F NS1 Down TATGATTTCCACTC  Amplify region This study
stream region 1 CTTCCAGGTG downstream of NS1 site
(862230864994 based on
Temeculal reference
numbering)
865,944 R NS1 Down AATGACTTGAATCA Same as above This study
stream region 1 CCTCGCAATG
857461 F NS1 Up ATTTCAAGAGGGGT Amplify region upstream  This study
stream region z TTACCAAGGA of NS1 site (857461
859413 based on
Temeculal reference
numbering)
859413 R NS1 Up GCAATGAACAAAA Same as above This study
stream region z TGTGGTTGGTC
860517_F NS1 Down CTTGGACCTTCGAT Amplify region This study
stream regin 2 GAGTACGTAT downstream of NS1 site
(860517862411) based on
Temeculal reference
numbering)
862411 R NS1 Down ACAATACCACCGGT Same as above This study
stream region z CAAATTCCTA
NS1-f NS1 flanking GTCAGCAGTTGCGT Confirm homologous Matsumoto et
region CAGATG recombination at NS1 site al., 2009
by PCR
NSZI-r NS1 flanking AAAGCTGCCGACG Same as above Matsumoto et
region CCAAATC al., 2009




Supplementaltable 3-4: Detection of recombination by sequencing

Positior? WM1-1  AlmaEM3 WM1-1 WM1-1 AlmaEM3 AlmaEM3
recombinant 1 recombinant 2 recombinant1 recombinant 2
859009 C A C Ab 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
860955 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 81bpF Deletior 81bp 81bp 81bp deletion
861498
861558 deletion TAGGTG deletion deletion deletion TAGGTGTCG
TCGTCT TCTTG
TG
861578 deletion TGGGTT deletimn deletion deletion TGGGTTTGA
TGATG TG
861660 G A G G G A
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861725 T C T c T C
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 c C C
862269 c T C i T T
862280 T C T C C C
862364 T G T B G G
862406 C T C i T T
862463 C T C i T T
Lengtt? 2705bp 2910bp, 739bp  3486bp 2781bp

#Position is based on Temeculal reference numbering. Only positions that were different
between WM11 and AlmaEM3 at this region areported. The regions between the reported
positions were not different between the two strains ¢ivitlet and respective recombinant).

by ellow-highlighted bases were recombined from the donor strain to the recipient.
‘Unresolvedoosition, all recombinaa 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.

9This region is shown in Figure 4.
“TCTGTACGATCATTCAGTCTATGCAATCATCCAGTGAATCGTGCATTGTGGTGCTAG
GGTATTAACCGATTGCTCTGTTTG This was the 81base pair sequence that is absent in
AlmaEMS, 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 ecombined region calculated as the length of flanking region that is recombined and

the 1211bp kanamycin cassette ragio



Chapter 4

Detection of intra-and inter-subspecific recombination inXylella fastidiosaby whole
genome sequence analysis

Abstract

Homologous recombination (HR) Xylella fastidiosahas beerdescribed 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 lim@aobng X. fastidiosastrains,
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 genegealed 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 recombinatiofagtidiosa
support a greater mlof HR in X. fastidiosadiversity and adaptation. Few studies focused on
whole genome sequence (WGS) analysisXofastidiosastrains have generated fundamental
information regarding the genetic relatedness and virulence mechanisms. With greates number
of studies producing WGS data, these data can be useful to examine HR and itstlele in
evolution ofX. fastidiosain further details. Therefore, this study was aimed at determining the
limits and abundance of HR events in the genomes of closely ré{atiedtidiosasubspecies
fastidiosastrains. WGSs were obtained by both Illumina and PacBio sequencing of s¢veral
fastidiosawild-type (WT) strains, and recombinants experimentally produnedtro. Regions

of recombination in WT and recombinant subfstidiosastrains that originate from subsp.

multiplex strains were analyzed. Results show that intersubspecific HR regions ranging in size
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from 5.48.7kb are frequently present and are randomly scattered across the genomes of WT
subsp fastidiosastrairs. Moreover, a region of 10kb was detected to recombine in one event in
the genome of one of tha vitro recombinarg. Overall, this study demonstrates that genetic
exchanges are extremely common aminggastidiosastrains in nature, therefore intermiginof
differenthostplantgenotypes should be avoided to prevent emergence of new and possibly more

aggressivesolates.

Introduction

Horizontal gene transfer, a fundamental driving force of evolution in prokaryotes, occurs by
conjugation, transduction,nd transformation(Thomas and Nielsen, 2005These processes
facilitate acquisition of novel genetic elements including antibiotic resistance and virulence
factors, resulting in the emergence of new pathotyidasker and Carniel, 2001Acquisition 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 recombinationB@tiia can

also exchange regions of their genome, which is loosely refdoess new allele acquisition
(Didelot and Maiden, 203@ndis almost exclusively a relkwf RecA proteinmediated HR that

is responsible for creating genetic variation in almost every life {@orer et al., 2011 In
prokaryotes, repair of damaged DNA is proposed to be a key role ¢MitRod 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 origimatesaf closely
related but genetically distinct sour¢@uttman, 199Y These new genetic variants can be
important in promoting adaptive responses. For example, creating variability of surface proteins
that include pathogeassociated molecular patterns (PAMPS) may support evasidrosif

defensegNelson and Selander, 199%eil and Spratt, 20Q1transfer of virulence proteins can
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causedisease emergen¢¥an et al., 2008 and adaptation to new environme(Bsltrus et al.,

2008.

The relative rte of HR and point mutation in generating genetic variation varies among bacterial
species(Feil et al., 2001 Bacteria that hava high capacity forrecombinabn may undergo

rapid evolution, and contribute to disease emergemlseis often the case f@mergence of
pathogenic bacteria. For example, the emergendésoherichia coliserotype O104:H4 that
caused an outbreak of fodrne gastroenteritis in Germam 2011, was suggestdry whole
genome sequencing of these straimd$e a result of genetic exchange between a Sbhiga
producingE. coliand an enteroaggregatitze coli (Raskoet al., 201). Determining the genetic
capabilities of mutations and recombination is crucial to understand the evaltg@thogen

and itsdisease epidemics. Thesapabilitiescan be either experimentaltieterminedr inferred

from genetic daté¢Fraser et al., 200 Kandel et al., 201)7 For detection of HR from sequence
data, the recombining DNA segence 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 gwsit et al., 1992
Therefore, ceexistence of genetically diverse populations is crucial for detection of HR in a

natural condition.

Use of Multi LocusSequence Typing/Analysis (MLST/MLSA)in bacterial phylogeneticsa
technique to study genetic diversi§thin a species based on sequence analysisbi fouse
keeping genes scattered across the geridtaglen, 2009, has promptedr facilitateddetection

of HR in bacteria. Until recently, MLST had become a signature tool for bacterial phylogenetic
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studiesand for the detection of HEFreel et al., 201;3ong et al., 2013Timilsina et al., 201p
However, use of few housekeeping genes may indicate a bias as HR that is present in other
genomic regions cannot be representedh®yMLST approach. As a result, studies based on
whole genome sequence comparmidoave emerged in the recent yeaasd new tools for
detecting HR in the bacterial genomes have been deve(dferttinen et al., 201;2Yahara et

al., 2014 Croucher et al., 2035

Xylella fastidiosais a plant pathogenic bacterium that has a very broad plant host(EZfga,
2016, and colonizes two distinct habitagant xylem vessels and foregut of insect vectors
(sharpshooter leafhoppers and spittlebg®pkins and Purcell, 2002Previously, X. fastidiosa
was believed to be limited to the Americas, but it has now disseminated to other regions of the
world including EuropéSaponari et al.2013 Strona et al., 20)7and Asia(Su et al., 2016 It
poses a serious threat in the production ofengnapes irthe U.S., citrus and coffee in Brazil,
and olives in Italy, and at present Haacomea worldwide threat due to its recent emergence
around the worldAlmeida and Nunney, 20)5Taxonomically, strains withiX. fastidiosaare
categorized into thee subspeciegMarcelletti and Scortichini, 201%aalthough additional
subspecies have been sugge¢gadhlly et al., 2005Nunney et al., 2019bAlthough, not clearly
defined, subspecies are somewhat pdetit specific. For examplesubsp.fastidiosa strains
infect grapevines and some other plants lhawe not been reported to infect citrus plants,
whereassubsp paucastrains infect citrus, coffee, and oliviest havenot been reported to infect
grapes(Nunney et al., 2092 Two of the subspecidastidiosaandmultiplexhave existed in the

U.S. for more than a centuNunney et al., 2010

113



Extensive HR has been describedXinfastidiosaby genetic diversity and phylogenetic studies
based on MLST(Scally et al., 2005AImeida et al., 2008Nunney et al., 20L(Nunney et al.,

2012 ColettaFilho et al., 201h These studies made very important predigtioh disease
emergence and epidemics ¥ fastidiosaimpacted by HR. For example, HR betweXn
fastidiosaisolates belonging toiffierent 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., 201,0Nunney et al., 2014dunney et al., 2014b Experimental studies have
demonstrated natural competence and recombinatiof fastidiosaboth in vitro (Kung and
Almeida, 201}, and in habitats mimicking the natural growth environment of the bacterium
(Kandel et al., 2016 Moreover, intersubspecifidR (IHR) between subsjpastidiosaand subsp.
multiplex has been recently demonstratedvitro (Kandel et al., 2017 A previous study used

two complete genoes ofX. fastidiosasubsp fastidiosa Temeculal and M23, and showed the
presence of variable regions that were related to a sohspplex 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 #stisdy was to utilize whole genome
sequence data to determine IHRXinfastidiosawild-type strains isolated from field infections
andin recombinant strains experimentally produgeditro (Kandel et al., 201)7 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
subspmultiplex to the recipient strain of subdpastidiosain one of the recombinant producied

vitro. Moreover, regions of IHR derived from subspultiplex were frequently detected in

multiple wild-type strains of subspastidiosaand were randomly distributedrass the genome.
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A highly virulent subspfastidiosastrain WM%1 showed two IHR regions that were more
identical to subspecignultiplexstrains than th&astidiosastrains. Thes data suggest that IHR is

widespread inX. fastidiosaand could have broadamplications in its adaptation and virulence.

Materials and methods

Bacterial strains, media, and culture conditions

X. fastidiosasubsp fastidiosawild-type strains WM1l, Temeculal, Temeculal*, and CCPM1;
and subspmultiplexstrain AlmaEM3 were usefdr 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 use@fencdto hereafter

as TemeculaL Mutant strains NSCmR, in which a chloramphenicol resistant gene is inserted
in the neutral site 1 imhe Temeculal chromosom@latsumoto et al., 2009 pglA-KmR, in
which a kanamycin resistant gene is mse to disrupt the gene encoding polygalacturonase in
the Fetzer strainRoper et al., 2007 and KLN59.3, in which green fluorescent protein (GFP)
and kanamyai resistantgene are inserted in a neutral region of Temec(NsElwman et al.,
2003 were used. In addition, mutant strain NS1:4&maEM3 was generated by tisforming

the wild type AlmaEM3 with pAX1.Km plasmid@vatsumoto et al., 2009 The recombinant
strains AlmaTemeculaL recombinants 1 and 2 were generated by mixing heat killed NS1::Km
AlmaEM3 with wild type TeraculaL. The NS¥pglA recombinant was generated by- co
culturing strains NSCmR and pglAKmR in PD3. The gfpWM1l recombinants 1 and 2 were
generated by mixing hedétlled 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 presentedTiable 41.

115



Table 4-1: Strains, mutants, and recombinangégdin this study

Strain Host plant subspecies Place of Reference/source
isolation
WM1-1 Grape fastidiosa Dahlonega/GA (Parker et al., 2002
CCPM1 Grape fadidiosa Dahlonega/GA (Parker et al., 2002
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
pglA 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
recombinarit NS1-CmR and pglA
mutant
AlmaTemL Recombinants of fastidiosa NA This study
recombinants TemeculaL with
1and 2 AlmaEM3 donor
gfpWM1-1  Recombinants of fastidiosa NA (Kandel et al., 2017
recombinants WM1-1 with
1and 3 KLN59.3 donor
AlmaEM3 Blueberry (Emerald) multiplex  Alma/GA (Oliver et al., 2013
M122 Almond multiplex  Kern/CA (Chen et al., 2010
9ALC? Sweet orange pauca Séo Paulo/ (Simpson et al., 2000
Brazil

%Only geromes were used from NCBI database for these strains

by ariant of Temeculafhat wasconfirmed by whole genome sequencing in this study
‘Recombinantvasproduced by ceaulturing live cells of donor and recipient
YRecombinantvasproduced by caulturing reatkilled donor and cells and live recipient cells
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All strains were cultured in éiwinkle Wilt (PW) medium (Davis et al., 198l agar plates,
modified by replacing phenol red with 1.8 g litrBovine Serum Albumin (BSA) (Gibco Life
Sciences Technology), for one week at 282@ch strain was initially takenom -80°C glycerol

stock, restreaked onto new PW plates, and cultured for another week before use. Kanamycin,

chloramphenicol, and ampicillin were used at a concentration @n@d,0 ug mf, respectively.

DNA extraction, library preparation, and sequencing

X. fastidiog strains WM11, TemeculalL, Temeculal*, AlmaEM3; mutants NShR, pglA

KmR, KLN59.3; andin vitro recombinant strains AlmaTemeculaL recombinants 1 and 2; NS1
pglA recombinant, and gfpWM1 recombinants 1 and 2 were sequenced using lllumina Miseq
system afAuburn 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., 203liver et al., 2011 Strains WM11, CCPM1, AlmaEM3, BBI64,

and BBO81 genomes were sequenced using PacBio sequencing and assembled by Celera
assemble by our <coll aboratorodos | ab and regions of
Almeida, University of California Berkeley). Partial sequences of strains BER9hang et al.,

2011, GB514 (Schreiber et al., 20)0 Ann-1, MUL0034, U42D, Griffinl, ATCC35871
(Marcelletti and Scortichini, 201pavere retrieved from NCBI gene bank database whenever

required.

For lllumina Miseq sequencing, cells cultured on PW agar plates were suspen@&duinoft
sterile MilliQ water and DNA was extracted using a modified CTAB prot¢Dalyle, 1987.
Extracted DNA was run through gel electrophoresis (1% agarose gel in TAE buffer) to detect

RNA contamination followed by tegment with RNasé (ThermoFisher Scientific)Both DNA
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and RNA concentrations were verified with a Qfi#t0 Fluorimeter (Life Technologies) using
the Qubit dsDNA and Qubit RNA HS Assay Kit (Thermo Fisher Scientific), respectively. DNA
samplesof 20 ng were then adjusted to 541 (2.5 ng/ul) volume by diluting in sterile MilliQ

water.

DNA libraries were prepared using Nextera® DNA Library Preparation Kit (lllumacaprding

to the manufacturess protocol. Twelve separate genomic libraries were pooleethteg using
different indices pairs used for each library. Clonal amplification and sequencing was performed
on a MiSeq flow cell using MiSeq reagent kit V2. Paiesdl sequencing was performed with

250 cycles for each end.

Quiality 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
guality score for each base call of the fragments/reads. Th® kles 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 Trimmoma#fic35, a flexible trimmer for Illlumina 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 emd the reads, and a sliding window trimming of 4:20.

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

Trimming was followed by De Novo assembly of the trimmed reads using SPAdes 3.9.0
(Bankevich et al., 20)2a de Bruijn graph based assembly program. Assembly was performed
using a command withareful modeswitchedon that allows mismatch correction-rer sizes

of 21, 33, B, 77, 99, and 127 were used. For two genomes WNhd AlmaEMS3 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 assdéfbliegch et al., 2013

and the assembly statistics were recorded.

Referene mapping of raw reads and assembled contigs

Reference mapping was performed using Geneious map to kdfeadgorithm(Kearse et al.,

2012. The raw reads were qutgltrimmed using the Geneious trimming option such that reads
containing bases that had error probabilities of >5% were removed. The reads were paired using
O0set paired readd option &\Vad Sluysagh al.e2003using T e me ¢
default settings for medium sensitivity. The assembled contigs were aligned to Temeculal
genome using pairwise genome alignment program LASTZ plugin within Geng@tlauss,

2007.
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Annotation

Annotation of assembled contigs was performed by a command line tool R®&&mann,

2014). Selected genomes were also annotated usingoasdd RAST servéAziz et al., 2008

Detection of variable and recombinant regions in the genomes

A consenss contiguougyenome 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 s{fatateand
Standley, 2018 The aligned genome sequences were analyzed by Gubbing 2&@ucher et

al.,, 2019 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 presencoé variable regions in the Geneious genome browser. Variable
regions in AlmaTemeculaL recombinants 1 and 2 and s@sidiosastrains WM11, CCPM1,
Temeculal, and pglA (Fetzer) were located based on the presence of elevated levels of locally
clusteredSNPs. 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.eovauhsp.

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 Bldefdbase created by using the
contigs generated by DBlovo assembly. Sequences were aligned using Muscle Multiple
Sequence Alignment progra(gdgar, 200 Phylogenetic tres were generated by a maximum
likelihood (ML) analysis using RAXML version 7.2.8 with rapid bootstrapping and search for
bestscoring ML tree algorithm using 1,000 replications. Sequence of the pear leaf scorch strain
PLS229(Su et al., 201pwas used as ogjroup. Variable regions that grouped with a different
subspecies were inferred as regions of intersubspecific recombination. For comparison of the
phylogeny, MIST sequences of seven hok®eping genes as describjg@viously(Yuan et al.,

2010 were retrieved for all strains used above (strain ATCC35871 was not used BH ST
genesleuA and petC were missing in its draft genompetC was missing in PLS229). The
MLST sequences were concatenated, aligned, and phylogenetic tree was generated by RAXML
using same parameters as with the variable reglmpbylogenetic treef 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 sphspastrain 9A5C

used as outgroup. Nodes having less than 50%eosnas 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 B3R million reads per genon{8upplementary

table 41) of which approimately 85% survived trimming. Average read length was 113.8
158.8bp. Average coverage ranged from of-284x. The number of contigs generated by De
Novo assembly ranged from 1254 with a high N50 value ranging frad®3,63bp -1,48,434bp

except for Alma®mL_rec2 for which the assembly contained 420 contigs with a N50 of
27,752bp. The total assembly size ranged from 2.4581BpMbp, which is within the range of

X. fastidiosagenome size. A hybrid assembly approach using reads from Miseq and PacBio
sequenaig 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 agBrggukementary

table 41). Quast results using Temeculal as reference genome showedthssemblies 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 Noveooapp is highly unlikely to produce a
complete single genome ff. fastidiosaeven 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 subsmultiplex strains AlmaEM3 that had 96.3% identity with the

Temeculal reference.

Annotation of strain WM4l 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 phagjated proteins and 16 mobile element proteins. Number of
genes involved in different metabolic pathways is shdwig. 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 238616 gene features includin@-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)

W 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 WMl with RAST server showing number of genes involved in

various functions.

Detection of homologous recombination in the genomes ¥f fastidiosastrains by Gubbins

Whole genomes oK. fastidiosaobtained in this study and other reference genomes obtained
from GenBank databag@able 41) were aligned with MAFFT software and the alignment file
was used as input to detect regions of recombination in the genomes using Gubbins. Multiple

reconbination regionsvere detected in the genom@sg. 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 phgtagelade containing
WM1-1 and its two recombinants (gfpWMLlrecl and 2) contained five recombination regions

that were unique to this clade and nine regions that were shared with strains belonging to other

cladeg(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 reombination in the genomes Xylella fastidiosasubsp fastidiosawild-

type andin 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 uniquelitadumal 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 mappedhei reference
Temeculal. Based on the reference mapping of two of the intersubspecific recombinants
generatedn vitro, recombination could be detectedly in the flanking region of the antibiotic
insertion site. In one of the recombinma(lmaTemL_rel), a ~10kb region of the genome in

the flanking region was detected to have recombi(iéd. 4-3A). However, for the other
recombinant (AlmaTemL_rec2), only regions of antibiotic resistance and short homologous
flanking regions (regions used to gener#ite 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 AImaEMS3, while the one that lacked
recombination (AlmaTemL_rec2ebides the antibiotic region, grouped with the recipient strain
TemeculaL (Fig. 4-3B). Intrasubspecific recombination could not be detected in the
recombinants (NSpglA recombinant and gfpWM1 recombinants 1 and 2) as the flanking
regions of antibioticinsertion 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
resisance and GHHuorescence 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 lengefenapping

were confirmed in the De Novo assembled contigs by local BLAST of the recombinant region as

guery against the contigs as database.

125



A)

AlmaTemL recl "
AlmaTemL _rec2
TemeculaL

AlmaTemL _recl ' ' ' ! ' e
AlmaTemL_rec2
TemeculaL

e IIIIHHI‘\
nu oo Ferone e
n o FErone onmrminm

;'\hnaTEmJ_iIecl\ I Lo I | [} wr HIHI*‘ mi Lo I‘ [ B} e on ! "o 1 1
AlmaTemL_rec2i | (N B N T | I | [ B (TN TR AT T B B B B TN I N [ AR ] o 1
TemeculalL I o —_— ] L | U . -1 Lononrmrrerm e o no 1 1

AlmaTemL_recl i w11
AlmaTemL rec2 i w11
TemeculaLin w11
AlmaTemL _recl
AlmaTemL_rec2
TemeculaL

PLS229
Temeculal
99

AlmaTemL_rec2

AlmaTemL _recl
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Fig. 4-3. Detection of intersubspecific recombination in the recombinants produoceitro.
Kanamycin marketagged, heakilled, genomic DNA ofXylella fastidiosasubspeciesultiplex

strain AlmaEM3 was used as donor with the live recipient cells of sdaspdiosa strain
TemeculaL. Recombinants were selected by acquisition of antibiotic resistance and whole
genomes of two recombinants and the donor and recipient parents were segdgicesion

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 nmistd by RAXML with 1000
bootstrap replication@®); 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 wildtype subsp fastidiosastrains 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 analysse detected in the genomes of subsp.
fastidiosastrains WM11, TemeculaL, Fetzer, and €®11. Variable regions ranged in size from
below 4kb up to 9klfTable 42). These regions containadyreater number of SNPs with subsp.
fastidiosastrains compared to that with subspultiplexstrains(Table 42). To ensure that these
variable regions aneot due the bias of the reference mapping, De Novo assembled contigs were
aligned to the Temeculal genome, #mepresence of these regions was confirmed in the

contigs; an example with WM1 variable region 1 is presentedriy. 44. BLAST search with

the NCBI database showed that some variable regions identified in the genomes of subsp.
fastidiosastrains were more identical to subspltiplexstrains than with subsfastidiosa

strains, and grouped perfectly with them on phylogenetic analysis baskeese variable

regions(Fig. 4-5A). This confirmed that the variable regions present in the genomes of subsp.
fastidiosastrains were derived from subspultiplexstrains by IHR. Phylogenetic analysis
performed for the same strains based on MLST apprslaswed that strairntaininglHR at

specific genomic positions group with subspetassidiosastrains with MLST(Fig. 4-5B). This
furtherreinforced that the variable regions detected in the genomes of fagigposastrains

originated from subspnultiplex.
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Table 4-2: Predicted genomic regions of intersubspecific recombinatidiyliella fastidiosa
subspfastidiosastrains from subspnultiplexdonors

Strain Subspecies MLST Length of variable  #SNPs with #SNPs with
Sequence region fastidiosa  multiplex
type strains® strains®
(ST
WM1-1 fastidiosa 2 8384bp 272273 3-7
(5307845391679

WM1-1 fastidiosa 2 5650bp 97-98 11-17
(18937241899373

TemeculaL fastidiosa 1 8777bp 211-216 6-8
(10667421075518J

pglA fastidiosa 4 8777bp 211-216 6-8

(Fetzer) (10667421075518)

CCPM1 fastidiosa 1 5432bp 102103 5-11

(1720561725938

aSequence type of strains based on MLST of seven Haegeng genes. All sequence types (1,
2, and 4) group within subsfastidiosabased on previous studies

®PNumberof single nucleotide polymorphism with sub&stidiosastrains at the variable region
‘Number of single nucleotide polymorphism with subspltiplexstrains 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 WM1Variable region was observed as

marked by dark stripes (middle panel) when contig generated by De Novo assembly was aligned
to Temeculal genome. A zoomguversion of variable region obsedsen reference mapping of

the WM1-1 reads showing six occurrences of SNPs within a span of 180bp is shown (lower
panel). Region of WML changed by intersubspecific recombination. Genes involved in ATP
synthase and 50S ribosomal subunits were alteredsintbrsubspecific recombination in

WM1-1 (upper panel).
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Fig. 4-5. (A) RAXML tree of Xylellafastidiosastrains from different subspecies based on WM1
1 recombinant sequence. WM1is grouped with subspecissiltiplexstrains at the recombinant
region(boxed).(B) RAXML tree of the same strains (except ATCC35871) based on
concatenated sequences of seven MLST genes. StrainJAgvidups with subspeciéastidiosa
strains based on MLSA. Scale bar represents number of substitutions per site. Trees were
geneated by RAXML version 7.2.8 with rapid bootstrapping and search foisbeghg ML tree

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

Phylogenetic tree ofX. fastidiosastrains based on whole genome sequendegament

A phylogenetic tredFig. 4-6) generated based on the genomes derived from the Temeculal
reference mapping and other reference genomes obtained from (N@e 42) using the
subsp.paucastrain 9A5C as outgroup showed that the wiylpe X. fastdiosasubsp fastidiosa
strains group together forming separate clades within the treanMikeo recombinant strains
group together within a same clade with their recipient parent confirming that recombination
occurred only at a specific genomic looati 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 recommants of TemeculaL and NS1pglA forming a separate clade). Strains
WM1-1 isolated from Georgia formed a separate clade while the other Georgia strain CCPM1
was intermediate between Georgia and California strains. Suahdpplex strain AlmaEMS3
isolated fran bluebery plantin Georgia grouped together with anothmultiplex strain M12

isolated from almond plants in Califorr(igig. 4-6).
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Fig. 4-6. Phylogenetic tree of. fastidiosawild-type strains anah vitro recombinantdased on
whole genomeAll 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 wasused as outgroup. Consensus treegeerated bgollapsing nodes with less than

50% support. Scale bar indicateswber of substitutions per site.
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Discussion

The ease with whiceequences affhole genomes camow be obtained provideunprecedented
opporunitiesto 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 the#eogens 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 optinadeaccordingly. 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 generating whole genome sequences is -@mame, mainly because
genomes are sequenced in the form of very short (e.g. lllumina) to mediun{esize@lacBio)
fragments (reads). Alsihere aranherent error probabilities associated with various seduognc
platforms(Fox etal., 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.
Avalilability of a closely identical reference genomevésy useful in exanining the quality of
sequencing resultX. fastidiosawas the first plant pathogenic bacterium to have its full genome
sequencedSimpson 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 genonas very similar(Van Sluys et al., 2003 More genomes
representing other strains and subspecies have been sequenced almost to thefGieiresy

al., 2010 Zhang et al., 2011 This provides a definite opportunity for draft genomes produced
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by nextgeneratbn sequencing platforms to compare highly similar complete genomis of

fastidiosato 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 showhdttmost 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
sequencadentity of 96100%. All subspfastidiosagenomes had more than 99.3% identity with

the Temeculal reference while subsqltiplexstrain AlmaEM3had 96.3% identity. Moreover,

all the genomes achieved a high depth of coverage (at least 20x to 180x)v®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 hybrid approach of
assembling the lllumina 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 lllumina sequencing. However, even Wit hybrid approach, a complete contiguous
chromosome could not be obtain@dssibly due to the presence of repeat regions that are >7kb
according to Temeculal genome analysis. Previous draft genome assembliefastidiosa

have also reported similaesults of genome fragmentatigdhang et al., 203,1Chen et al.,

2019. A BLAST search of the contigs geagzd showed that most of the contigs aligned
perfectly with the genomes . fastidiosain the NCBI database. Generally, the assembly size,

GC content, and number of gene features obtained from annotation results were consistent with
the genomes deposited NCBI (Chen et al., 20L6Marcelletti and Scortichini, 2016b

Moreover, phylogenetic analysis basad MLST and whole genomes obtained from this study
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were comparable to previously describédastidiosataxonomy(Yuan et al., 201,0Marcelletti
and Scortichini, 2018bsuggesting that the genome sequences obtained in this study are of high

quality.

X. fastidiosais a rapidly emerging plant pathogen around the w{8dponari et al., 2013
Almeida and Nunney, 20)5Genetic studies demonstrated extensive of HR within and between
subspecies oK. fastidiosa(Scally et al., 2005AImeida et al., 2008Nunney et b, 2012
Nunney et al., 2014aNunney et al., 2014bColettaFilho et al., 201§ prealicting that HR
between subspecidas involved in plantost shft and disease emergence. Qecent study
demonstrated experimentally that recombination potential differs aXofagtidiosastrains and

IHR occursin vitro between subspmultiplexand sulBp.fastidiosa(Kandel et al., 201)7 Strains

of subsp.fastidiosashowed higher recombination frequencies than those of suhdpplex
However, no evidencef phenotypic change was observed in the recombinants that were
selected randoml{Kandel et al., 2017 This led to the determination of the minimum lisrof
recombination which erefound to be 0.4kb per recombination eve({andel et al., 2017 In

that study however,recombination was examined only at the fiagkregion of antibiotic
insertion sitedue 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 genore sequencing approach has been applied to detect recombination in recent studies
(Marttinen et al., 20L2Yahara et al., 2034Croucher et al., 2035 Approaches involved in
detecting recombination look for regions of divergence that are not expected for the given clade
under consideration in a mydle sequence alignment. These regions are hypothesized to be

imported from a distinct donofCroucher et al., 2035 Therefore, elevated levels of
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polymorphsms in a nucleotide sequence alignmaman 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. Altttosigtpproach

could be useful for alignment of short sequences such as MLSA, it becomes problematic when

the sequence lengths become longer.

Other approaches such as ClonalFrgDelelot and Falush, 20Q07and its improvement for

whole genome sequences, ClonalFrame{@idelot and Wilson, 201)5take 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
approachesannot model the origin or the donor source and cannot predict recombination if
fewer than expected number of SNPs are present in recombination (@giefot and Maiden,

2010. A similar approacheferred to assubbins (Genealogies Unbiased By Recombination In
Nucleotide Sequencew)asdeveloped for large datasétSroucher et al., 20)%nd can predict

the regions of recombination in a genome, but sti#sdoottake into account the origin of the
sequence. Moreover, this approach requiresatl@opulations (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 modeecombination from a specific donor to a specific recip{®idelot and

Maiden, 201) but requires clonal genealogy to be specified and is computationally intensive

(Yahara et al., 2034

In this study, a very straiglibrward approach was used detect recombination and infer its
source in the genomes ¥f fastidiosa After detecting HR by Gubbins, genomes were compared

to a common and very similar reference genoarel variable regions were identified. The
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variable regions were then usedaBLAST 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(MlLSiey et al.,

2012, a genetic introgression test was designed to detect IHR in short regions ofpsulzsp.

strains from Brazil. This method compared variation in native esezps 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 wdstected both in th&n vitro generated recombinant and
wild-type X. fastidiosastrains 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 exatrgaghs WM1

1 and CCPM1, that were isolated frodifferent grapevine fields in Georgia, showed
recombination at different genomic positions. Moreover, recombination present in TemeculaL
and Fetzer was not present in Temeculal, although these strginated from California. This
indicates that recombination occurs randomly at different genomic locations whenever
genetically different donor and recipient -ewist, producing several new variant strains
containing genetic changes at different regionthefgenome. 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 WNILOliver et al., 2014Kandel 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 thisscombinant region in the fithess and virulence of WM1
remains to be determined, but it can be expected that this genetic change can alter phenotype as it
occurs in the genes important for fithess and metabolism. The presence of this variable region in
strain WM1-1 was also confirmed by examining the genomes of two recombinants, gfgWM1
recombinants 1 and 2, that were generated by using \WM4& the recipient and therefore,
possesshe same region as WML at this position. Moreover, recombinant regioegedted 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 regierasae
detected in the genoméesit were not further analyzed as sequenufethese regions were more
identical to the strains of same subspeciesdusp. fastidiosathan with a different subspecies.

These regions couldaveoriginated by intresubspecific recombination.

The high number of SNPs detected in the variableorsgbf 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 loealigtered. Moreover, it was shown that the
polymorphic regions matched thisubspmultiplexgenome sometimes with 100% identity. This
confirms that the variable regions are generated by IHR bet{efstidiosasubspecies. MLSA

of housekeeping 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 subsgastidiosaand multiplex was also detected in North American strains in
previous MLST studiefNunney et al., 2014&unney et al., 2019bAs the two subspecies have
been reported to exist together in North America for more than 100 (amgey et al., 2010

recombination can be expected between them. Moreover, Nunney2&X18l reported similar
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variable regions when comjag two subspfastidiosagenomesTemeculaland M23 Strains of

both subspecies served as both donors and recipients for one another showairgcidmal
pattern of HR in a pregus 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 recombiXation in
fastidiosa Careful planning and implementation of policies to limit introduction of novel

genotypes and to avoid-@xistence of prexisting genotypes is raged 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 Ref
g
Strain #Reads .y length Covgt #Ctgs' (Mbp)® N50 L50 (%)
WML 113 245 148434 5
2042684 2587777 1387 1452 oo 540 sacaue o 997
100 246 115714 7
AmaEM3 722996 654360 1357 358 00 So0 o L 963
Ar'gncalTemL 1268086 1143060 131.1 59.4 120 252 115978 7  99.3
A:;“C‘;TemL 1234660 640702 1505 27.6 402  2.74 103360 6  99.9
Temeculal 2140558 1334223 113.8 57.4 166 254 93631 8  99.8
Temeculal* 1960132 1751487 153.9 109.7 113  2.45 99386 6 100
PgIAMUtaNt g10195 741373 1274 379 146 249 97642 6  99.8
(Fetzer)
NSL-CmR 319068 316673 1588 20.0 254 251 27752 29 997
NS1- 1400214 1285143 151.0 76.8 124 253 135060 5  99.9
pglA_rec
81’%;39'3 3415272 3090572 146.2 183.6 117 2.46 103359 6 100
fff;’(‘:’yl' 3133800 2842830 147.6 1712 105  2.45 134853 6  99.6
fffg\c’g"l' 3048060 2730936 140.4 156.2 125  2.45 134871 6  99.6

aNumber of reads produced by the sequencing®rumber of reads that survived trimming;
average depth of coverageumber of scaffolds generated by SPAdes De Novo asselsibdy;
of the contig such that more thanfhafl the assembly is contained in contigs longer than this
value;%number of contigs that contain more than 50% of the total assefpblgent identity

with the reference Temeculal genome based on reference mapping

'Assembly statistics of a hybrid assegnfsbm lllumina and PacBio reads
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Chapter 5
A rapid and efficient method for gene knockoutind genetic complementationn Xylella

fastidiosausing overlap-extension PCR and naturakransformation confirms that the type
IV pilin paralog predicted to be reguhted by the alternative®*is the functional pilin

Abstract

Twitching motility is a major virulence factor of the plafgathogenic bacteriunXylella
fastidiosa.Cells of X. fastidiosaat one of the cell polgsossess type IV pili, which are thread

like filamentous appendages involved in twitching motility. Genomic analysks tdstidiosa
showed the presence of at least four paralogs opillle gene that encodes the major pilin
subunit of type IV pili. However, whether all paralogs have a functionial in type IV pili
biogenesis is not known. Here, using an efficient method of genome manipulation based on
overlapextension PCR and natural genetic transformation, deletion mutants of two pfAhe
paralogs ilA1 PD1924 angilA2 PD1926) were geneied inX. fastidiosasubspeciefastidiosa

strains WM211 and TemeculaL. Twitchingotility of the mutantsvas then assesseResults

show that deletion gfilA2 that was predicted to be regulated by an alternative sigma fé&edpr (
caused loss of twitchgnmotility, whereas deletion gfilA1 did not influence twitching motility

in eitherstrains. Moreover, loss of twitching motility causeddiiA2 deletion was restored when

a wild-type copy of theilA2 gene was complemented at a neutral site in the gemdrane 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 irX. fastidiosa and that twitching motility inX. fastidosais controlled by
regulating the transcription of the major pilin subunit that is predicted to be under the control of

0°4 factor.
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Introduction

Xylella fastidiosa is a Gramnegative, xylem-limited, insectvectored, plantpathogenic
bacterium causing icurable diseases and substantial economic losses to the growers of
grapevinescgitrus, coffee, plum, and almor(@Hopkins and Purcell, 20Q0Zhatterjee et al., 2008
Pierceds disease (PD) of grapevines in the Un
Brazil, two most impactful diseases Xf fastidiosa are major limiting factors in the proction

of these crops for those countriggopkins and Purcell, 2002The xylem saffeeding irsect
vectorssharpshoter leafhoppers and spittlebuggnsmit and inoculate the bacterial cells into

the plant xylem vessels, where thadlg attach to the surface, form biofilms, and move along and
across the xylem vesse{slewman et al., 20Q3Roper 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 pathogermcity

fastidiosa

X. fastidiosacells are notflagellated but possess two types of pili at one eirtbell poles, short
type | pili involved in cell attachment and biofilm formation, and long type IV pili involved in
twitching motility (Meng et al., 2005De La Fuente et al., 200Ti et al., 2007. Twitching
motility involves flagellaindependent translocation of cells on a moist surface facilitayed
extension, tethering, and retraction of type IV pMattick, 2003. It was demonstrated iX.
fastidiosathat a mutant lacking type | pilfilhA mutant) was biofilradeficient but twitching
enhanced, whereas the mutants lacking type IV wére biofiimenhanced and twitching

deficient(Meng et al., 2005De La Fuente et al., 200l et al., 2007. Moreover,mutants that
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were twitchingenhanced traveled further upstream from the point of inoculation in grapevines
(Meng et al., 2006 In addition X. fastidiosastrains that lacked or exhibited reduced twitching
motility (Kandel et al., 20l)7had less severe disease symptoms in the model plant tobacco and
natural host blueberrgOliver et al, 2014 Oliver et al., 201h Also, a polygalacturonase gene
mutant that is compromised in lateral movement due to its inability to degrade xylem pit
membranes was avirulent in grapeviii@sper et al., 2007andwastwitching deficient(Kandel

et al., 201%. Furthermore, seven transposon mutants, including a mutant of hemagglutinin that
mediates celtell aggregatin, showed hypervirulent phenotypes and faster movement in
grapevines than their witypes(Guilhabert and Kirkpatrick, 2005A previous study has also
demonstrated the role of cekll communication system involving a diffusible signaling factor
(DSF) in regulating host colonization, movement, and biofilm formationX.infastidiosa
(Newmanet al., 2004 Interestingly, it was shown that mutant that was unable to produce DSF
was hypervirulent to grapevingllewman et al., 2004and had increaseexpression of several

type 1V pili genes compared to the wiigpe strain(\Wang et al., 2012

These observations suggest that motility of cells is one of the important virulence facXors of
fastidiosa As noted before, type IV pili are the structures involved in motilitX ofastidiosa
cells. Involvement of type IV pili and twitching motility in host colonization and viruleneeew
also described in other Granegative bacteria including human pathogens suétsasdomonas
aeruginosa(Burrows, 2012 Neisseria meningitidigMorand et al., 2009 N. gonorrhoeae
(Wolfgang et al.1998; and plant pathogens suchRalstoniasolanacearun{Liu et al., 2001},
Acidovorax citrulli (Bahar et al., 2009 Xanthomonascitri (Dunger et al.,, 2014 and

Pseudomonas syringgd@aguchi and Ichinose, 20L1Besides twitching motilitytype IV pili
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were also reported to contribute other functions like biofilm formation, electron transfer

(Mattick, 2002 Craig et al., 200y and natural DNA transformatidi$eitz and Blokesch, 2013

Structurally ype IV pili areflexible, flamentous appendages compose@aymers ofa single

pilin proteinsubunit that is encoded IHA gene. Howevergxtremely complex machineries are
involved inthe biogenesisand functionof type IV pili. For example, irP. aeruginosawhere
twitching motility and type IV pili have been characterized in detail, approximately 40 genes are
required for he function of type IV pili including genes for pilin subunit, pilin assembly and
retraction, and regulatory gen@dattick, 2003. Genomes oK. fastidiosaSimpson et al., 2000

Van Sluys et al., 2002 ontain numerous genes that share signature motifs and propewtiel of
described pili genes. Role of some of these genes syslBapilO, pilQ, pilR, pilY1in type IV

pili biogenesis and twitching motility was demonstrated in previous st(idiesg et al., 2005

De La Fuente et al., 200Li et al., 2007 Cursinoet al., 2011 Cruz et al., 2014 Moreover,
environmental signals such as calci¢@ruz et al., 201¢ pectn (Killiny and Almeida, 2009,

and chitin(Killiny et al., 20100 were shown to regulate oefew twitching motility genes.

Other studies demonstrated the involvement of chemotaxis related ger€bPih regulating
twitching motility and expression of type IV pili gen@ursino et al., 201Hao et al., 201)7 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., 2008At least four homologs

of the pilA ORFs are also present in the grapevimairstTemeculalVan Sluys et al., 2003
Protein products of two of these homologs, referred tBildd (PD1924) andPilA2 (PD 1926)

in previous studiegWang et al., 201,2Parker et al., 2096 share complete set of functional
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features of the type IV pilin suwinit (Mattick, 2003. Expression analysis based on whole
transcriptomics showed that both of thedéd paralogs are expressed in Temeculal, although
the expression opilA2 was greater than that pilAl (Parker et al., 2096 Other studiegde

Souza et al., 2002005 Caserta et al., 201Cruz et al., 201pghave considerepilAl paralog in

their expression analysis to determine the influence of various environmental parameters on
twitching motility. However, the exact role of thepdA 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 fuime gxpression
studies to target the functional pilin paralog providing a better estimate of the regulation of type

IV pili biogenesis and twitching motility iX. fastidiosa

Therefore, the objective of this study was to characterize the function tiahgilin paralogs,

pilAl (PD1924) andhilA2 (PD1926), in twoX. fastidiosasubspecies$astidiosastrains WM11

and TemeculaL. Presence of tpdA paralogs in the genomes of these strains was first
confirmed, followed by screening of their promoter segaento 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-WMdoreover, a
complemented mutant @ilA2 deletion was geneted in strain TemeculaL. Twitching motility

of all deletion mutants and the complemented mutant was assessed. Noteworthyiis shady

useda new gene deletion and complementation methad utilizedoverlapextension PCRo
generate a markdéagged homologous templateand natural genetic transformation £
fastidiosa Results show that this method can be used to rapidly and efficiently generate gene

deletion mutants and complemented mutants of the deleted geXeastidiosa Furthermore,
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the pilA paralog (previously referred to gslA2 in the Temeculal strain) predicted to be
regulated byr®* (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 thatwas re

stored by genetic complementation.

Materials and Methods

Bacterial strains, media, and culture conditions

X. fastidiosasubspfastidiosastrains WM11 and TemeculaL isolated from infected vineyards in
Georgia and California, respectively were used in this stbidgins were culturedn PW (Davis

et al., 198) agar plates, modified by replacing phenol red with 1J8rg? of Bovine Serum
Albumin (BSA, Gibco Life ScienceBechnology) Each strain was initially ctlredfrom -80°C
glycerol stock for one week at 28dndre-streaked onto new PW plates for another week before
use.PD3 medium(Davis et al., 1981lwas used for culturing and suspending cells in liquid.
Antibiotics kanamycinand chloramphenicol wer used at a concentration of 89d 10 pug mi?,

respectively.

DNA extraction and overlap-extension PCR for construction knockout template

For DNA extraction, cellgulturedon PW agar plateseresuspended id00pul of sterileMilliQ

water. DNA was extracted usitQuickDNAE Fungal / Bacteri al Mi ni prep
using manufactrers protocol. Bead beating for DNA extraction was performed for 5min using

Mini-BeadBeate 6 E ( Bi o Spec Products) .
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Knockout templates targeting four genomic regions according to Temeculal reference sequence
were constructed. The four regions were wgastr norcoding region ofpilQ (PD1691),
downstream region gfilM (PD1695) that disrupted tharcA geneencoding penicillirbinding

protein 1A,pilAl coding region (PD1924), amulA2 coding region (PD1926). These templates
were named as 1691 construct9i&onstruct, 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 0-1.2kb 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 51). 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,
respectivel y. Pr i me +exdenddpwitiRat least21bp momdiogomgionse 5 6
of the antibiotic cassette to facilitate overextension of these fragments. The three separately
amplified fragments (upstream, antibiotic, and downstream) were purified from agarose gel and
mixed in equal proportions in an overdagtension PCReaction using the engrimers (UP_F

and Dn_R). The fusion product was purified from gel and store204€C before use or used as
template for amplification with the internal primeair int_F/int_R. All the pimers(Table 51)

were designed with Primefimer Design Tool in Geneious software (BiomatteBLR was
performed with standar eidgity BOARKit @ibRad)is 5 h0g0Mi Pr o o f
thermal cycler (BieRad) PCR products wergekpurified usingeither GelExtract Mini Kit (5

PRIME)orFr eeze 'N SqueezeE DNA @@wiRadExtraction Spi
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Natural transformation of X. fastidiosastrains with PCR template and confirmation of
mutants

Transformation ofX. fastidiosacell was performed with the gpurified or internal primer
amplified PCR template using natural transformation protocol as previously degqgtdrete! et

al., 2016 Kancel et al., 201). Briefly, recipientX. fastidiosastrain WM1-1 and TemeculaL
cultures from PW plates were suspended in PD3 liquid mediunogtichl density (Olkbg) was
adjusted td.25 (~16 cells/ml). Ten pl of this suspensiovasspotted onto PD3 ag 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 incubatatd28°C forthreedays After three days, eaclpst wassuspended

in 0.5ml of PD3and 100 pl aliquots werspreadplated onto PW platescontainingrespective
antibiotics. After two weeks of incubation at 28°Gnutant 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 includid each experiment. Double mutants were generated by using
pilAl mutants as recipients with the gel purified PCR templateil®2 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 PD1926PB/1926 F). For eacRCR, wild

type strains were included as controls. Sanger sequencing of the mutant at the deleted genomic
region was performed using primers targeting theregion, internakegion, and antibiotic

region. Information about all the primers is present€eliinle 51.
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Growth curve and biofilm formation

Growth curve and biofilm formation of the mutantsr@assessed together with the wiigbes in

96-well platesfor five daysas previously describe(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 assessmerdf wild-type andmutantstrains wa performed in PD3 plates and
PD3 plates supplemented with 50% Chardonnay asapreviously describe(Kandel et al.,
2017). Twitching motility wasobserved for at least ten transformant colonies for each mutant.
Selected colonies were -streaked and repeated observation of these colonies for twitching

motility was performed.

Complementation ofpilA2 mutants

Complementation opilA2 mutants was pedrmed with the PCRmplified and gepurified
complementation template prepared from the fusion PCR of three fragments (upsitéeam
complementation templatpilA2 template containing thgilA2 ORF flanked by its promoter and
terminator region, and dowtream pilA2 complementationtemplate) The upstreampilA2
complementation construct was amplified from NS1::Km WMZXandel et al., 20)7using the
primer pars pilA2C_up_F and pilA2C_up_RRTable 51). These primers amplify the upstream
flanking region of NS1 and the kanamycin cassette in a single fragment. The 95@\Dp
fragment contained 237bp upstream promoter reguiA2 coding region, and 216bp

downgream region. This fragment was amplified using primer pairs pilA2_F and pilA2_R using
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the wildtype WM11 DNA as template. The downstream complementation product was also
amplified from wildtype WMZ1-1 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
pil A2C_Dn_F at their 566 end had a 27bp exte
fragment. The individual fragments were amplified,-getified, and fused with exteionn PCR

as described above. The PCR fragments were then used in a natural transformation assay with

the pilA2 mutants of WM11 and TemeculaL.

RNA preparation and quantitative PCR

X. fastidiosaTemeculaL cells cultured in PW plates were suspended in PBadjusted to
ODsoo of 0.25 as previously mentioned. Threeribplastic tubes containintpeeml of one of

the mediums (PD3, PD3 supplemented wlitleeg/liter of BSA or 100% Chardonnay sap) were
supplemented with 12@l of the ODxoo adjusted TemeculaLed suspension. Tubes were
incubated at 28°C with shaking at 150m for three days. Cells were then precipitated by
centrifugation of the tubes at 5088m for 5min at 4°C. The supernatant medium was discarded
and the pellet formed at the bottom of thied was suspended in 200of DNA/RNA shield
(Zymo Research) and RNA was extracted usugickR NAE Mi n(PIBs)y ki (Zymo
Research) using inolumn DNase treatment following the manufacturers protocol. RNA
concentration was measured by NanodrdyanoDop 2000 spectrophotometer, Thermo
Scientifig. Complementary DNA (cDNA) was prepared usig&cript cDNA SuperMix
(Quantabio)with 170ng of normalized RNA in 20ul volume. Quantitative PCR was performed
using 1ul of cDNA in 20pul volume containing 41l of 5x PerfeCTa MultiPlex gPCR ToughMix

(Quantabio), 0.44M forward and reverse primers and Q2 TagManprobe( | abel ed wi t h
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carboxyfluorescein [ 588 Qilencleh BHQ3L). Hehchoaskwerelo | e
performed using CFX98' RealtTime System (BieRad) with following cycling parameters:

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

in expression opilA1, andpilA2 was calculated by"2! €T method(Schmittgen and Livak, 2008

using expression ofuoA gene as the endogenous control. Primers and probes used for gene
expression are also included able 51. Experiments were perfored once with three

replicategpermedia type.

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

Primer name Sequen@®) (506 Description Amplicon Reference
size (bp)
1924 up F GCGGCACCACGTATATC Amplify upstream 981 This study
AATAAAA region ofpilAl
(PD1924)
1924 up_ R GCAACACCTTCTTCACGA
GGCAGACAGAGAATTCA
TGTGTGGGGGTTTA
1924 dn_F GAGATTTTGAGACACAA  Amplify 1190 This study
CGTGGCTTATGAATACAC downstream regior
ACAGCAACACGATC of pilAl (PD1924)
1924 dn_R TTGGAGAAGAGGCGTGT
TAAAAAC
1924 int_F ATATACAGGGTGCTTGCT Amplify internal 2952 This study
GATTGA region ofpilAl
construct
1924 int_R GGATGGGTTTAGGGATG
CTGATAA
1924 out_F AAACCACCACCGATAAC ConfirmpilAl 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 ofpilA2
(PD1926)
1926 up R TGCCCCGTATTCAGTGTC
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GCTGATTAATAGCGTTGG

TAAGAAATCCAGC
1926 _dn_F GCCTGGTGCTACGCCTGA Amplify 700 This study
ATAAGTGAAACACGATT downstream regior
CATGGGTAAATGCTC of pilA2 (PD1926)
1926 _dn_R TGAGCGTCAATTTTAGAG
GATGGA
1926 _int_F TCAGCAATACTCATACTG Amplify internal 2773 This study
GCACTT region ofpilA2
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 ofpilA2
complementation
pilA2C_up_R2  ATATTGAAGGGTGCAAT construct (contains
ACAAAGCATCTAGTCTC  upstream of NS1
AACCATCATCGATGAA region and
kanamycin
cassette)
pilA2C_dn_F2 GTTTCAAGAGAGAGAGC Amplify 79 This study
GTTCAACACGATGCTGTT downstream
AACCATTGTCATC fragment ofpilA2
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
pilA2 R GCCATTGATGACAATGG fg; Jerminator
TTAACAGCATCGTTTCAA
GAGAGAGAGCGTTCAAC
pilA_F AAACACCGGACTTGCCA Primer and probe 140 Cruz et al;
ACATCAC to amplify 2014
pilA_R TGTTGCATGTCCACTGAC fragment ofpilAl
CTCCAT
pilA_P¢ AAACCATCGCTTGGAAT
CGTAGCGTCAR
PD1926 F CACTCCTAACGCTATTGG Primer and probe 117 Parker et
ACTAC to amplify al; 2016
PD1926 R TTGACCTGACCATTACCA fragment ofpilA2
ATCA
PD1926 P TGGTGGACATCACAACT
ACTGGCG
nuoA F AGACGCACGGATGAAGT Reference gene fo Cruz et al;
TCGATGT gRT-PCR 2016
nuoA R ATTCCAGCGCTCCCTTCT
TCCATA
nuoA_Rid 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
CGTGGCTITGCATCAACC downstreanmregion
CCAAAGCTGA of 1691 construct
1691 DnR AAGCGATCCAATGAAGG
GCT
1691 int F ACGGCCCTTCTCTAAGAT Amplify internal 2152 This study
TGC region of 1691 987
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1691_int_R TGTGTGGTGCTTGCATAT construct

TCTG

1695 up_F CGATGGCCTGTGATAGC Amplify upstream 1027 This study
GATA region of 169

1695 up_R CCGTATTCAGTGTCGCTG construct
ATTGTCACCACGTTTGAG
GAGTTTG

1695 Dn_F GTGCTACGCCTGAATAA  Amplify 1018 This study
GTGAAACGGGGTGAATG dowrstream regior
GACATTAG of 16% construct

1695 Dn_R CAGATGGGGAGTGCTGC
TTTA

1695 int F AAAGACGAAATCCTGGA Amplify internal 2640 This study
GCTGTAT region of 169 1546

1695 int R TTGATACCAATTGGAAG  construct
ACAACGC

Underlined region indicates 506 exaxtersiohed regi o

PAmplicon size in the wild type strain without the insertion of antibiotic gene.

‘These primers were-aesigned as the previously designed primers for this region did not work.
9These were probes used for gRTCR and wer e | abeler@ldnd®iQlht FAM at
t h end3 6

Results

PCR template transformed X. fastidiosacells generating targeted gene deletiomutants
Transformants were generated from all the PCR templates used for strainsl Velid
TemeculalL (Table 52). Ten colonies per strainep construct were fstreaked 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 analysgilAThe
mutants were selected faurther analysis, while the other two mutants of upstred@ region

and mrcA gene were not characterized and are netudised further in this studior pilA

mutants PCR confirmed that the construct replaced targepdéd paralog from the desired
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location of the genomé¢Fig. 51). Double mutants weralsoconfirmedusing the same method
(data not shown). Sequencirgsults showethat the antibiotic cassette is insertedhiatargeted
genomic location without altering the flanking regi@equence The antibiotic resistant
phenotype of the mutants was maintained even aftsireaking 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 mutaetsegated 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 (meanztse) 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
UpstreanpilQ (1691} WM1-1 51+24.8 Twitch plus
mrcA (1695} WM1-1 57+29.2 Twitch minus

aThese 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 Confirmaion of pilA1 andpilA2 deletionfrom Xylella fastidiosastrairs WM1-1 and
TemeculaLPCR confirmation was performed using three different PCR for each mutant. Out
PCR target genomic region outside the construct recombination site, kanamycin and
chloramphaeicol PCRs target the antibiotic region inserted in the mutantgibk&CRs target
the respectivpilA paralogsLanesl and 11; 1kb ladder, lanes 2 angiBAl out PCR ofpilAl
mutants and lane 4 wiltype forpilAl out PCR, &ness and 6; kanamycin@ER of pilA1 mutants
and lane 7 wiletype forkanamycin PCR , lanes 8 andpiA1 PCR ofpilA1 mutants and lane 10
wild-type forpilA1 PCR, lanes 12 and 1#ilA2 out PCR ofpilA2 mutants and lane 14 wilype

for pilA2 out-PCR, lanes 15 and 16; chlorample®l PCR ofpilA2 mutants and lane 17 wid

type for chloramphenicol PCR, ladder 18 anddiy2 PCR ofpilA2 mutants and ladder 20
wild-type forpilA2 PCR. Longer PCR fragment from e®CR in the mutants than in the wild
types suggest insertion of anbhc cassettes, which is confirmed by the presence of band with
antibiotic PCR in mutants but not in witgpes. Amplification with the targejene specific PCR
shows that the mutants lack the target genes and therefore no amplification, but-tiypevild

have intact gene therefore there is amplification (refer tatiléoB amplicon sizes).
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Growth curve andbiofilm formation of pilA mutants

Growth curves of the mutants were generated by cultuttegcellsin 96-well platesand
measuring the optical dsity every dayor five days.Growth curvegFig. 52) show thaigrowth
pattern is similafor the mutants and wittype Biofilm formation significantly increased in both
pilA mutants and the double mutant compared to the-tydd in WMZL1, while only pilA2

mutantformed significanty higher biofilm than the wildype in TemeculaL backgroumsdFig.

5-3).
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Fig. 5-2. Growth curves opilAl, pilA2, anddouble mutants of strain WM1 assessed by
measuring optical density (Q&nm) every day for five day&xperiments 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 Xylellafastidiosawild-type strains and mants as measurdxy

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 grongicate 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 asse@gching motility as showin Fig. 54. Both
wild-type andpilA1 mutants of WM11 and TemeculaL displayed twitching motility, whereas
the pilA2 mutants were twitchingeficient for both strains. The double mutant of Wldivas
also twitching deficient(Fig. 54). Similar pattern of twitchingwas observed in media

supplemented witb0% chardonnay sap (data not shown).

pilA2 double WM1-1

J l - . ¥ 54 3
pilA2 Temeculal
complemented

Fig. 54. Twitching motility of wild-type, pilA mutantsand complementepilA2 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 100pum.

Complementation ofpilA2 re-stored twitching motility
pilA2 mutants hat were deficient in twitching motility were complemented usimgwild-type
copy of pilA2 ORF and its native promoter and terminator at the neutrallsiteX. fastidiosa

Temeculd genome.pilA2 mutants of WM1l could not be transformed with thalA2
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complementation template. TemeculaL mutants could be successfully complemented with the
fusion product of upstreanpilA2, and downstream PCR template. Seventeen transformants
(Table 52) were generated in total, and five weresteeaked on new PW platsgpplemented

with both antibiotics (kanamycin and chloramphenicol). Two of these colonies were confirmed
with PCR and sequencing for the insertionpiifA2 fragment in the neutral site. Twitching
motility of five transformant colonies selected forsteeking showed that complementation re

stored twitching motility lost bpilA2 deletion(Fig. 54).

Sequence analysis gfilA paralogs and their promoter

Based orgene expression analysis usingigroarray experimeng pilin paralog (XF2542) was
predictedto be the major pilin oK. fastidiosasubsp paucastrain 9A5C in a previous studgla

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 leapiédegy cleavage

site, Nterminal hydrophobic region, pilin domain, cytoplasmic, transmembrane, and extra
cellulardomains etc. (data not shown). On comparing regulatory regions in the promoter based
on the regions predicted by the previous st{giy Silva Neto et al., 2008putative binding sites

of the alter nXwereidentified igthegrormhotecaf PD1926@iin both Temeculal
and WMZX1 (Fig. 55). Therefore, results of deletion and complementation experiment and the

promoter sequence analysignfirm that thepilA paralog encoded by PD1926 is the functional
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pilin in X. fastidiosasubsp. fastidiosastrains WMZ11 and TemeculaL and the expression of this

pili is predicted to be undéP*regulation.

WM1-1
Temecula1l
M12

9A5C
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Temeculal AG C
M12 T — T
9A5C GAG-— T
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Temecula1
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Temecula1
M12
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Temecula1
M12
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Fig. 5-5. Determination of characteristic features aPabinding sites in the promoter &ilA2
(PD1926) ofXylella fastidiosasubspeciefastidiosastrainsWM1-1 and TemeculalSubsp.
multiplexstrain M12and subsppaucastrain9A5C are included for comparisomranslation

start sitefATG), and integration hosactor binding sites are underlined. Asterisk (*) indicates
the conserved transcription start hat is66bp upstream of the translation start site predicted
previously for strain 9A5C. Boxed regions indicate conserved elemerit @@ TGC)and-24
(TGGCAC)r egi ons offactar. Arrgwg indicaté con$erved inverted repdhts

possiblee nhancer bi ndipomgotesi tes of the 0
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Expression of pilA2 was higher than pilA1 and supplementation of BSA in PD3reduced

pilA2 expression

Expressiorof the twopilA paralogs was compared among three different media usingPGRRT
using the housekeeping geneoA as endogenous reference gene. As showfig. 56A,
expression opilAl was not changed by growth in PD3 supplemented with BSA or grapevine
sap. However, expression pflA2 was significantly reducedPE0.006) by addition of BSA in
PD3. Expression gbilA2 was significantly higher than that pflAl in all media tested (Fig.-5

6B).
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Fig. 5-6. Expression analysis of the tydA paralogs of Temculd. strain.(A) Results are

expressed as fold changepiifA 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 irxpression opilA2 relative to that opilAl for same cultures
under three different medi&ene expressions was normalized by usingAas endogenous

control. Asterik indicates significant difference in fold charggcompared by orsample TFtest

(f ol d @&Pa®0l)eErbrbars indicate standard errors of mean in fold change from three

independent replicates of one experiment.
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