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Abstract

Bacterial species belonging to the ge@thomonasan infect and cause severe
diseases in a wide range of host plants including many economically important crops
throughout the worldWhile the majority of studies investigating the mechanistic basis of
pathogenesis oKanthomonasave broadly looked at the contribution of virulence factors
towards successful apoplastic growth of the pathogen, mechanisms by which pathogens
successfully adapts to the phyllosphere and maintains epiphytic asymptomatizataarare
understudied.ldentification of these adaptation factors that contribute to-atstogen
interactions andnderstanding the evolutionary history and distribution patterns of the bacterial
fitness determinants are important to predict the emergef novel pathogens and mitigate
proper disease management stratedgrethis study, we explored the adaptation strategies in
the genusXanthomonasusing two approaches. As tfiest step, we studied the recently
identified type VI secretion systemrfiis role incrucial points of th&Xanthomonasfe cycle
using bacterial leaf spot causing pathog&anthomonagperforansas our model system.
Findings from this study highlighted the contribution of function@5Si3* towards early
events of epiphyticolonization, adaptation in response to epiphytic stressamihl stages
of Xanthomonagerforanslife cycle, that are considered to be important for mitigation of the
pathogenSince the role of the T6SS in the gexasthomonasas not been fully uretstood
yet, we studied all the availab¥anthomonagienomes to describe the evolutionary patterns
and distribution of the T6 clusters across the gedusfindings revealed a possible acquisition
of the T6SS by grou@ Xanthomonaspp. through an anciehorizontal gene transfewvent
followed by subsequent losses of the clusters in some fhinomonaspp., thus indicatg
a possiblerole of T6SSduring niche adaptatioronto various hosts as pathovars evolved
Furthermore, through bioinformatic analysis we were able to recogeizeral candidate

T6SS dependent effectors that are not I i mi



environment, avoiding host defenses and in nutrient acquisition. Astoad step, towards
understanding the adaptation strategies in the getarghomonaswe conducted an
experimentalevolution study, using BLS causinganthomonas perforanas our model
system. We were able to reveal a route of host range expansiondp4aBepassaged on the
northost pepper plants via the loss of the hypersensitive response in resistant pepper variety.
Additionally, our phenotypic analysis showed the importance of avoiding the repeated
exposure of susceptible as well as resistant hostsptanbacterial pathogen, due to the
possibility of the emergence of more virulent or novel pathogenic races. Future works
combining experimental evolution with genome sequencing will provide useful information
that can lead to the identification of specifyenetic changes that occurred during the
continuous passaging. Overahese findings provide useful insight into pathogen adaptation
strategies, that were not well understood before and understdhdgggadaptive processes in
pathogens are importaimt understanding risk of emergence of novel or virulent pathogens.
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1. CHAPTER ONE

Introduction

GenusXanthomonass a large group constituted by plant associated Gragative
bacteria. Xanthomonas namxXanthoy emdodoaowinfiimotwaas
and this yellow color is due to the presence of membbanad pigment xanthomonadi8tarr
and Stephens, 1964hese obligate, aerobic bacteria in the gefarghomonasire generally
rod shapednd consist with a single polar flagelly#n et al., 2020) GenusXanthomonass
belonging to the familXanthomonadacea#hich also includesther important genera such
asXylellaandStenotrophomonga8ayerSantos et al., 2019)

Members in the gnus Xanthomonasare widespread plant pathogeespeciallyin
regions with a warm and humid climate, and cause disease in about 27 ptéed,Spcluding
approximately 400 hosts (124 monocotyledondiis families comprising at least 70 genera
and 268 dicotyledonous plan& families comprising more than 170 gen¢kgyward, 1993;
Battner and Bonas, 2010; Ryan et al., 2011; An et al., 2020thomonasliseaseutbreaks
have been reported from many parts of the worldnhultiple economically important crop
plants such as rice, whe@&litrus spp., crucifers, tomato, pepp&tanihot esculentgcassava),
banana and legumgRyan et al., 2011; Jacques et al., 2016; Timilsina et al., 2E@n
though the vast majority of the studies are frequently focusing on patho¢mmicomonas
speciesthe genusXanthomonass also comprised afeveral nonpathogenic/environmental
Xanthomonasstrains, including some species that are highly distinct from known sp#&cies (
sontiiandX. maliensi3 and some species with both known pathogens and nonpathogenic plant
associated strainX(arboricolg (Vauterin et al., 1996; Bansal et al., 2020)

Due to the remarkable host and tissue specificities observed with the pathogenic

Xanthomonaspp., species have been furtiderided into pathovars, that are defined by not
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only the host range but also by tissue specifigciacques et al., 2016 or exampleX. oryzae
that are pathogenic on rice include, pwzaewhich is a vascular pathogen that invattee
xylem of the vascular system and nonvasculaopyzicolathat invade intercellular spaces of
the mesophyll parenchyma tissue of the li@aplett et al., 2015)

These foliar plant pathogenxanthomonaspp. usually undergo different stages in the
infection cycle including initial leaf surface colonization as epiphytes and invasion luéghe
intercellular space as endophy{esidow and Brandl, 2003)n Xanthomonaspp. epiphytic
stage is the time between the introduction of the bacteria to the aerial tissues of the new host to
the time bacteria enter into the host uss. Eventhoughthe plant surface is a hostile
environment for foliar pathogens due to the limited nutrient recourses, water scarcity, exposure
to severe radiation and competition from resident microfldeamthomonaspp. have shown
the ability to surwe as epiphytes for an extended time period from a few weeks to several
months (Rigano et al., 2007; Zarei al., 2018)

Xanthomonascan enter into the host tissue through either entering mesophyll
parenchyma via stomata, or through hydathodes or wounds and spread systematically through
the vascular systerfRyan et al., 2011)Endophytic stage of this bacterium starts, once the
bacteriaareinside the host plant. These henmtrophic pathogens will initially feed on living
host tissue, but in later infection stages, start the extensive colonization and cause the death of
plant cells. Once the bacteria reach high population density inside the plant tissue, they will re
emergdanto the leaf surface and get transmitted through wind or rain into a new hostbsiton
and start the infection cycle aggMoreira et al., 2014)Eventhough contaminated seeds are
consideredas the main route of disease transmission, higher epipb§dgithomonas
populations under high humidity conditions also considered as a significant source of inoculum
for dispersa(Christiano et al., 219; An et al., 2020) Under high humidity, while stomata and

hydathodes are opened to maintain water homoeostasis, it alsoegttveicbpportunity for



Xanthomonadgo enter plant tissue and also for the exit of bacteria from the infected tissue
(Zeng et al., 2010Xanthomonaspp can also survive outside of the host as saprophytes on
weed plants, decaying organic matter and in the soil or water droghath canad asa
potential source of inoculum féfanthomonaspp (Gitaitis and Walcott, 2007)

Symptoms caused b¥anthomonasnclude water soaked spots on leaves, wilting,
rotting, hypertrophy and hyperplasia aaldo die back and cank@Rudolph, 1993; Jacques et
al., 2016) Despite the phenotypic uniformity, and economic and biokgmportance of the
genus, Xanthomonashowsremarkable phylogenetic diversity and has undergone changes in
nomenclature in the past 25 years and still under active déhatisina et al., 2020)This
genus has been subjected to many taxonomic studies based on conventional molecular
techniques as well as recent wheteenome sequencing techniques and currently been
categorized into 35 species and is subdivided into subspecies and paffiowdssa et al.,
2020) Recombination and horizontal gene transfer have been identified as the main driving
forces behind the diversity in themusXanthomonasnd several virulence factors have been
identified as imprtant elements for host specificitand bacterial pathogenicity in
Xanthomonaspp (Jacques et al., 2016; Timilsina et al., 2019, 2038a&cretion systerns
mainly focusing on th&3SS and related effectors, adhesins, EPS, degradative enzymes,
transcriptional factors and Tonfependent receptors have been frequently described as
important virulence factors in the gen<ianthomonag¢Buttner and Bonas, 2010; Newberry et
al., 2019; An et al., 2020; Timilsiret al., 2020)

Bacterial secretion systems are dedicated multiprotein complé&key play an
important role in the successful infection of the host plant, where it gives the ability to the
bacteria to secrete protein and/or DNA into the extracellodgieu or directly into the

eukaryotic and prokaryotizostcells host and manipulate the plant cellular process or interact



with the resident microflora. Process of transferring these proteins referred to as translocation
and proteins that get transloedtare designated as effector protéBi&tner and Bonas, 2010)

With the availability of wholegenome sequence information from diverse
Xanthomonaspp. and pathovars, heterogeneous distribution oésbegon systems (Systems
[, 11, 1, IV, V and VI) have been described in the getMenthomonagAlvarezMartinez et
al., 2020; Timilgna et al., 2020)According to the phylogenetic analysis based on core genome,
two major groups are identified within the get{enthomonass grougl and group 2 and at
least 5 clades have been identified within groupTinilsina et al., 2020)In the genus
XanthomonasT3SS is also knowas the Hrp2 (hypersensitive response and pathogenicity)
clusterandis considered the main secretion system responsible for the virulence. Majority of
the group 2Xanthomonasave acquired the Hrp2 cluster through a common angddérda
et al., 2017) except forX. campestrigv. campestrighat has independently acquired Hrp2
(Timilsina et al., 2020)Group 1IXanthomona sppalsohave independently acquired the Hrp2
cluster and have an atypical T3SS exceptXdoalbilineanswhich instead carries a SB
family T3SS. Som&anthomonaspp., includingX. cannabisand nonpathogeniX. sacchari
and X. maliensisare lacking T3SS and all T3 associated effeqtBigtner and Bonas, 2010;
Merda et al., 2017; An et al., 2020)hese T3 absent strains aretsrad throughout the
phylogenyand as Merda et al., 2017 have described, these strains might have acquired the Hrp2
cluster during evolution and mighave followed a subsequent loss event while gettiagtad
into the host¢Merda et al., 2017)

Two types of T2SS are found in tigenusXanthomona xps and xcs. While xps is
conserved throughout the gentlg xcs cluster is also found in the strains belamglade C,
D and E strains and in most clade A and B strains, but is absenXfroopuli X. fragarieand
X. oryzaestrains. With the exception & translucensthe xcs cluster is absent from group 1

strains(AlvarezMartinez et al., 2020; Timilsina et al., 202T0RSSxps is responslb for the



secretion ofa range of effectors that are related to cedlllwdegradation activity, thelg

directly influencing the virulencészczesny et al., 2010)2SS is proposed to be aiding other
secretion gstems for the assembly of extracellular appendages such as the Hrp pilus from the
T3SS, by initially degrading the plant cell wéllu et al., 2008but also T2SS mediated cell

wall degradation products can get recognized by the plant defense system and can lead for the
activationof innate plant defense responé#isa et al., 2007)

T6SS is the most recently identified secretion system in bacteria and was first described
in two independent studies that identified a gene cluster responsible for virulence in animal
pathogend®. aeruginosaandV. cholerag(Mougous, 2006; Pukatzki et al., 20086SS are
contactdependent nanomachines that are found in around 25% of-t&gatve bacteria,
mostly within the pylum Proteobacterium that inclugleoth pathogenic and nonpathogen
bacteria and have been cheterized for theirole in injecting effectors into neighboring
prokaryotic and eukaryotic cells and thereby provide competitive advantage for the bacteria in
different environment§Boyer etal., 2009; Bernal et al., 2018) Random distribution of the
three different types of complete and partial T6 clusters in different clades in the genus
Xanthomonasndicating theimportance of the T6SS in theegus Xanthomonasyet few
researclstudies havebeen conducted to characterize this systeXaimhomonaspp.

Among the major disease caused by the getarghomonasbacterial leaf spot of
tomato Solanum lycopersicunand pepperGapsicum annuujms considered to benatypical
disease duw the ability of four distinciXanthomonaspecies to cause this disefidewberry
et al., 2019)X. euvesicatoria, Xperforans X. vesicatoriaandX. cynaraepv. gardreri are the
causal agents of the BLS disegdenes et al., 2004; Timilsina et al., 2028f theses species
have been identified in different geographic locations and have been identified to equipped
with different mechaniss for pathogenesi®otnis et al., 2011, 2015X. euvesicatoriand

X. perforansthat havean average nucleotide identity (ANI) of >98%, are currently the



dominant pathogens of pepper and tomato in the southeastern US respectivety eymbrae

pv. gardnei and X. \esicatoria that aremore distantly relatedhave not been observed
(Newberry et al., 2019)Extensive genetic exchange through recombination and plasmid
transfer have been observed betw¥eauvesicatoriandX. perforansand related species that
occupy the same nichevhile recombination has been identified as the major factor that
contributes to the diversification observed in BLS patho@dawberry et al.2019; Timilsina

et al., 2019)This diversity observefbr the groups that cause BuStomato and pepper plants
makethis an excellent model system to study pathogegvodution on a common hodotnis

et al., 2011)

The nmajor objective of this study is to understand the adaptation strategies of the genus
Xanthomonasusing BLS Xanthomona as the model system and focusing mainly on
identifying the function and distribution of the T6S®ismajor objective was studied through
focusing on the following specific objectives,

1. Identifying the role of T6SS ithe BLS pathogenXanthomonas perforanduring
different stages of its life cycle.
2. ldentifying the phylogenetic distribution and evolutioof T6SS in thegenus

Xanthomonas

3. Investigating th@henotypic variationarising inanexperimentally passaged pathogen

population
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Figure 1-1: Diversity of Xanthomonasspp. and lineages and their virulence genes.
Phylogenetic distribution oXanthomonasspp. based on the core alignment of 198,114
nucleotide sequences using the Roary pipgdiage et al., 2015)Vholegenome sequences

of type strains or completely sequenced genomes representXagrttiemonaspp. available

in the National Center for Biotechnology Information (NCBI) database were used for
phylogenetic reconstruction. Theegence of viruleneassociated secretion systems (T3, T2
and T6SS) is shown. This figure was published in Nature Reviews Microbiology 18, no. 8
(2020): 415427 (Timilsina, Sujan, Neha Potnis, Eric A. Newberrfrabha
Liyanapathiranage, Fernanda lruegaBocardo, Frank F. White, Erica M. Goss, and Jeffrey
B. Jones. Xanthomonasdiversity, virulence and plaippathogen interactions.” Nature Reviews
Microbiology 18, no. 8 (2020): 41827 (Timilsina et al., 2020)
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2. CHAPTER TWO

Type VI secretion system oXanthomonas perforangontributes to asymptomatic

epiphytic phase during pathogenesis on tomato.

Abstract

Xanthomonas perforans a seeéborne hembiotrophic pathogen that successfully
establishes infection in the phyllosgyk of tomato. While the majority of the studies
investigating mechanistic basis of pathogenesis have focused on successful apoplastic growth,
factors important during epiphytic colonization are not well understood. In this study, we show
that type VI seretion system cluster i3* (T6SI8*) plays a significant role during initial
asymptomatic epiphytic colonization at different stages during the life cycle of the pathogen.
Mutation in a core genéssMof T6SSi3*, imparted higher aggressiveness to thépgén, as
indicated by higher overall disease severity, highglantagrowth as well as shorter latent
infection period compared to the witgpe upon dipnoculation of 4 to 5-weekold tomato
plants. Contribution of T6S&* towards aggressiveness was evident during vertical
transmission from see-seedling with wildtype showing reduced disease severity as well as
lower in planta populations on seedlings compared to the mutant. The role of-iB8%%
maintaining asymptomatic colaation on seedlings was further confirmed in an experimental
setup mimicking transplant housmndition Higher epiphytic population in presence of
functional T6SS3* was reflected in longlistance dispersal of the pathogen on asymptomatic
transplants utler high humidity conditions. We showed higher osmotolerance being one
mechanism by which T6SiS* confershigher epiphytic fithess. This study highlights the
importance of T6S$3* in overall fitness of the pathogen by dictating latent infection period
aswell as offering adaptive advantage at crucial stages of its life cycle, that are considered to
be important for mitigation of the pathogen.
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Introduction

Successful infection by bacterial plant pathogens is a result of a complex, multifaceted
process mddted by multiple pathogenicity determinants that function across different stages
of the infection, asymptomatic, pathogenic and dissemination phase. In case of foliar plant
pathogens, adaptation to the phyllosphere environment and successful niche@cdsi@a
crucial phase during which pathogen successfully overcomes nutritional limitation, water
limitation, host defense, competition with the resident microflora and environmental stress.
This phase is followed bythe pathogenic phase that involves sessful apoplastic
colonization, suppression of host defense and extensive multiplic&ipipped with the
secretion systems that can facilitate the translocation of bacterial effectors outside of the cell
membrane into the extracellular environment oeatly into the host cell, phytopathogenic
bacteriaare ableto establish successful infection. To date, 10 different secretion systems
(systems I X) have been identified igramnegative bacteriéPalmer et al. 2020; Meuskens
et al. 2019)While these secretion systems have been largely characterized for their importance
during pathogenic phase, their rofliring the initial asymptomatic colonization is an
unexplored area. Recent studies wiBlseudomonas syringabave revealed genetic
determinants that allow successful adaptatiomart@piphytic vs apoplastic lifestyle of the
pathogen. These determinants linle genes involved in flagellar, swarming motility,
chemosensing, chemotaxis, osmotoleraandphenylalanine degradation being important for
epiphytic colonization and can explain the response of a foliar pathogen to conditions

experienced as an epipkyHelmann et al. 2019)

During in plantascreening o mariner transposon mutant library Xf perforansstr.
91-118 (also referred to a&. euvesicatorigv. perforang by dip-inoculation of tomato, we
identified atransposon mutant disruptirige tssMgene ofatype VI secretion system cluster

i3* (T6SSi3*) that displayed more aggressive symptoms compared to théywidas well as
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quicker symptom development. Thibsgrvation led us to hypothesize that T6$Splays a

role during the asymptomatic epiphytic phase.

T6SS was initially described as nodulation impairment locus (imgRhrzobium
leguminosarunand later identified and characterized/ibrio cholerag(Pukatzki et al. 2006)
andPseudomonas aeruginogilougous 2006)The genes encoding T6SS are distributed in
approximately 25% of the sequenced gmaegative bacteria, mainly in the phylum
Proteobacteria including pathogenic, beneficial and camsaiebacterigBoyer et al. 2009;
Durand et al. 2014)Among the bacterial species that have6SS encoded in their genome,
many may contain-6 copies of complete T6SS ctass and many more copies of incomplete
clusters of individual genefBoyer et al. 2009) T6SS cluster assembldégve 13 core
components, where at least 11 are structural proteins and two structural/ effector proteins (Hcp
and VgiG) (Bingle et al. 2008)A subset of these core genes have evolutionary similarities to
T4SS components or to bacteriophage and the whole system of T6SS shows structural and
functional similarities to contractile bacteriophage cell puncturing ddBoger et al. 2009;
Cascales and Cambillau 2012his contacdependent nanomachinery can directly deliver
secreted effectors or toxins into diverse neighboringilegltargets including both prokaryotic
and eukaryotic organisn{glcoforado Diniz et al. 2015)Eachof these core components are
essential for function, and inactivation of any of these 13 core components leads to significant
defects in secretion. IcmF family TssM is one of the conserved proteins involved in the
assembly of inner membraispanning comelx of the T6SS that forms a hollow space to allow
theinner tube and effectors to travel throughAlgrobacterium tumefacien¥ssM has ATP
binding and hydrolysis ability to enable the secretiothefknown T6 effector hemolysin
coregulated protein (HcgXoued et al. 2014; Ma et al. 201Zhe electron microscopy of this
inner membrane congx composed of TssJ, TssL and the important connector protein, TssM,

in E. coli revealed that trarsnvelope structure with double concentric ring like flexible
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structure containing 10 TssM and 10 TssJ proteins bound to each other and with arches
containng 10 TssL copiegDurand et al. 2015)TssM, being a connectbetween thenner

and outer membrane, can explain how the mutation aktiM(Type six secretion core gene

M) inner membraneprotein, aborts the secretion of the effector protein Hcp (hemelysin
coregulated proteinjlChow and Mazmanian 2010; Mattinen et al. 2008; Weber et al. 2013;
Wang et al. 2021)hence indicating the importance of the uninterrumiei genes for the
secretion of type 6 effectors. While known primarily for mediating competition with
prokaryotes or unicellular eukaryotdMa et al. 2014, Bernal et al. 2018sieh et al. 2019,
Bayer Santqgs Té&tSSalhas2®bk&)n s kirolenoe(Ge et alb2608;i mp o r t
Weber et al. 2013; Shalom et al. 200@pst colonizatior{Pezoa et al. 2014; de Pace et al.
2011) and intracellular multiplicatio(Chow and Mazmanian 2010; Parsons and Heffron
2005) In the case of plant pathogenic bacteria, mutatiorthef T6SS core gene has been
associated primarily with impaired virulence as seen Agfobacterium tumefacier{8Vu et

al. 2008) Pseudoranas syringa@v. actinidiag Ralstonia solanacearurirwinia amylovora,
Xanthomonas oryzgaev. oryzaeand Burkholderia glumad8GR1 (Zhang et al. 2012; Tian et

al. 2017; Wang et al. 2021; Choi et al. 2020; Kim et al. 2@#Ohot required for full
pathogenicity (Montenegro Benavides et al. 202BRecent research work om planta
colonization of rice endophyt€osakoniahas reported a significant decrease in rhizoplane and

root enodosphere colonization by T6SS mutaktasfakoniasp. KO348Mosquito et al. 2020)

The role of T6SS appears to be varying depending on the bacterial species, host species
and host tissue also the distribution of the T6SS among the commensal as well as
phytopathogenic bacteria suggests that the role of T6$8yisnd virulencgBernal et al.

2018) Potnis et al, described the distribution of the T6SS clusters in bacterial leaf spot
Xanthomonaspp. where two types of T6SS clusters (type i3*** and i3*) were identified in

perforansandX. euvesicatoriatype i3* T6SS cluster iX. vesicatoriaand no T6SS cluster in
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X. gardneri(Potnis et al. 2011)in this study, given our observation of impairment of T6SS
resulting in earlier sympto development and increased disease aggressiveness led us to
investigate the contribution of T68%* towards epiphytic phase of pathogen life cycle. We
examined crucial points of the bacterial leaf sgahthomonadife cycle, seedo-seedling,
seedlingsat the transplant houses and leaf surfaces of mature plants, which are often control
points for disease management. However, these are also control points at which failure of
current management practices is noted, likely due to ability of pathogen tdamain
asymptomatic colonization. Our findings demonstrate that functional -IZS&®ntributes
towards early events of epiphytic colonization and adaptation in response to epiphytic stress.
This asymptomatic colonization in transplants allows successfmisrrission avoiding
artificial selection. Delayed symptom development allows Hgiotrophic X. perforansto

prolong its association with the host while minimizing overall disease severity.

Materials and Methods

Bacterial strains, mediaand growth conditions

Bacterial strains and plasmids used in this study are listed in Tall@nthomonas
perforanswas growrfor 24h at 28C on Nutrient agar (NA{Difco) andE.coliwas cultivated
in Luria-Bertani (LB) agar or broth at 3¢ (Miller 1972). When required antibiotics were
added into the media to maintain selection for resistance markerslatiigl working
concentration: kanamycin (Km), 50ug/ml; nalidixic (Nal), 50 pg/ml; streptomycin (Strep), 50
pg/ml; rifampicin (Rif), 50 pug/ml, spectinomycin (Spec) 100 pg/ml, tetracycline (Tet) 12.5
pg/ml. All the strains were stored in sterile tap wateiloam temperature or in 30% glycerol
at-80°C or both. Triparental matings were performed on nutrient yeast extract glycerol agar

(NYGA) (Turner et al. 1984)

18



Plant material and growth conditions

Tomato cultivar FL8000 was used in this study. Two weeks old seedlings were
transplantedints t er i I e 40 plastic pots ( TlespoHi@ Compa
medium (Premier Tech Horticulture, PA, USA). Plants were kept under 16h light per day at

28-30°C under greenhouse conditions updo 5-weekold.

Construction of the in-framedd et i on mutssMnt ALG65 @

X. perforansAL65 strain, isolated from symptomatic pepper plants in Alabama in 2017,
was chosen to construct a null mutant since this strain was pathogenic on both tomato and
pepper (Newberry et al. 2019)in addition to this strain being recentisolated and
comparatively aggressive in relationdtherX. perforansstrains such a¥Xp91-118 (data not
shown). A 900 bp promoter fragment upstream ottsk®&1(locus tagXPE_1410% ORF (up)
(tssSMUpFTTGCAGGCGCGTTTGAAC, tssMupRCTTGCGTAGCAACTGGATCG) and
852bp fragment downstream of thetssM ORF (down) (tssMdown#
ATATCGAAGGCCAGCGCTA, tssMdownR AGATACATCTGGGCGGTGG)were PCR
amplified using taq polymerase (Thermo Scientific) according to the manufacturer's
instructions. Both of fise fragments were individually ¢
(Invitrogen) vector with attLl/ attL2 sites. Primer sets, MI13F/SR (ML3F
GTAAAACGACGGCCAG, SR CGTGCGCCGGCATGCCGTCATTCCCCAGGC) and
SF/M13R (SF GCCTGGGGAATGACGGCATGCCGGCGCACG, M13R
CAGGAAACAGCTATGAC) were used to amplify the upstream and downstream fragments
in parallel with the short overlapping ends. Gel purified PCR fragments from the previous
parallel reactions were fused together through a single overlap extension PCR reaction. PCR
cycling paemeters were designed according to the Phusion DNA polymerase guidelines (User
Guide: Phusion Higliridelity DNA Polymeras). Resulting 1100 bp overlapping fragment,

r epr e s wssMith flagmkingoupstream and downstream regions andhtthd/attL 2 sites
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was cl oned-Blunhlt-TPOPPACRENe xt tssMit @@ mbpt ®lumlil-p CRE
TOPO was recombined into the suicide vector pLV&Bc (obt ai ned from Ml
by a Gateway LR reaction (Invitroge(tanassov et al. 2009pLVC18R f C tssMaqwvas

moved into AL65 by triparental mating, usirig. coli helper strain containing pRK2073
plasmid. Single crossover events were selected by growth on NYGA media containing Rif and
Tet antibiotics. SacB countselectable marker was used to select for a secosdavrer event

by plating previously selected colonies on NYGA media containing 5% sucrose. Several
subcultures were conducted to identify the deletion mutants generated through homologous
recombination. Strains were selected for growth on NA containingriRiiffor loss of growth

on NA containing Tet ( 1 2. 5SssMwpg qorifiimed bAPCRe | et |
using gene specific primers followed by sequence analysis as well as using whole genome

sequencing followed by sequence analysis.

Construction of AL 6 SsgMcomplement
Genomic region containinggsM promoter (900 bp upstream of the ORF), tb&M
ORF (4593 bp) and 852 bp downstream of the ORF was PCR amplifiedXfsah65 using
tssMupF and tssMdownprimers. This DNA fragment (6345 bp) was cloned into expression
vector pDSK519. The resulting construct pDSK588) was i ntrodutsMd i nto
mut ant by el ectroporat i on tsgMissM) kvas/canimaed by Co mp |
PCR, DNA sequenng and wholegenome sequencing.
In planta population studyi dip inoculation using individual strains and mixed inoculum
To determine the role of T6SS X perforangpathogenicity4- to 5-weekold tomato
cv. FL8000 plants were dip inoculated (30spB0 ml cell suspensiorsntaining ~1 X 10
cfu/ml of X. perforans AL65°"H A LtSEH A LiSHEtgsM ™ alone or AL65P+
ALG6 B3/ ALSEApr A LtEsSMtssM™ mixed in 1: 1 ratio for the mix

inoculation study. Inoculum suspensions were amended with 0.0025% (vol/vol) Silwet 77.
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Both individual and mixed inoculations were conducted simultaneously so the overall disease
severity levels can be compared in individus mixed inoculations. Plants dipped in sterile
MgSQsamended with 0.0025% (vol/vol) Silwet 77 were used as negative controls. The initial
inocula were plated onto NA amended with antibiotics to confirm a 1:1 ratio otypédand
mutant concentrationend complement and mutant concentrations. Wi to mutant and
complement to mutant initial ratios should be close to(Mecho et al. 2007Macho et al.
2010) Inoculated plants were placed inside closaxkls and kept in a growth chamber (@25

with 12h light/dark cycle for 2 days after inoculation to facilitate high humidity. After the initial
48h plants were maintained at high humidity for 12 hours in the dark and at low humidity for
12 hours in lightMiddle leaflet samples were taken at every alternate day for 14 days and
plantabacterial populations were determined. At each sampling point, < 8remof leaflet
tissues were taken from each plant using a sterile cork borer. Using sterile feafegisds

were placed inside sterile microcentrifuge tubes containing 1 ml sterile Mg8fer and
macerated using a sterile homogenizer. -ficdth serial dilutions of the homogenized
suspension were plated on antibiedimended plates using spiral platfieutec Group Inc,

NY, USA) to estimate the population size of AL65, AlgaSsM andA L 6 tsapltssM in
individual inoculations and mixed inoculations. Plates were kept°@ #8 3 days before
guantifying the colony counts. Bacterial populations wererdghed as colony forming units
(cfu) per cn of leaf area. Bacterial spot severity was recorded using the following scale and

mean disease severity was calculated.

Disease scale: 1 = symptomless, 2 = a few necrotic spots on a few leaflets, 3 = a few
neaotic spots on many leaflets, 4 = many spots with coalescence on few leaflets, 5 = many
spots with coalescence on many leaflets, 6= severe disease and leaf defoliation, and 7= plant

dead (Abbasi et al. 2002)This experiment was repeated three times and each treatment
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consisted of three replicates and results of a single representative experisteawmsthe

results section.

Plots of logocfu/cn? against time were generated and used to calculate the area under

the growth progress curve (AUGPC) using the following formula.
15" 08 ® W @ )

Yi = bacterial populatioat the f" observation, X= time in hours at thé"iobservation, and n

= the total number of observatiofi3utta et al. 2014a, 2014b)

In planta population study i infiltration inoculation

Four to five-weekold tomato cv. FL8000 plants were inoculated with cell suspensions
containing ~1 X 1®cfu/ml of X. perforansAL65"®) A Lisd¥p A LiSEigsM<™
using a needleless syringe. Plantdtirdied with sterile MgS@were used as negative controls.
Inoculated plants were kept in a growth chamber &€ 2&th 12h light/dark cycle for 8 days
after inoculation. Middle leaflet samples were taken at every alternate day for 8 dags and

plantabacterial populations were determined as described in the previous section.

Role of T6SS inX. perforansepiphytic survival under high-humidity conditions

Humidity chambers were constructed in the greenhouse to mimic conditions inside a
seedling transplaritouse that facilitates conditions conductive for BLS disease development.
Each humidity chamber frame was built with PVC pipes and covered with transparent
polythene sheets from all sides. Inside each chamber, high relative humidity was maintained
by usinga sprinkler irrigation system providing overhead irrigation (set to water at 0800 and
1800h for 1 minute on each occasion each day). As shown in the figlirsix 128cell trays
with two-weels old seedlings were arranged inside a single chamber. Rlangsfertigated

two weeks after sowing and every week after that until the end of the trial. To investigate the
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role of T6SS on disease transmission, two weeks old tomato cv FL8000 seedlings from the first
row of the trays were inoculated with a 1: 1 naixeoculum of AL65*Pa n d  AtssBl'Bom

AL 6 Bsh?a nd AtssB(Bsd ™ at 16 cfu/ml concentration. The leaflets were sampled

at 9 samling points (as shown in figureD for estimating epiphytic and total population of
wild-type, mutant and complement on day 7, 14 and 2l-ipostilation. For estimating
epiphytic population, leaf washings were serially diluted and plated on antibiotics amended
media using spiral plateNeutec Group Inc, NY, USA). For estimating total population,
sampled leaflets were macerated and the homogenate was plated upon serial dilutions on
antibiotics amended media. At each sampling point, at each sampling time, the number of
tomato seedling #t showed BLS symptoms were recorded to calculate proportion
infected/symptomless to correlate that to the population of each strain found in different
sampling point¢Dutta et al. 2014a)Plots of logocfu/gagainst time were generated and used

to calculate the area under the growth progress curve (AUGR(R et al. 2014a, 2014b)

The experiment was repeated at leasedhtimes and results of a single representative

experiment is shown the results section.

Effect of T6SS on seedio-seedling disease transmission

To determine the role of T6SS on saedeedling disease transmissidomato cv.
FL8000 seeds were inocutat by immersion in individual cell suspensions containing ~1 X
10° cfu/ml of antibioticmarked strains ofX. perforans AL655®P, A LisME'¥pand
A L 6 ssi(tssM*™ for 2 hours. Seeds treated with doubistilled water were used as
negative control. Inocated seeds were then-diied at room temperature for 24 hours as
described previousl{Tian et al. 2015)Sterile plastic pots (The HC Companies, OH, USA)
with soil-less potting medium (Premier Tech Horticulture, PA, USA) were used to place 3
seeds from each treatment and it served as a single biological replication.-owemtsy old

seedlings were evaluated for BLS severity at the end of the trials basesktasedindex, as
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described previousl¢Tianetal. 2015) The di sease sevdbbDt-yoo®obdal e
sympt oms:-s@dloedvaltesi ons on approximnaterel y 25
soaked |l esi ons on approxi mat e-bogkedSesighs onf t he
approximately 75% of the optl e d o n s : -soaked lesions sgread on 100% of the
cotyl edons: and 656, total death of the seec¢
end of the trial based on the following formula, where A is the previously described disease
scales and is the number of plants with watsoaked lesion percentages described in that

disease scale per treatment.

$) 8" 8pim " 8u

Bacterial populations on germinating tomato seedlings were determined by macerating
leaves of 21 days old seedlings followedappropriate serial dilutions of each homogenate
replicate on NA plates amended with appropriate antibiotics using spiral platete@N&uoup
Inc, NY, USA) and incubated for2 days at 2&. Colonies were counted and coleioyming

units cfu per gram gblant tissue were calculated. The experiment was repeated three times.

Growth of the bacterial strains underin vitro conditions

In vitro growth assay was conducted to evaluate if there is any growth defect in the
A L 6 Bshistrain due to the mutatioAL65F, A LissM'¥a n d  AtksB{E) " were
grown for 24h on NA media amended with respective antibiotics. Bacterial growth was
suspended on XVM2: hrmducing minimal mediunfWengelnik et al. 198) and grew for 24
hours. Bacterial growth was collected by centrifugation and washed twice by XVM2 medium
and subcultured twice in the same minimal medium. When the cells reached-tbg [#tase
(0.27-0.3 OD = 16), they were collected by tleentrifugation at 5000 X g for 10 minutes. The
cell pellets were resuspended in the XVM2 to a final concentratiorf ofulfnl. Aliquots were

transferred to microcentrifuge tubes and diluted to 3Xf@ml with XVM2. Two hundred
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microliters of the suspaions were placed on 96 well plate at@&t 140rpm and Odgo was

measured every 12 hours.

Since our observations with previous experiments were showing a role of TssM in
epiphytic survival oiXanthomonas perforangje wanted to further test if TssM hasyaother
functions in successful survival in the leaf surface. As water availability is one of the barriers
faced by the leaf pathogemsyitro osmotolerance assay was conducted. To conduct this assay
bacterial cell pellets collected after the centritimyawere resuspended in the medium lacking
NaCl to a final concentration of 46fu/ml. Aliquots were transferred to microcentrifuge tubes
and diluted to 5X16cfu/ml with XVM2 with different NaCl concentrations (OMM). Two
hundred microliters of the spensions were placed on 96 well plate #C28t 140rpm and

ODeooWas measured every 12 hours.

Results

Mutation in the Xanthomonas perforansT6SSi3* core gene tssM, results in increased
virulence
In this study, we constructed an-frame deletion mutant afssM (a null mutant,
referr ed tsshl heseafterand @ sozmplement by extrachromosomal expression of
TssM under the controldhen at i ve pr omot er tsM@sEM) hereafe). t o as
Virulence potential of these constructs was evaluated byndiulating susceptible FL8000
tomato leaves of- to 5-weekold plants with a bacterial suspension adjusted focfudml
consisting of wildt ype ( AL65) , or BsM br: AL65 issM(tssM),byo f AL 6
monitoring growth of these strains and symptom developmepiantaover two weeksThe
A L 6 skl mutant exhibited quickedevelopment oflisease symptosnas early as 3 dpi
wher eas AL 6BsMassMistrafnt shédwad wateoaking lsions by 4 dpi (Figure

2-2) . This delayed symptom de yssM(itesplstraimstalsowi t h t
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directly correlated with the lower titers starting at 4 dpi through 14 dpi. Population of the
A L 6 tsskl started to increase rapidly after 2 dpi amdintained ~0.5 to 1 lag higher
popul ati on compar e dtsskM(tssMisthaims thkdughaut tlze rcalirse®ok tbe5 ae
experiment (Figur@-3a). These observations on overall symptom development as well as
plantagr owt h  witssMwerA dintil& @ that of our initial observations with the
transposon mutation itssM gene identified inXp91-118 background (data not shown),
confirming the snilar phenotype of mutation in different strain backgraindext, we
compared growth progress curves of these strains. AUGPC value forqfssthwas
significantly higher than those for AL65 and AldiSsMtssM strains (p<0.05). Even though

a significantdifference in AUGPC was observed between wyijde and AL6GassMtssM
strains (Figur&-3a), no significant difference in bacterial growth was observed between them
at any sampling day. AL@fissMinoculated leaves had significantly higher disease severity
compared to leaves inoculated withL 6 5 o r tsskl(ts€vBstains (Figure2-4a &c).
Overall, AL65pt s walsl more aggressive on tomato compared to thetwple and had

comparatively shorter latent period compared to the-tyje.

Mixed infection doesnot provide a competitive advantage for the mutant over wiletype
in terms of aggressiveness but rather leads to reduced disease severity when compared to
individual infection with the mutant.

Mixed infection of4- to 5-weekold tomato plants with bacterial suspension adjusted
to 1C cfu/ml consisting of a 1:1 ratio of either AL65 + AL&3 s & M.652¢et s s M( t s s M)
AL65zet sd&iMd n osignifisaht differences in the AUGPC values of each strain, although
the mutant grew to a slightly higher populatio plantabeyond6 dpi compared to wildype
and complement (Figura3b & c). Despite lack of any differences in overall symptomology,
overall disease severity levels were consistently lowea mixed infection compared to

individual infections (Figur@-4b &c).
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Mutation in tssM does not contribute to the virulence of the pathogen when directly
infiltrated into the apoplast

In the previous experiment we observed contribution of T6SS towards overall pathogen
aggressiveness when the gipculation method was used and the pathogen was given a chance
to establish epiphytic colonization, as it is seen under natural infection conditions. To see
whether T6SS has a role during endophytic colonization of the pathogen, we performed an
infiltration i nocul ati on assay t o tsMand i|AtksBHEsM)Y i ntr
strainsdirectly into the apoplast. Watspaking of lesiong/ereobserved by 3 dpi for all three
treatments and the degree of severity was uniform among the strainsnifloasigdifferences
were observed among three treatments at any sampling timepoint for bacterial titers2fFigure
5a) as well as AUGPC (Figug5b). No difference was observed in the symptom development

throughout the course of the experiment between5ALGa n d  tsANL(Bidura2-5c¢).

A L 6 tssildisplays lower epiphytic survival and reduced transmission compared to the
wild -type.

Tomato seedlingare usuallymassproduced inside high humidity transplant houses
prior to the distribution of them to use inl@idransplantation. We testége contribution ofa
functional T6SS towards asymptomatic epiphytic colonization on tomato in transplant house
mimic conditions by enumerating the total (epiphytic and endophytic) population and epiphytic
population weekly foup to 28 days. AUGPC values calculated based on weekly enumeration
of epiphytic and total populations of ALE5, AL& s s M(ath&lsd8t ssM t o 28 da)y
reveal ed s i nhigheavalues for@l68 and ALBBE s s M (beysrsl BEmpling
point 3 (Figure2-6a &b). Although total population at the point of inoculation (sampling point
1) and the sampling point 2 was more than 1 log higher for 44165 corpared to the AL65
strain, we observed higher total population of AL6%ydyel 3¢ sampling points at 28 dpi

(Figure 2-6¢). Similar observations were recorded withie complement strain when
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AL65zet s(ts dMpaht AL6%et s \weh coeinoculated in a second humidity chamber (Figure
2-6d). Tomato seedlings were observed for diseas@tyms at every 7, 14, 21 and 28 dpi and
% of seedlings showing disease symptorasagalculated at each sampling point. Until 14 dpi
BLS disease symptoms were only observed in sampling point 1 or 1 and 2 in both of the
chambers and the infected plant petege was less than 30%. There vaasabsence of
obvious symptoms at day 7 and 14 beyond sampling point 2 despite the presence df ~1X 10
cfu/g epiphytic population on seedlings. At 28dpi, more than 90% of the seedlings displayed
disease symptoret thelst and 2nd sampling points in both of the chambers with a gradual
reduction in the disease incidence with <20% infection beyond sampling point 8 (1.7m) (Figure
2-7a and b).
A L 6 &sslis highly aggressive on seedlings eliciting more severe symptoms with higher
population compared to the wildtype upon vertical transmission from seed to seedling.

With the observations of the previous experiments, we were intrigued to study the role
of T6SS in other stages of the disease cycle of BLS causEdrifijomonas perforanSince
this is a seedborne pathogeseed to seedling disease transmissiorX.operforanswas
evaluated after i1inocul atssMonAlb65 t atssiltssbl @ ds
TheA L 6 BsMstrain showed significantly higher mean population growth of ~ 3%flily
compared to the AdsHtSsMsstrain that shoveeeindeanfobapaldtiop of
~ 6 X 1CGcfu/g and ~ 1 X 1®fu/g, respectively, o@1-day-old tomato gedlings (Figure-Ba).
A L 6 BssilIshowed significantly higher mean BLS disease severity index of 60%, compared

t o ALG65 assMtssM Eh6viing 33.33% disease severity (Figih&b).

X. perforanswild -type exhibited a higher osmotolerance compared tde AL65adssM
AL65zet s wablable to grow as well as the wilghe and the complement in XVM2
medium that mimicgheapoplastic environment, indicating a lack of an inherent growth defect

in the mutant (Figur@-9a). Since osmotolerance is an important trait for epiphytic survival of
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the pathogen due to low water availability, we evaluated the tolerance of AL65 anei8&6b

to the osmotic stress during growth in XVM2 with varying concentratddmNaCl. When the

NaCl concentration was gradually increased to 0.1M and 0.2M, AL65 exhibited a higher
growth dynamic compared to the AL@SsM (Figure 29b &c respectively). Groti pattern

in theother NaCl concentrations were not showing any diftesierong the tested strains (data

not shown).

Discussion

Bacterial leaf spot (BLS) is one of the most destructive diseases of todfudémim
lycopersicuh and peppers Qapsicum annum) grown in warm and humid climates
worldwide. The initial symptoms caused by this disease include small, necrotic lesions on all
aboveground plant parts such as leaves, stems and (Rotsis et al. 2015)These smaller
lesions merge into larger ones and result in a reduction in photosynthetecares and fruit
infections that cause major economic logsesmes and Stall 1991; Kyeon et al. 2016; Roach
et al. 2018)BLS pathogens can survive in the seeds for an extended time (Basidn et al.
1982) hence the contaminated seeds are the most important source of inoculum for long
distance transmission and introduction of the disease into patfi@geareagGiovanardi et
al. 2018) Despite seed certification programs in place, we continue to see bacterial spot disease
outbreaks. Transplant houses arestered to be hot spots for asymptomatic transmission of
pathogen on transplants grown for field productigkbrahamian et al. 2019)High
temperatures, high humidity, high plant density, and overhead irrigation in commercial
transplant house settings favor maghn sprea@Dutta et al. 2014a; Potnis et al. 201B).S
pathogens can also survive epiphytically on the lasstvell as noinosts (Jones 1986)
Asymptomatic epiphytic survival of the pathogen has been a major concern due to direct
influence on effectiveness of management strategies. Such epiphytic populations have been a

culprit in reducing efficacy of bactericides as well as impacting dunabiiilisease resistance
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(Perrezny and Collins 1997While the majority of studies investigatitige mechanistic basis

of pathogenesis ofanthomonasave broadly looked dhe contribution of virulence factors
towards successful apoplastic growth of the pathogen, mechanisms tly this hemi
biotrophic pathogen successfully adapts to the phyllosphere and maintains epiphytic
asymptomatic colonization are understudied. In this study, we have investigated the role of
T6SSIi3* towards latent infection period, an epidemiologically impot phase during
pathogenesis.

We have noted the overall contribution of T6ISS towards aggressiveness of the
pathogen, as measured by two traits, latent infection period (observation of delayed symptom
development) and reduced disease severity antgathogens the time between host infection
and pathogen sporulation/multiplication due to that infection is referred as the latent period, a
crucial life history trait(Lannou 2012; Pariaud et al. 200®) the case of hembiotrophic
Xanthomonasthe pathogen adapts to the phyllosphere during this epiphytic phase. Our
f i ndi n g stssighowid festeigsymptom development, increased disease severity and
higherin plantagrowth compared to the wiltype implied increased aggsdgeness in absence
of T6SSi3* in X. perforans This suggested the overall role of functional TssM and in turn,
functional T6SS3*, in limiting symptom development, during early stages of plant
colonization.This isin contrast to typical virulence faecty mutations of which typically lead
to reduced virulence or reduced disease severity. A similar phenotype with increased disease
severity with T6SS mutant was also observed in cas@eatobacterium atrosepticum
(Mattinen et al. 2008)

In addtion to aggressiveness, we also observed increesgdianta growth with
A L 6 tsshl This is indicative of the role of T6SS* in determining thresholdn planta
populations during infection. Similar observation was notetleécaseof intracellular anima

pathogerHelicobacter hepaticysvhere mutation ofssMandhcpled to significantly higher
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pathogen titeat3 and 6 hrs in MODKK cells. Such limit on intracellular pathogen titers during
colonization oflamouse in presence of T6SS was thought to siggke of T6SS in promoting

a symbiotic relationship betweéh hepaticusand mammal¢Chow and Mazmanian 2010)
This explanation could also be true wianthomonasa hemibiotrophic pathogen, that
maintains colonization withim host to promote its transmission before inducing host cell
death We ruled out a growth defect due to presence or absence ofiF68&der in vitro
conditions,i.e., in minimal XVYM2 medium, under which T6Si8* expression is observed
(data not shown). However, we cannot rule out inherent differences in expressesnspatt
observed under in vitro conditions aimdplantaconditions, and thus, cannot completely rule
out the explanation @t higher cost associated with expressing T683n wild-type, leading

to lowerin plantatiter compared to T6SB* mutant.

We observed the influence of the inoculation method on the T6SS mutant phenotype.
Infiltration i.e., artificial inoculation of the pathogen directly into the apoplast failed to show
difference in overall pathogen tite or disease severity ratings between AL65 and the
A L 6 tssil This observation coincided with the previous finding with mutants (deletion of
tssF, GandH genes) in T6S$3* of Xeuwhere infiltration experiments in tomato/pepper
concluded no role of T6SIB the pathogen virulengé\bendroth et al. 20170ur findings of
therole of T6SSI3* in limiting virulence ofthe pathogen usinglip-inoculation (mimicking
natural infection) suggestheimportance of testing different methods of inoculation before
inferring the contribution of genes/gene clusters towards pathogenesis. Mixed infection with
T6SSi3* mutant and wildtype did not infuencein planta population growth, yet lowered
disease severity when comparedhte mutant alone, indicating expression of TESS by
wild-type influenced overall pathogen aggressiveness in the mixed infection. This observation
can be further tested ug different inoculation doses since growth interference typically seen

with mixed infectiongMacho et al. 2010)Since the influence of the mutant was only evident
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upon dipinoculation, but not infiltration, it is indicative of contribution of the TESS
towards early colonization period. T6SS activation atyems 3 h after inoculation was
observed recently in the case of another Heiwtrophic foliar pathogerPseudomonas
syringaepv. actinidiaeon kiwifruit (McAtee et al. 2018)Similarly, the upregulatiof the

T6SS genes was also recorded during the epiphytic growth atiomonas citrpv. citri

on the host plant citrus while low expression levels were recorded during growth inside plant
mesophyll(Ceseti et al. 2019)This study withthe citrus canker pathogen also identified
temporal induction patterns during epiphytic and endophytic colonizatithre glathogens for

T6SS and T3SS. These intriguing findings are indicative of a possible regulation or interaction
between T6 and T3 secretion systems. This hypothesis is further supported by the previous
work with Ralstonia solanacearustrain GMI1000 thaalso identified an increased expression

of the T3SSeffectors in theassMmutant(Zhang et al. 2012)it is possible that the shorteh
incubation period and increased aggressiveness observed with theeAL§5s Mue to
regulation between T6S#d other secretion systems such as T3SS. These observations should
be further analyzed by conductiagyene expression assay during different stages of disease
development.

Being a seedborne pathogen, a critical control point considered in managing bacterial
spot disease is se¢ntseedling transmissigiutta et al. 2014a5eedlinggrow out assays are
commonly used in seed certification prograi@staitis and Walcott 2007) We investigated
the role of T6SS3* at this important stage of se¢ntseedling transmission. Our results with
lower disease severities on seedlings with AL65 compared to gik6®l indicated that
although seed transmissiomas observed with AL65, lower disease severity might be
responsible for asymptomatic seedlings. Thus, F@3%llows successful transmission of
Xanthomonago the seedling, yet with lower disease severity. These observations are not in

agreement with thevaluation of seed to seedling transmissioA@tlovorax citrulli xjl12on
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melon seeds, where significant reduction in the disease index of melon seedlings inoculated
with T6SS mutantsprasD, gmpJ, ggmpK andggmpF was observed compared to wilgpe,

butno significant difference was observed in disease indextigtimpL mutant (homologous

to tssM (Tian et al. 2015) These findings show a differential role D8SSi3* in plant
pathogenic bacteria, possibly due to differential colonization strategies of these pathogens.

In case of foliar bacterial pathogens sucXasthomonasor Pseudomonasepiphytic
survival of a pathogen without symptom expression intthesplant houses provides ideal
conditions for transmission of the pathogen and subsequent growth andthépathogen to
escape artificial selection. These asymptomatic transplants go undetected and get planted into
the field resulting in the outbreskin P. syringaepv. tomatq hopM1was identified to have
accumulated mutations in order to avoid host recognition during this asymptomatic phase
(Badel et al. 2006 Dur experiment using conditions mimicking high humidity transplant house
conditions revealed that T68% has a role in maintaining higher epiphytic bacterial
populations and in bacterial dissemination into the longer distances (~2m) while expressing
minimal disease symptoms. It is worth noting that no obvious symptoms were visible at day 7
and day 14 beyond sampling point 4, despite the presencé cfiiepiphytic population on
the transplant seedlings. Higher epiphytic populations with -type@ allaved pathogen
dispersal longer distances while maintaining asymptomatic colonization.

Asymptomatic, epiphytic establishment is vital for a foliar pathogen for its successful
colonization as well as for the survivaLow water availability is one of the rabadverse
obstacles faces by the leaf epiphytic bacteria. Accumulation of solutes on the leaf surface can
lead to osmotic stress and thus, osmotolerance is an important trait in bacteria that facilitate
successful survival on the leaf surface. We ingestid the contribution of T6SS* in
osmoadaptation by comparing growth patterns in XVYM2 minimal medium in presence of

different NaCl concentrations. When subjected to osmotic stress;iB688sitive strain had
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significant advantage in growth. Presen€@6SSi3* in Xanthomonasffers osmotic stress
adaptation facilitating epiphytic colonization. Difference in osmoadaptation mechanisms have
proven to influene the relative fithess of individual species and strains. For exarple,
syringaeB728a strairthat shows superior osmotolerance has shown to be better adapted for
epiphytic survival tharP. syringaeDC3000 and 1448A strains. A global transcriptomic
analysis oP. syringaeB728a andP. syringaeDC3000 strains performed under higher osmotic
stress identified upregulation of T3SS and T6SS gens iR.thgringaeB728a(Freeman et al.
2013) Ten of the 21 genes in the B728a T6SS-H8uster were induced undeigh osmotic
pressure that includedmpkK, clpV, andicmF (tssM)(Freeman et al. 2013Ypregulation of
the T6SS gens includingmF (tssM)impB, impH, andduf877as a response to the salt
induced osmotic stress wasafecorded irAcidovorax avenasubspavenae Rg, indicating
a possibility of formation of the T6SS structure in response to the salt(€rest al. 2015)

T6SS was first characterized Bseudomonas aeruginosad Vibrio choleraefor its
role in contacdependent interbacterial competition, wherefdit-tat type of interactions were
noted(Basler et al. 2013Buch counterattack mediated by T6SS and associated toxins against
bacterial or eukaryotic competitors were characterized in multiple animal or human pathogenic
bacteriagRussell et al. 2011; Macintyre et al. 2010; Song et al. 2021; Trunk et al. 2018; Storey
et al. 2020) In case of plant pathogens, T6BS in Xanthomonas citrpv. citri mediates
resistace to predation by amoebactyostelium discoideutnBay er Sant.Whkileet al
ecological significance of such aamoeba interactions remains to be explored, this finding
provides interesting questions as to whether T6SS allows bacterial plant patoanesicome
competition wih resident microflora. IiX. oryzaepv. oryzicolaGX01, mutation in T6SS i4
cluster resulted in impaired bacterial competition \@tthrobactrum oryzae, rice endophytic
bacterium and also with. coli (Zhu et al. 202Q)Further studies invéigating whether T6SS

mediated manipulation of resident microflora result in altered host susceptibility would help
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disentangle the functional profile of T6S3*** not just in the context of virulence but in the
context of its ecological significance.

Presence of two T6SS clusters (i3* and i3***, defined based on phylogenetic subclades
within clade i3 based otssCgene), hence twissMgenes inXanthomonas perforansaise
guestion about functional redundancy and hence, possiblecmam@ementation icase of a
deletion mutant of a core gene of single T6SS cluster. ThessMgenes from cluster i3* and
i3*** share only 65% identity at nucleotide level and 45% at amino acid level. In many
pathogens carrying multiple T6SS clusters, such sequence elicergeflected different
functional profiles and differential regulatigNavarreGarcia et al. 2019; Pezoa et al. 2014)

A strain of Salmonella entericaseroype Dublin lacking T6S&.s displayed a strong
colonization defect in mice and chickens, like a strain lacking both F6381d T6SSpi19
clusters. This colonization defect was only reversed by transfer of thesdi§3Gindicates

that these two T6 clusters are not functionally redundar@ailmonella entericaerotype
Dublin (Pezoa et al. 208. Similarly in Aeromonas hydrophilao functional redundancy was
observed for Hep in influencing motilifsha et al. 2013)'he expression of T6SB Yersinia
pseudotuberculosis differentially thermoregulated than the other three T6SS clusters at 26°C,
indicating a differential functional specialization/regulation of each sy&tbang et al. 2011)

In Xanthomonas oryzagv. oryzicola T6SSi3*** cluster was not required for virulenoar
bacterial competition but i4 cluster played an important role in bacterial k{ihg et al.
2020) further indicating that T6SS clusters are not functionally redundant. Further studies with
single and double mutants witesM gene delebns in both clusters i3* and i3*** irX.
euvesicatoriaand X. perforanswould be needed to study phenotype profiles and differential

regulation of these multiplied systems.
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Conclusion

We present evidence for contribution of T6i83Sduring some of the cicial stages of
the life cycle of the foliar herdbiotrophic pathogen, sed¢d-seedling transmission, transplants
and during epiphytic colonization on matdrdo 5-weekold plants. Interestingly, in all these
stages, T6S$* influences a crucial life Istory trait ofthe latent infection period. T6SEB*
dictatesthethresholdn plantapopulation, and thus, sdeterminant of aggressiveness of the
hemibiotrophic foliar pathogenXanthomonasThis study also highlights the importance of
T6SSi3* in overcoming osmotic stress duritigeinitial adaptation period to the phyllosphere.
Given theinfluence of theatent infection periodnthe overall disease outcome, further studies

focused on undstanding the regulation of pathogenesis by TF&3Svill be crucial.
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Table 2-1: Bacterial strains and plasmids used in this study.

Strain or plasmid Relevant characteristics References
or source
Xanthomonasperforans
strains
WT/ AL65 XpAL65, Rif', Strep Laboratory
collection

(Newberry et al.

2019)
AL 6 tspl Strain XpALG65, inframe deletion inssM  This study
Nal
A L 6 Bapl(tssM Strain X p t&sM6 Smutant This study
complemented with pDSK5186M), Km'
Escherichia coli
One Shot E Tt(Fmcr Anrrdg¢dRMSmcrBC) Invitrogen

801 acZpM15ml ac X7«
raleu) 7697 galU galK rpsL (SjrendAl
nNupéG o
DH5U F1 80d! ac Z pMAasF)U4GO Life
endAl deoR r ecAl Technologies,
phoA supEdgrAd6eiAl hi Carlsbad, CA
Plasmids

p CRE8/ GW/ T O Topo cloning vector, Spéc Invitrogen
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p C R Blunll -TOPO® Blunt DNA Cloning Vector, Krh Invitrogen

pLVC18-RfC Tet, Gateway destination suicide vecto Roden et al.
2004
pLVC18-Rf CtssMp pLVC18 derivative containing fusion ¢ This study
genomic  regions upstream a

downstream ofssM Tet

pRK 2073 Helper plasmid
pDSK519 Km' (Keen et al.
1988)
pDSK519 tssM) pDSK19 with genomic region containir This study

coding region of tssM along with
upstream and downstream flanking reg

of tssM Km'

Rif", Strefy Km" Nal’ Nal', Stf> Spe¢, Tet : " indicatesantibioticresistance respectively.
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Figure 2-2: Disease symptom development 4 days aftefirygulation
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A L 6 BshltssM strains were evaluated for bacterial population growth, every alternate da

for 14 dpi on semselective media. lagcfu/cn? values were used to calculate AUGPC values
for each corresponding treatment. Lines represent the standard error of the meamwad one
ANOVA was applied for the statistical analysis of AUGPC and treasneitit different letters
are significantly different according to
oneway ANOVA was applied for the statistical analysis of bacterial population V@ues
and treatments with * marks are significa | vy di f f er ent accordi

significant difference (P<0.05).
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Figure 2-4: Effect of TssM on symptom developmaemitX. perforansAL65. (a) Disease scale
in individual inoculation (b) disease scale in mixed inoculations (c) tomato leaves 14 days after
inoculation with each straid- to 5weekold tomato (cv. FL8000) plants inoculated with ~1x
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1°c f u/ ml of ®BIMOT, AAsEMESEID strains were evaluated for disease
developmentevery alternate day for 14 dpi. A em&y ANOVA was applied for the statistical
analysis of disease index valu@seach sampling day separately and treatments with * marks

are significantly different according to Tuk
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di fferent according to Tukeyds t ewmytANOMA | east
was applied for the statistical analysis of bacterial population V@dues and disease severity
values oreach sampling day separately and treatments with * marks are significantly different

according to Tukeyb6s test of | east significa
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Figure 2-6. X. perforanssurvival under higthumidity conditions. (a) bars represent the total
population growth inside chamber 1 where At68and AL6%et s"3wdre mixed inoculated
while lines represent the epiphytic populationvgito inside chamber 1 where ALESP and
AL65zt s"¥wdre mixed inoculated, (b) bars represent the total population growth inside
chamber 2 where ALGBt s"¥akid AL65ssMtssM “™were mixed inoculated while lines
represent the epiphytic population gtbwinside chamber 2 where AL&8 s"¥ dwd
AL65gissMtssM ™ were mixed inoculated. (c) Bars represent the total population growth
inside chamber 1 where AL8%5P and AL6%et s"¥wére mixed inoculated while lines
represent the epiphytic population grovitside chamber 1 where AL85Pand AL6%et s"¥ M

were mixed inoculated 28 dpd)(Bars represent the total population growth inside chamber 2
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where AL6%et s"8ahtl AL65ssMtssM) K™ weremixed inoculated while lines represent the
epiphytic population growth inside chamber 2 where Ade85s"3akt AL65ssMtssM) <™

were mixed inoculated 28 dpi. Vertical lines represent the standard error of the mists T
were done on AUGPC and logluas on each sampling point separately and treatments with *
marks are a significant difference (P<0.05).
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3. CHAPTER THREE

Phylogenetic distribution and evolution of Type Vlsecretion system in thegenus
Xanthomonas

Abstract

Bacterial species belonging to the ge@thomonasan infect and cause severe
diseases in a wide range of host plants including many economically important crops
throughout the world. Understanding the evolutionary history and distribution patterns of the
bacterial fitness determinants is important todmrethe emergence of novel pathogens and
designproper disease management strategies. Our recent workKanthomonagathogenic
on tomato indicatedrole ofthetype VI secretion system (T6SS) cluster i3* in epiphytic fithess
and in turn in dictatingdémi-biotrophic lifestyle of the pathogen. T6SS is a contigiendent
apparatus that can directly deliver secreted effectors or toxins into diverse neighboring cellular
targets including both prokaryotic and eukaryotic organisms. In this study, we exiilered
distribution of the three distinguishable T6SS clusters in ~2X&#homonagenomes, their
conservation, genetic organization and their evolutionary patterns in this genus. Forty four
percent of strains contain at least 2 clusters, 0.01% of stramaic all three cluster85%
contain at least 1 cluster and 22% strains contain none.

Presence of the T6 clusseconsistently in group Zanthomonasspp. led us to
hypothesize that T6SS was acquired by the ancestor of geéaptBomonaspp. followedoy
its conservation or subsequent loss of individual clusters upon diversification into different
clades and that individual T6SS clusters and associated effectors provided selective advantage
to the species during adaptation onto specific hosts. Cgtairp 1Xanthomonads seem to
have acquired it recently throughhorizontal gene transfer event or recombination from
members of thXanthomonadacedamily. There appears to be horizontal gene transfecpf
andvgrG among different specieshich servea dual role of being a part of T6SS structure as
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well as effectorsBi oi nf or mati ¢ analysis recognize t
dependent effectors not limited to toxins, but rather in adaptation to the host environment,

avoiding host defenses aimdnutrient acquisition.

Introduction

Genus Xanthomonas,that belongs to the gamma subdivision of the phylum
Proteobacterias comprised with ubiquitous Granegative plant pathogenic bactefian et
al., 2010) GenusXanthomonads comprised with more than 35 species, that can cause
economically important diseases in more than 400 host pfamsisina et al., 2020)Even
though a wide host range is observed Wi#imthomonaspp., individual strains can be tightly
restricted to a partidar host or host group, hence tik@anthomonasspp are further
differentiated into pathovars based st rage and tissue specific{ywhite et al., 2009; An
et al., 2020)To dateXanthomonaspp. have been isolated from host plants belonging to 124
monocotylelonous and 268 dicotyledonous spe&ite et al., 2009; Kyrova et al., 2020)
Xanthomonaspp. have a higher degree of host tissue specificity and can either invade the
vascular tissues or can survive in the intercellular spaces of the mesophyll parenchyma tissue
(An et al., 202Q)To successfully adapt into the hostile host environm&mthomonaspp.
usually depend on several factors that are importaatioerence to the plant surface, to invade
the intercellular space of the host tissue, to manipulate pihiar processes, to acquire
nutrients, to counteract plant defense responses and also to compete with other microbes that
occupy the same nich{@uttner and Bonas, 2010)dentification of these adaptation factors
that contribute to hogiathogen interactions is crucial in implementing future management
strategies.

Currently, there are more than 150@&nthomonagenomes publicly available in the
National Center for Biotghnology Information (NCBI) database. With this availability of

genome data, comparativ&udies have been able to identify many potential virulence
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mechanisms that can contribute to pathogen virulence and host adaptation and their evolution.
Secretion sytems that are utilized by the bacteria to translocate proteins/ DNA directly into
the host cell or into the extracellular milieu are frequently being identified as such important
strategy used by many pathogenic and-patihogenic bacteria.
In gram-negatve bacteria 10 different secretion systems have been identified, but only
six secretion systems-Yil) have been described in the geiathomonagMeuskens et al.,
2019; AlvarezMartinez et al., 2020; Palmer et al., 202Byenthough most of these secretion
systems have been extensively studied in the g&anthomonasthe role, distribution and
evolutionary history of the most recently identified T6SS has been descénlmdy a few
studiest Bayer Santos et al ., 20-BatoseBa, 2619 Cesetit al
et al., 2019; AlvareMartinez et al., 2020; Choi et al., 2020; Zhu et al., 2020; Montenegro
Benavides et al., 2021}iost of the abowenentioned studies udeepresentativEanthomonas
spp, to derive conclusions regarding the distribution of the T6SS clusters in the whole genus
Xanthomonaswhile the evolutionary history of the T6 clusters in this genus remains unclear.
T6SS is present in about 25% of graegative bacteria, mainly within the phylum
Proteobacterium and the classes U , b and
and commensal bacteria, indicating possible functions of this system unrelated to pathogenicity
(Boyer et al., 2009a; Durand et al., 201%pSS is composed of 123 different proteins,
including 13 core structural proteittsatassemble an injectisonli&e structure (Shyntum et
al., 2014) Core components are named as Tss (for Type six secretibhpAd are usually
encoded in the sangene cluste(Zoued et al., 2014Most T6 clusters are also encoded with
additional subunits that are refereed as Tag (Type six associated gadesg suggested to
be important in the assemtaf the T6 system, transcriptional or ptistnscriptional regulation

of the T6 clusters or as T6 effectors/immunity proté8isalom et al., 2007; Boyer et al., 2009a,;
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Silverman et al., 2011; Coulthurst, 2013his Tss nomenclature is now widely adopted by
many while common names such as Hcp, VgrG and ClpV are alsein

T6SS is comprised of three major complexes: the ina@mbrane complex, the
baseplate and the tail and together form a larger machine that extends from bacterial cytoplasm,
across the bacterial cell wall and to the target &lv¢rman et al., 2012; Coulthurst, 2013;
Durand et al., 2015; Nguyen et al., 2018; and Hernandez et al.). Z0#0transmembrane
complex made from B, TssJ and TssL acts as a docking site for the cytoplasmic baseplate
like structure made from TssE, TssF, TssG and TssK. and act as an adaptor between the trans
membrane complex and the tail. The internal tube of the tail component is made with Hcp tubes
that are assembled into the central V@BAR spike and is enclosed by a contractile sheath
composed of TssB and TssC. Secretion of effector proteins through the T6SS istapone
process that is independent of the Sec or Tat secretion machinery aadiaseoh through
contraction of the sheath to propel the HégrGi PAAR complex towards the target cell and
deliver a cocktail of effectors in each contraction. Unlike other secretion systems, after each
firing event T6 tube disassembles and Hcp is loshéoeixtracellular milieu. AAA ClpV
(TssH) ATPase is recruited to the contracted sheath to disassemble the complex and to recycle
the sheath components for the next round of firing. Apart from being core components of the
T6SS, Hcp (hemolysin eregulatedprotein) and VgrG (valinglycine repeat protein G) also
have been identified as specialized effectors important in antibacterial activity in several
pathogen system@ien and Lai, 2017; Ma et al., 201 Effectors that get delived via the
T6SS are either categorize as O0Cargoéi or 06s
VorGi PAAR complex nocoval entl y or covalently respec
effectors that have no role in the secretion machinery or procddse(MgrG or Hcp) but
dedicated effector proteins are usually found within the T6 cluster or sometimes in the other

parts of the genomglernandez et al., 2020)
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Depending on the 13 core proteid$ clusters have been separated into 4 subtypes
(T6SS™). The majority of the proteobacteria have T6 clusters belongitite subtype T63S
and due to the diversity observed in this subgroup, it has been further subdivided into 5
phylogenetic clades {¥) (Boyer et al., 2009a) Bacteria belong to the family
Xanthomonadacea®rbor three of the subtypes of T638cluding clades i1, i3 and i4, while
genus Xanthomonas only has T6 clusters belong to i3 and Es¢BalyerSantos et al., 2019;
AlvarezMartinez et al., 2020)Xanthomonas3 clade can be further subdivided into two
distinct subclades as i3* and i3 *** based on the phylogenetic analysis conductedsaging
gene(BayerSantos kal., 2019) All the Xanthomonaspecies that have i3 T6SS cluster lack
tssJ core component in the outer membrane complex in T6 machiAkgrezMartinez et
al., 2020) T6SSi3* and i3*** show differences in their genetic architecture, for example, i3*
clusterin X. euvesicatori®5-10 is about 40kb (XCV420XCV 4243) while the i3*** cluster
is about 20kb (XCV21206 XCV2143) and the difference in the cluster sizes are due to the
presence of genes encoding hypothetical proteins and transcriptional regulasmis atuster
(figure 31) (Boyer et al., 2009a; Abendroth et al., 2017; Alvavkartinez et al., 2020)

Similar to observations with other bacteria, sotaathomonaspp. have both i3* and
i3*** or one copy from each of these two subclades together with the i4 cluster or without it
(Bingle et al., 2008; Alvareklartinez et al., 2020)These multiple copies of T6 gene clusters
are believed to be acquired by independent horizontal gene transfer events, indicating the
possibility of different roles played by the T6 clusters in different bag@nmgle et al., 2008;
Blondel et al., 2009; Boyer et. a22009a) In X. oryzaepv. oryzae,one T6 cluster iglistantly
related to thghaseoliclade while the second cluster forms a monophyletic clade with i3***
cluster ofX. euvesicatorimndX. perforansjmplicating a recent common orig{iMontenegro

Benavides et al., 2021)
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The goal of this study is to harness a large sqiublicly availableXanthomonas
genomes spanning the engenusXanthomonasvith multiple strains of important pathogenic
species and study tlwenservation, genetic organization and evolutionary patterns of multiple
clusters of T6SS. We hypothesize that the acquisition of the neulig$S clusters occurred
as independent events during the adaptatiokaothomonaspecies on specific hosts as they
diverged into various clades. Specific cases of loss or gain events happened in certain clades
as an adaptation to vascular or hvascula lifestyle. Identification of the putative T6 effectors
is important to predicting the strategies used by these pathogens for successful adaptation to

the host environment.
Methodology

Construction of T6 core gene phylogenies

T6 core gene based phylogeny was generated using the automatddceusi§equence
analysis pipeline (automlsa2) as previously describadis et al., 2021 )Briefly, T6SS core
genes in each cluster were identified according to the previous lite(Ruires et al., 2015;
Montenegro Benavides et al., 202t reference nucleotide sequences frorauvegatoria
85-10 (clusters i3* and i3***) andX. oryzaepv. oryzaestr. PX0O99 (cluster i4) were used as
gueries to retrieve homologous sequences from the genomes downloaded from NCBI GenBank
dataset on April 07, 2021. A total of 1577 complete genome seceece retrieved from the
NCBI GenBank, were used in theakeblastdb tool to create a local blast DB ased in the
BLASTN+ (v. 2.11.0) to identify and extract the sequences. BLASTN analysis was done with
dlight alterations to the default values, whereerage was set to 30 and identity was changed
to 50 while keeping 185 as the walue. Each sorted output muRASTA file was aligned
using the MAFFT (v.7.471) (ins-| algorithm). Phylogenetic tree in maximum likelihood
(ML) criterion was developed uginthe IQTREE multicore version 2.1.2 COViBdition,

using aligned nexus fil e geneém aMFRI6 afsu ntchtei oont
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usedf or t he model-margelrchustelfi avia swhuisleed d or parti ti
support was determéd using 1000 bootstraps and 1000-&RT bootstrap replicatelsB

1000,-alrt 1000). Nodes with the >= 80% support with the- 8HRT and >80% with normal
bootstrap supports, were considered well suppoiiavis et al., 2021)The ML tree in

NEWICK format was visualized using the tree viewer program: FigTree viRaibaut et

al., 2018)

Splitstree analysis for homologous recombination visualization

To identify and visualize possible conflicting signals, that would suggest possible
recombination events and evolutionary relationships within sequence data, phylogenetic
networks were developed using the Splits Tree4 (version 4.(Hu3pn and Bryant, 2006)
Concatenated T6 core genes from each cluster were used to generate splitstree files, for a
selected subset of genomes using the abometioned automlsa pipeline. Réant splits.nex
files were visualized using the Splits Tree4 (version 4.16&D)g poted equal angle algorithm
(Gambette and Huson, 2008)he possibility of recombination events was identified by the

branches that form parallelogra@®seph and Forsyth2012)

Multi -locus sequence analysis
Multi-locus sequence analysis using 12 housekeeping genes was performed on the 1577

complete genome sequences retrieved from the NCBI GenBank. Housekeepingagebes,
(ATP synt h asak (70kDachbah shak protein),efp (elongation factor P)fusA
(Translation elongation factor akEl, fyuA (transmembrane protein; Tdrdependent
transporter)gapA (glyceraldehyde -phosphate dehydrogenasghA (glutamine synthetase

), gltA (citrate (Si}synthase genegyrB( DNA g vy r a s éacH{suganABQtranspoitey
permease))epA (GTP binding protein) andpoD (RNA polymerase sigma 70 factor)
previously described in the literature were used in the MLSA anglysigsng et al., 2008;

FischerLe Saux et al.,, 2015; Timilsina et al., 201Phylogeny was generated using the
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automated mulkiocus sequence analysis pipeline (automlsa2), and phylogenetic tree in
maximum likelihood (ML) criterion was developed using thellIREE multicore version 2.1.2
COVID-edition using the parameters as described in the previous section. ThedVin
NEWICK format was visualized using the tree viewer program: FigTree viRainbaut et
al., 2018)
Construction of core genome phylogeny

For the reconstruction of the core genome phylogeny Roary was(lRagd et al.,
2015) All the genomes downloaded frometNCBI GenBankin the .fna format were first
annotated using the Prokka (v1.14.5) software (8@lemann, 2014)After annotating the
genome to determine the location and attributes of the genes contained in them, the resultant
.gff file in the GFF3 format was used as the input file to perform thggpanme analysissing
Roary. Roary extracted the coding sequences from the input GFF3 files, converted them into
protein sequences, removed partial clusters and creatadupters. Next Roary performed
BLASTP with 95% sequence identity and the sequences were clusténellavkov cluster
(MCL) algorithm. As the next step, Roary generated clusters and obtained the true orthologs.
Finally Roary identified core genes and generated a concatenated core gene alignment that can
be used to generate maximum like hood phylogenyguRAXML (v 8.2.12) (Randomized

Axelerated Maximum Likelihood)Stamatakis, 2014)

Identification of T6SS clusters across genomes ganthomonas

The NCBI GenBak database was used to identify homologs of the T6 clusters encoded
by X. euvesicatori®5-10 (clusters i3* and i3***) andX. oryzaev. oryzaestr. PXO99 (cluster
i4), using the BLASTP and TBLASTN (v2.11.0) with default paramet€aracho et al.,
2009) To confirm the presence of the whole T6 clusters, positive hits from the BLAST search
were further analyzed to identify their locus tags to searchelghboringgenes. To further

confirm the presence of T6 clusters, we used theghated Microbial Genomes &
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Microbiomes(IMG/M) (v.6.0 ) system and genome and microbiome datasets sequenced at
DOE's Joint Genome Institute (JGI), using the aboeationed genomes as referen@@isen
et al., 2021; Mukherjeeteal., 2021) Gene Neighborhood tool and IMG genome BLAST

options were used to identify gene synteny and cluster organif@tem et al., 2021)

ldentification of T6 effectors

Amino acid sequences of each core and accessory genes in T6 clusters of the selected
genomes were used to predict the T6SS effectors usingasteon6machinelearning tool,
which is a twelayer supporector machine (SVM)based ensemble model with optimized
parametergWang et al., 2018)Iin the development of this tool, features of the amino acid
sequences including, sequence profile (based on three types of sedeeved features,
including amino acid composition (AAC), dipeptide composition (DPC) and ¢Bepience
Order descriptorgQS0)), evolutionary information (using the Blocks substitution matrix
(BLOSUM), A positionspecific scoring matrix (PSSM),-EBPSSM and PsBESSM models)
and based on and physicochemical property (based on CTDT and CTDC, which describe the
global compogion of the amino acid properties in protein sequeneask taken into the
considerationWang et al., 2018)We utilized this prgram to search for T6SS effectors in
selectedXanthomonaspp., using the amino acid sequences of the T6 gene clusters of each
species. Predicted putative effectors were selected based on an ensemble model result score of
O 0 (K&mar et al., 2020)
Results
Distribution of T6 clusters in the genusXanthomonas

In this study, we analyzed 1577 complete genome sequences, belong to 37
Xanthomonaspp retrieved from the NCBI GenBank. A large proportion of the sequenced
genomes belong to the specksoryzag(388 gaomes) X. citri (194 genomes)X. phaseoli

(155 genomes)X. perforans(149 genomes) an¥. arboricola (139 genomes). When the
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nucleotide sequences of the core genes in the T6SS clusters were used in the BLAST analysis,
the presence of three T6 clusters belonging to clade i3 (i3* and i3 ***) and i4 were identified
across the genus. Among the 1577 genomes analyzed;i38SSvas identified in 417
genomes, T6SE* in 608 genomes and 489 genomes had the complete-il6SSster.

To further study the sequence cluster organization as well as flanking genes,
representative, strains of pathogeXianthomonaspp. were chosen. Core gem® phylogeny
was generated for the genXianthomonaseference strains and used to map the distribution of
each T6 cluster (figure-3). Complete T6 clusters were identified in 29 genome sequences
while only incomplete T6 clusters were observed in 4 of tdsted Xanthomonasspp.
including, X. campestrigov. campestrisATCC33913,X. nasturtii WHRI885, X. prunicola
CFBP8353X. pisiDSM18956. When considering all the strains belonj.tocampestrigpv.
campestris,~58% of the strains were with partial T6 sters while all theremainingX.
campestrigv. campestrisvere encoded with either i3* or i3*** complete clusters (tablE).3
Interestingly, all the sequenced nasturtiiandX. prunicolastrainsonly encoded with single
T6 core genedssAandtssBregectively. Moreover, between the tWwo pisi strains, DSM
18956 T®Si3* cluster was missingssK tssLandtssMcore genes from the cluster whXe
pisi CFBP4643 was encoded wiltomplete T&Si3* cluster.

Among earlybranching strains, alsknown as group 1, T®Si3*** cluster was
identified in X. hyacinthi CFBP1156 andX. translucenspv. translucensDSM18974.
Interestingly,according to BLAST results, B&i3*** core genes inX. hyacinthiCFBP1156,
showed more nucleotide similarity tateibacter rhizovicinuSM16549 strain (100% Query
cover & ~100% percent identity), than other species in the geanthomonas. Luteibacter
rhizovicinusis a Gammaproteobacterium in the ord¢anthomonadalessolated from the
rhizosphere of barleyHordeum vigare) (Johansen et al., 2009l ost of the core genes in the

X. translucengv. translucendDSM 18974 had higher nucleotide similaritiesLisobacter
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enzymogeneBelongs to theXanthomonadaceaamily and have identified as a ubiquitous
environmental bacteriurfzhao et al., 2017)nterestingly X. translucen$-5 norpathogenic
Xanthomonaspp. isolated from pepper plants has th8F&3* cluster, this observation gains
our attentiorto the possible acquisition of the T6 clusters by individual strains within the early
branching clade.

The dstribution pattern of complete and partial T6 clusters were identified within the
group 2Xanthomonaspp. and visualized in figure& T6 clustes were not identified in group
2 clade A, while all the three T6 clusters were identified in clade B, which consisted of the two
strains belong tX. maliensis In the group 2 clade C, distribution of the i3* cluster was
identified in all the species, whiX. codiaeiCFBP4690 was also encoded with a partial i3***
cluster. Species belonging to tiehortorumcomplex were identified in the clade D, and few
of the strains in this clade were identified with complete and partial i4 clusters. Among the
species clustered together in cladeX ,bromiwas the only species with the complete i4 cluster
while all the other species were encoded with complete and partial i3* cluster. According to
the core genome phylogen¥. nasturtii was identified as a separateade (F), and as
mentioned in the previous section, both of the strains beloXgrtasturtiiwere encoded only
with tssAgene of the i3* clusterMost of the species that belong to the axonopodis complex
(clade F) that is comprised of severalflessocated Xanthomonasspecies includingX.
perforans X. euvesicatoriand a majority of th&. phaseolwere encoded with both i3* and
i3*** except for X. axonopodiDSM3585,X. citri pv. citri LMG9322. Among the 15X.
phaseoligenomes, 98 strains were witke only i3* while 52 strains had both i3* and i3***,
Interestingly, in this analysis, we were also able to identifyXwghaseolstrains (X phaseoli
pv. phaseoliNCPPB220 and NCPPB1138) with i4 cluster together with the i3* cluster. The
presence ofdth i3* and i4 clusters were only observedXinphaseoland 11X. citri species.

In X. citri, even though the representative strain LMG9322 was only founéwaatmplete i3*
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cluster, 12 strains out of 194 strains were found witbmplete i4 cluster along with the i3*
cluster, while a majority of the strains have a single i3* cluster (tafi)e Strains belonging

to X. axonopodisvere identified with either complete i3* wighartial i3*** cluster or complete

i3*** with partial i3* cluster and interestinglyX. axonopodid.PF_602 was encoded with
complete i3* cluster and partial i4 cluster separating it as the only strain with partial i4 cluster
in the axonopodis complex. Alé¢ strains belonging to thé vasicolawere found with either
complete or partial i3*** clusters, whil&. oryzaghat share the clade H wik¥ vasicolavere
mostly encoded with both i3*** and i4 clusters, while only i4 cluster was identified .69
oryzaestrains.X. oryzaeclusteri4 was not present as a single cluster, but in two separate
genomic loci, and about 2@rG (tssl) genes were dispersed throughouttheryzaeggenomes.
According to core genome phyloger, campestrisvas found as a sepde clade (1) and
complete and partial i3* and i3*** clusters identified. To summarizes the above describe
findings, i4 cluster was identified M. oryzaespeciesX. maliensisand most of the spp. that
belong tathe hortorum complexi3*** cluster was oty observed in the axonopodis complex,

X. oryzae, X. maliensand few earlybranchingXanthomonaspp. Partial i3*** cluster was
observed only iX. codiaeiCFBP4690 (7027 bp) (figured).

Size of the each T6 clusters were also compared in this stuby.dfithe species with
complete i3* cluster were encoded with@3kbp in size, while the i3* cluster Xu cucurbitae
CFBP2542 was about 70kbp. i3*** clusters with-28kbps in size were identified in the
analyzed genomes while determining the size efithcluster was not possible due to the
presence of the i4 cluster in two loci.

When the T6 cluster distribution in the getd{athomonasvas further analyzed at the
species level, it was revealed that within a single species there can be strains wittecom
single T6 cluster, more than one T6 clusters, partial T6 clusters as well as some strains without

T6 clusters.
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When we consideX. phaseoli,~96% of the strains encoded at least 1 complete T6
cluster, 0.64% with only partial T6 clusters while in%.5f the strains T6 clusters were not
identified. On the contrary, M. arboricolaonly 5% of the strains were with T6 clusters, while
0.2% with partial clusters and ~95% strains were not encoded with any T6 clusters, indicating
T6 is not a rule irX. arboricola (table 31).

Among the analyzed genomes, presencesirfigle T6 core gen@gssQ, was observed
in the 342 genomes (mostly consistecKophaseolandX. citri). In X. phaseoliLl00 genomes
were identified withthe tssCgene in the i3*** clusters while the majority of those genomes
were also encoded withcomplete i3* cluster. On the contrary, in some of Xamthomonas
spp., absence of a single core gene was observed, while other components of the T6 cluster
was presen While the clpV core gene was absent in the i4 cluster of some oXtloeyzae
genomes, most of the genomes consisted of a complete set of T6 core genes in the i4 cluster.
Partial/incomplete T6 clusters were further observeX ipruni, X. dyei, X. gi, X. sp, andX.
massiliensispossibly indicating recent loss of the T6 clusters in these strains (tAbde@
figure 33).

Evolutionary history of the i3* cluster in Xanthomonasspp.

To study the genomic environments ofSI%i3* cluster in diffeentXanthomonaspp.,
we compared the upstream and downstream regions (5 genes up and down) based on the
synteny and similarities of the genes (figuré)3

As previously describedhe T6SSi3* cluster is present in the eattyanching species,

X. trarslucensF5, nonpathogere Xanthomonaspp. isolated from pepper plants, while i3*

core genes were not identified in any of the other species in the same clade. When we observe
the flanking regions of these eatlyanchingXanthomonaspp., we could iderfii similar and

unique flanking genes, immediately up and detveanregions of the i3 synteny (even in the

absence of the T6 clusters) in most of the elargnchingXanthomonaspp., except foX.
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translucend=5. The upstream region of thetranslucen&5 is similar to severadanthomonas
spp. that have the i3* cluster while it showed a unique downstream region, indicating a
complete replacement of the downstream region (figute Bith these observations we could
assumehei3* cluster might have been independently acquired and insesfithe i3* locus
has occurred in the same genomic region inthiganslucen$-5. This acquisition of the i3*
cluster byX. translucen$5 could be due to a gene exchange betw@enhomonaspp. that
reside the pepper plants includiXg perforars andX. euvesicatoriahat frequently isolated
from the pepper phyllosphere or due to the gene exchange with aniXattteomonasr non
Xanthomona spp. due to the commensal nature of this bacterium. To identify the closely
related bacteria to the B&i3* cluster inX. translucen$5, each core gene in the cluster was
used in BLAST analysis. According to the analysisS$&3* cluster core genes iX.
translucensF5 showed 6B7% identity to Xe85L0, while gercent identities above 95%
resulted with unclassdéd Xanthomonaspp, Sl, SS, GW, which have been isolated from the
seed microbiome of perennial ryegrasble 32).

Flanking regions of the i3* cluster of most of tianthomonaspp. were conserved
and mostly less than 15 CDS were found betweenlainking regions if the i3* cluster was
absent, except foX. fragariaePD885 andX. hyacinthiCFBP1156 that contained 76854 bp
and 181557bp genomic regions respectively in between the flanking regions (figurAs3
mentioned earlier, species belongtte hortorum complex lack the i3* cluster but when the i3
synteny was further examined, even in the absence of the i3* core genes, presence of two i3*
accessory genes (Serine/threonine protein kinase and RNA polymerase sigma factor
(TIGR02999 family)wasconserved between the flanking regions. SimilarlXiroryzaepv.
oryzicolaCFBP7342, in the i3 synteny a Jacdike lectin domainrcontaining protein, which
is also an accessory gene commonly found in the i3* locus, was identHedveen the up

and dwnstream flanking regions. Furthermore, it was observed that single i3* core genes or
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partial i3* clusters are randomly distributed among the gra@2homonaspp, as observed

with X. prunicola (only tssB gene), X. campestrisATCC33913 (onlytssA geng and
Xanthomonas pigB* cluster (absence of a couple of core genes in the middle of the cluster.
Collectively these observations suggest possible acquisition of the i3* dhasbest common
ancestor ofX. axonopodisand X. campestriswhich upon subsegnt diversification into

separate clades experienced loss events by specific strains or clades during niche adaptation.

Comparison of theXanthomonasT6 phylogeny toXanthomonasmulti -locus phylogeny

To better explore the evolutionary origin and distribution of the T6SS clusters and to
use as a reference to inter the evolutionary patterns in the g@misomonasa robust
phylogeny was generated using concatenated 12 housekeepingaijpbesifak, &P, fusA,
fyuA, gapA, glnA, gltA, gyrB, lacF, lepand rpoD (figure 35). MLSA phylogeny was
compared to that dhe T6SSi3 ***, i3* and i4 core gene phylogenies. Incongruencies among
the MLSA phylogeny and that of T®5i3* and i3 *** were noted among. perforansandX.
euvesicatoriaand incongruencies betweethe MLSA phylogeny and T8Si4 cluster
phylogeny were also observedAntranslucenandX. fragariae.

Hcp and VgrG are the componentsti# T6SS spike complex and can be hypothesized
to be highy variable due to their role as effectors. To investigate if the T6 effeutprand
vgrG contribute to the incongruencies observed among the above phylogeny comparisons, both
of these gene sequences were removed from the concatenated T6 core gerile qneryhe
phylogenies of T6SS core genes withbap andvgrG sequences were-monstructed for the
T6 clusters (figure ®). Incongruencies between T6 core gene phylogeny with and without
vgrG andhcpwere observed iX. perforansX. euvesicatoria, XranslucensandX. fragariae
strains indicating different evolutionary patterns ¥grG andhcp compared to that of other
core genes. Whethe phylogeny forthe cluster i3*** without hcpandvgrG was compared to

that ofthe MLSA phylogeny, strains belong to the perforansandX. euvesicatorishowed
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inconsistent placement. Interestingly, when the i3* phylogeny withoptand vgrG was
generated and compardgd the MLSA phylogeny, previously observed incongruencies
betweenthe i3* phylogeny and MLSA phylogeny K. perforanshad been resolved, while
incongruencies were still visible X. euvesicatoria.

Given our observation of incongruencies amtrgMLSA phylogeny and T6SS core
gene phylogeny withouicp, vgrG we hypotlesized that there is genetic exchangéheflT6
core genes among different strains belonging to different species. We constructed phylogenetic
networks using SplitsTree which can demonstrate conflicting signals for phylogenetic
placements aticulation.We observed reticulation at the base of the branches connecting,
perforansNI1, X. euvesicatorisCFBP6369,X. spA1809, X. euvesicatoriadDAR26930, X.
phaseoliA1962, X. phaseoliLMG12749, X. euvesicatorid1, X. euvesicatorid MG12749,

X. euvesicatoriaLMG495, X. euvesicatoriaCFBP3836,X. euvesicatoriaCFBP3371,X.
axonopodidMG26789, X. euvesicatoriaNI38, X. euvesicatoridCFBP7921 X. axonopodis
CFBP7922,X. phaseoliNCPPB1713,X. campestrid.MG954, X. citri LMG859, X. citri
Bagalkot X. citri LM G7439,X. axonopoditMG753, X. campestrit MG940, X. axonopodis
LMG9049, X. campestrie. MG939, X. axonopodid MG9050, X. citri 12609,X. axonopodis
LMG558, X. campestrisMG9044,X. phaseoINCPPB1158X. citri NCPPB3660X. phaseoli
NCPPB1495 X. citri NCPPB1495X. citri NCPPB1056, X. euvesicatoria85-10 and X
perforans91-118 in thesplit decomposition tree generated foiSBa3* without hcpandvgrG
(figure 37a). Branches connecting, perforansNI1, X. euvesicatoriaCFBP 6369,X. sp
A1809, X. euvesicatoriaDAR26930, X. phaseoliA1962, X. phaseoliLMG12749, X.
euvesicatoriaF1, X. euvesicatoriZCFBP3371,X. euvesicatoridctMG495, X. euvesicatoria
CFBP3836,X. campestrisNLP121, X. campestrisNLP172, X. campestrisLMCP25, X.

phaseoliNBC703,X. axonopodiLCFBP5823 X. euvesicatorid®5-10 andX perforans91-118
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in the split decomposition tree generated foS$&*** without hcp andvgrG were also
showing possible recombination events (figweb3
T6SS in nonpathogenic andenvironmental strains

Since the T6 clusters were not identified in all the pathog€aithomonaspp, a
possible role of this secretion system can be beyond pathogenicity. Furthermore, identification
of the T6 clusters in the ngmathogenic or environnméal isolates can provide added
clarification to the possible unidentified functions of this system. To identify the distribution
of T6 clusters inl3 strains collected from rainwatand 16nonpathogenicXanthomonas
collected from tomato, beans, citrpgpper and rice seed/leaf phyllosphere were included in a
core genomephylogenetic analysis (table-3. Among the nofpathogenicXanthomonas
species X. maliensisstrairs, previously mentioned eadgranching strairX. translucend=5
andX. floridensisWHRI8848 were having i3* cluster encoded in its genomterestinglyX.
maliensishave both i3* and i3 *** clusters and a i4 cluster compared to othepatrogenic
rice leaf associatedanthomonaspecies such a& sontiiandX. saccharR1, that do nohave
any T6SS cluster encoded in their genome and rice pathogeoiyzaepv. oryzaeand X.
oryzaepv.oryzicolat hat only has i3 *** and i4 cluster,
clusters in nofpathogenicX. maliensis Similarly, nonrpathogenicX floridensisWHRI18848,
has a complete i3* cluster while watercress pathog¥nicasturtiiWHRI8853 only has a
single i3* core gene with flanking regions similar to ¥aéoridensis

Among theXanthomonastrains collected from the rainwatewo X. arboricolastrains
(X. arboricola 4461 and 3793) were encoded witlsli3*. When all theX. arboricola
genomes were further examined, it was identified that some of the strains have assértial
gene, with some accessoryS%i3* genes encoded ithe synteny of i3* cluster with similar
flanking regionstssBgene inX. arboricolapv. juglandisCFBP2528is showing only 27%

query cover and 89% identity to ttesBgene inX. euvesicatori®5-10, but the gene size of
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thetssB(621bp) inX. arboricolapv. juglandisis bigger than thessBgene inX. euvesicatoria
85-10 (510 bp) or the twoX. arboricola strains that have the complete i3* clusters.
Interestingly, along with the parti&#sB gene,X. arboricola pv. juglandis CFBP2528and
several otheiX. arboricola genomes encoda few i3* accessory genes (Serine/threonine
protein kinase and RNA polymerase sigma factor (TIGR02999 family) similar to our
observations withX. horotorumcomplex andX. oryzaepv. oryzicola.tRNA (aspartyitRNA
(Asn)/glutamyitRNA(GIn) amidotransferase subunit A) was also conserved arboricola
pv.juglandisCFBP 2528nd several othef. arboricolagenomesn the i3* synteny.

Identifying T6SS clusters in ngmathogenic strains, brings out the question of why
bacteria with T6SSs dedicate a vast energy expenditure to the production of T6SS proteins?
When the T6 effector profiles of the arboricola4461 and 3793 were compared to its closely
relatedX. pisito identify any unique T6 effectors in these fgathogenic strainsve coul dn o6t
identify effectors common to the twa arboricolabut wereabsent in th&X. pisiCFBP 4643.

One of the identified T6 effecto(type 1 glutamine amidotransferase) was commoreo t
compared three strains aaadtubico group peptidase and a hypothetical protein (132aa) was
unique tothe X. arboricola4461 while another hypothetical protein (145aa) was unige to
arboricola 3793 strain. These identified effectors need further stodgentify if they have

any function related to the ngrathogenic lifestyle of these pathogens.

Contribution of the T6SS for the evolutionary history of theX. axonopodiscomplex

Identification of both i3* and i3*** clusters and the conserved syntariii@eT6SSi3*
locus found in the species belong to the axonopodis complex, it can be hypothesized that the
axonopodis complex has acquired the T6 clusters before divergence into different pathovars.
Given that axonopodis evolutionary history has beemtgceell studied andhefirst step of
generalist diversification into th¥. axonopodissubgroups followed by the second step of

ecologydriven specialization that favored the emergence of novel pathovars has been well
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describedMhedbiHajri et al., 13), we closely examined the patterns of the evolutionary
history of the i3* and i3*** T6 clusters in thé. axonopodigomplex

In this current study, we hypothesized that T6SS clusters were acquired by the ancestor
of Group 2 xanthomonads and upobsequent diversification into separate clades, individual
species either retained or lost T6SS clusters during the process of niche adaptation that
provided significant advantage during lifestyleaofascular vs nowascular mode and dicot
VS monocot paibtgens.

When the distribution of the T6 clusters was examined according to the subspecies
group they belong to, it was observed that strains belonging to the same subgroup are having a
similar distribution of the T6 clusters except #r phaseolipv. dieffenbachae LMG695 in
subgroup 9.4. Strains belonging to subgroup 9.2xamghaseolpv. dieffenbachiad. MG695
in subgroup 9.4 have both complete clusters while, strains belong to subgroups 9.4, 9.5 and 9.6
have complete i3* clusters. Subgroup 9.3 is only haviograplete i3*** cluster, along with
an incomplete i3* clustavith 1-3 core genes (tabled. Interestingly, 9.3 is the only subgroup
that has strains pathogenic only on monocot plaataxonopodigpv. axonopodishelong to
subgroup 9.3 are pathogenic Aronopus scopariughile X. axonopodigv. vasculorumare
pathogenic orSaccharum officinarumAll the other subgroups consist of strains that are
pathogenic on dicot plants, except Xoraxonopodipv. allii (9.2) that is pathogenic dklium
sp..

To determine if the T6 clusters follow the same evolutionary history as the species
belonging to th&X. axonopodisomplex, a phylogeny based on the T6 core genes in i3*/i3***
clusters were compared with the phylogenies generated based on the core genams of st
with either i3* or i3*** core genes emncled in their genome#ccording to the core genome
phylogeny and i3* or i3*** core genes phylogeny, similar clustering of the subgroupings were

observed This observation confirms the previous hypothesis wherswggested common
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origin of the T6 clusters before the divergence of the pathdwsesestingly in theohylogeny

based on i3* or i3*** core genes, clustering of the subgroup clades indicates incongruencies
compared to the core gene phylogeny (figur8).3Core genome phylogeny clustered
subgroups 9.2 and 9.4 in a single clade while i3*** phylogeny clustregroups 9.4 and 9.3

in one clade while i3* phylogeny indicates an early divergence in the subgroup 9.4. Clustering
of subgroups 9.5 and 9.6 shows the same arrangement when core genome phylogeny was
compared to the i3* phylogeny. These difference imptih@gogeny hints at a possible evolution
pattern in T6 clusters independent of its core genome evolution thus further confirming T6
plays a major role in host adaptations.

We further assessed the distribution of T6 clusters accorditig t@scular and no
vascular mode of colonization as well as preferred dicot vs monocot host. More of the
dicotyledonous species contain §%i3*, while most of themonocotyledonous host plants
infecting Xanthomonagontain T&Si3*** cluster (table 34). Furthermore, whethe T6
cluster distribution was analyzed depending on their lifestyles of vascular weasouar
mode, a clear correlation was not observed and T6 clusters are randomly distributed in both

vascular and nemascularXanthomonaspnp (table 35).

Determining the role of T6 effectors for theX. axonopodiscomplex host specificity

T6 effectors were identified in each subgrouxXoéxonopodiso identify if we see any
patterns in the effector profile that contributes to the subgrouping of the straing, henc
contribute to the divergence of pathovars inXh@xonopodigomplex.

When the effector profiles were compared, we were able to identify T6 effectors that
were commonly found in all the subclades and a few of the effectors that were restricted to few
subgroups, few strains or to a single strain (figw®.3Some effectors were found in both
clusters i3* and i3***, including Hcp, VgrG, FHA forkheadassociated protein and

Serine/threonine protein kinase protein.
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Hemolysin activator protein (HlyBamily), TonB-dependent outer membrane receptor
(TBDR), protein with Jacalitike lectin domain/phosphodiesterase domains from the EEP
family (endo/exonuclease/phosphatase) and putative acid phosphatase precursor (Histidine
phosphatase superfamily) wedentified as effectors unique to the i3* clusteXiraxonopodis
spp (figure 39a). In X. axonopodisg3*** cluster, all the subgroups except for the 9.3,

Toll/interleukin-1 receptor (TIR) domain was identified as a T6SS effector (fig1®ie) 3

Discussion

In this present study, 157%anthomonagienomes obtained from the NCBI website
were analyzed to understand the distribution and evolutionary patterns of the T6SS in the genus
Xanthomonas With T6 cluster presence/absence analysis we were able to iddmify
distribution of complete T6 clusters, partial clusters and even single T6 genes belong to i3*,
i3*** and i4 subgroups. It was interesting to identify the distribution of incomplete/partial T6
clusters in som&anthomonaspp Since it has been idefigd that presence of all the core
T6SS genes are required for the functionally of the T@®§er et al., 2009bjt is intriguing
to identify some strains that lack single T6 genes and raise the questions alpmssibke
function oftheinactive T6 clustem that strain. In our analysis, we observed the T6SS locus
lackingclpV gene in some of th¥. oryzaestrains and interestinglyn previous studies on the
distribution of the T6 clusters i@ampylobacter jejunthe T6SS locus lacking thepV (ssH)
gene has been noté@ibnemann et al., 2009; Bleumifduym et al., 2013)Eventhough ClpV
is required for the recycling of the TssB/TssC tubular shéaly/. cholerae clp\fmutant was
still effective in killing activity toward<€. coli, thus indicating th@ossibé function of aclpV
related ClpB family of ATPase encoded from elsewhere compensating for the tEpk/ of
the T6SS(Pietrosiuk et al., 2011; Zheng et al., 2011)

Distribution of T6SS mongXanthomonaspp. does not correlate with host preference,

four Xanthomonaspecies that cause BLS in tomato and pepper shows the diverse distribution
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of T6 clustersX. euvesicatorieand X. perforanshave both i3* and i3*** clusters whil&.

vesicatora has i3*clusterX. gardnerid o e s n 6t have T6 cl| ugRoteis s enc
et al., 2011)Even the three BLS species that have the i3* cluster shows the difference in the
cluster orgaization (figure 310).

Few studiesconducted in recent years were able to identify the role of T6SS in host
adaptation or virulence in the genxianthomonasX. citri pv. citri T6SS i3*** was the first
functionally characterized in the genus and isunegl for resistance to predation by the
bacterivorous amoehaictyostelium discoideufnBay er Sant o.sin thet riceal . |,
pathogenX. oryzaepv. oryzicolg T6SSi4 has been identified for its role in the interbacterial
competition, while inX. oryzaepv. oryzaeand X. phaseolipv. manihotis reduced virulence
and reduced host colonization in presence of T@%3 (Choi et al., 2020; Zhu et al., 2020;
Montenegro Benavides et al., 2021)

When the T6 core gene phylogenies were developed fakahthomonasspp that
have complete T6 clusters, we were able to clearly identify the distribution of each T6 cluster
in major Xanthomonaspp. X. phaseolispecies shows the most diverse T6SS distribution
pattern and identification of two Xahaseolipv. phaseolistrains with the i4 cluster was an
unusual observation since tie phaseadlstrains are part of th¥anthomonas axonopodis
species complex and only previously known for tmerboringi3* and i3*** clusters
(Montenegro Benavides et al., 202This is indicating the importance of analyzing all the
available genomes, before conferring conclusions regatd@gyoupas a whole.

Accumulation ofpoint mutations play a major role in the diversification observed in
many pathogen systems and in several studies mutations in the T3SE have been identified as
the driving force for diversificatiofBogdanove et al., 2011; Merda et al., 2017; Denancé et
al., 2018) According to the observations from the T6 core gene phylogenies without the T6

effectors Hcp and VgrG, we could also conclude that T6 effectors also contributbg for
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diversification observed in th&anthomonaspp., also further research needs to be done to
identify other core genes that are also contributing to the diversification observed even in the
absence of Hcp and VgrG.

The distribution of the T6 clusted®es not show a clear correlation with its lifestyle
and clusters are randomly distributed in both vascular andvascularXanthomonaspp,
(table 34) and this observation is in agreement with previous literdBagerSantos et al.,
2019) In the previous research work we were able to identify the role 8&51F for the
epiphytic survival of the BLXanthomonasSince most of the vasculaanthomonaspp.
initially spend part of its life cycle as a epiphyte before entering the host thrmatgral
openings and systematically spread through the vascular s¢&teet al., 2020)harboring
the T6 clusters might be in beraél for the vasculaixanthomonaspp. Interestingly T6
clusters are absent in the xylem limit¥d albilineans which also has a reduced genome (3.78
Mb) similar to thegenus Xylella (2.5 MbjBayerSantos et al., 2019both of which are strict
vascular pathogenand shows hig degree of host specificity.

Most of the species found as eabisanching species at the base of the core genome
phylogeny includingX. albilineans X. saccharj X. hyacinthiandX. translucensareinfecting
monocot hosts except fot. theicola the caudaagent of cankeon tea plantgKoebnik et al.,
2020) According to the literaturethe genus Xanthomonadirst surfaced as a monocot
pathogen, and later evolved to become a dicot path(®gkinson et al., 20075ince the
majority of the monocot plants anarboringthe i3*** cluster, it is @ssible that i3*** clusters
were first acquired by eaHgranching strains to successfully survive on monocot hosts and
once the host range was expanded into dicots i3* cluster was acquired. Intere3tingly,
perforans, X. euvesicatorandX. phaseolpv. dieffenbachiaé. MG695 that have both clusters
i3* and i3*** have both mono and dicotyledonous hosts or just known monocotyledonous

hosts as seen witk. phaseolpv. dieffenbachiad. MG695 (Constanih et al., 2017; Bansal et
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al., 2018; Newberry et al., 2019 enceharboringboth clusters i3* and i3*** might be
important for determining the host range.

Identification of both i3* and i3 *** clusters and an i4 cluster in +p@EthogenicX.
maliensisnvas interesting since this is the olgnthomonaspp that have all three T6 clusters
found in this analysis and in previous studiglvarezMartinez et al., 2020X. maliensisvas
found to be associated with healthy rice seeds or leaves in (Wighlett et al., 2015)
Compared to other ngpmathogenic rice leaves associadahthomasspp. such as X. sontii
(Bansal et al., 2019ndX. sacchariR1 (Fang et al., 2015}hat do not have any T6SS cluster
encoded in their genome and rice pathog&nioryzaepv. oryzaeandX. oryzaepv. oryzicola
t hat only has i3 *** and i4 cluster, -itbds i
pathogenicX. maliensis

X floridensisWHRI8848was first isolated from the diseased leaves of watercress
(Nasturtium officinalg but later identified as nepathogenic to watercress and to a range of
brassicagVicente et al., 2017)nterestingly X. nasturtiiWHRI8853, which was identified as
a pathoge on watercresin the same study only encodes a single partial T6SS ges®. (

When the flanking regions of thissAgene was further investiggl it was found that the gene

had a similar flaking gene region similar to most ofXamthomonaspp. that encoded the i3*
cluster. Can this nepathogenic lifestyle oX. floridensisWHRI 8848 be related to having the

i3* cluster? This observation igwilar to the previous observations in BXSgardnerispecies

which do not have ant T6 gene clusters encoded in the genome yet is highly aggressive in
tomato grown cooler climatic regio(Botnis et al., 2015)

Another interesting finding, we observed in our analysis is the identification of T6
clusters in rainwatersolates. There are previous recordsXofarboricola strains found in
rainwater but there are no previous records of finding T6 clusters in any of the other sequenced

X. arboricohl straingLindow et al., 2014; Cesbron et al., 2015; Alvakéartinez et al., 2020)
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Presence of insertion sequences (IS)t&MAs have been previously described as factors that
support gene rearrangemefitterda et al., 2017Presence of this tRNA and partial i3* cluster
in some of the pathogenic and AoathogenicX. arboricolagenomes are further supporting
our initial hypothesis dthe recent loss of T6 in son@nthomonaspp..

Identifying unique T6 effectors involved in this rpathogenic interaction can be an
effective approach in identifying the T6SS mediated interafiani and Cotter, 2010)Vhen
we compared the T6 effectors in rainwakerarboricolas t r ai ns, we di dndét ob:
effector group that might have the potialrole in environmental adaptatidout the individual
T6 hypothetical effectors might have a function hence furtherestade required.

Nonetheless, when looking at the previous literature we could hypothesize that the
presence of the T6 clusters might confer a competitive advantage to thesatmogens to
overcome the stress in the leaf phyllosphereAdmetobacter baumannilinical strains,
selective pressure ifavor for silenced T6SS has been recorded whil&/ircholeraenon
pathogenic strains with constitutively active T6SS has begropeal, both of these scenarios
are further confirming importance of the T6 clusters for-pathogenic straind_opez et al.,

2020)

One important factor that has to be considered when investigating thmatiwygenic
strains is how we are differentiating betw@athogenic and nepathogenic interactions. Even
though we use pathogenicity on the host of isolation as the major criteria for the differentiation,
that can be easily misled by the context and timeframe of the interddfinnand Co#r,

2010) Host of isolation might be a temporary or alternative host for thgatrogen or if the
nonpathogen has a longer-sihdwait latent infection phase to enable transmission, delayed
or reduced symptom development canrgetinterpreted as negpathogenic interaction.

However presence of the T6SS and T2SS inpathogenic bacteria gives rise to

controversy about the definition of virulence factfranilsina et al., 2020)Involvement of
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secretion systems, focusing mainly on the T6SS might not be limitedutenae but also for
functions such as nutrient acquisition, bacterial communication or badtestl
communication or other factors required for host adaptation.

Our findings on the distribution of the T6 clusterXanthomonaspp. are in agreement
with previous records and identification of i3* in edblganching strainX. translucend$=5 was
remarkable since presence of the i3* cluster in dandyrchingKanthomonaspp has not been
recorded befor¢AlvarezMartinez et al., 2020; Timilsina et al., 2020 a previous study
where evaltionary patterns of the T3SS was explained, random distribution of the strains
without T3 clusters, conservation of the flanking regions in T3 positive and negative strains
were considered as the signs of a T3SS loss €Marta et al., 2017)Scattering of stias
without T6 clusters in the core genome phylogenetic tree with the presence of it in ancestor
strains support the hypothesis of am@sacquisition of the T6SS by a common ancestor
followed by subsequent individual loss events by som@aathomonaspp. To further follow
up with this hypothesis, as suggestedMgrda et al., 201 7anking regions of the T6 cluster
were analyzed in this current study. When referring to previous literaerean hypothéze
that, if the strains show similar flanking regsoregardless of the presence or absence of each
T6 cluster, it can be likely due to the vertical acquisition of T6 clusters by a common ancestor
in a single acquisition eve(ilerda et al., 2017)

When the flanking regions were compared for each T6 clusterflanking regions of
the i3* cluster of most of th&¥anthomonaspp. were conserved while clusters i3*** and 4
showing extreme heterogenicity (data not shown). As described in the results, in most of the
Xanthomonasp.t hat di dnét h a presenceotthe T®Gacaessaoryegengsemere s
observed. As seen with the hortorum complex, we could identify the presence of two i3*
accessory genes (Serine/threonine protein kinase and RNA polymerase sigma factor

(TIGR02999 family) conserved in between thiarking regions. Interestingly, in previous
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research, it has been identified that ECF
encoding a eukaryotic |ike Ser/ Thr kinase (
transcriptional level for thenteraction ofX. citri with soil amoeb@®ictyostelium discoideum
(Bayer Sant .dnVibreotparahdemalyticdsd haBbeen demonstrated that there is
a direct phosphorylation of an EcfK homologue by a cognate Ser/thr kinase, that results in the
activation of expression of panyxin-resistant regulorflyer et al., 202Q)Also, in another
recent publication where T6SS gene expression was analy2ectitmi pv. citri responsible
for Asiatic citrus canker causing, was identified that T6 genes and ecfK get upregulated
during the bacterial epiphytic growth but had lower expression levels once they enter the
endophytic stagéCeseti et al., 2019)t has also been observed that T6SS subgroup 3*** does
not contain EcfK/PknS and has other regulators (Liygfe transcriptional regulator dn
VirA/VirG -like two-component system are involved in the expression of that cliBager
Santos et al., 2019This observation of the presence of just Serine/threonine protein kinase
and RNA polymerase sigma factor genes, in the absence of the T6 core genes, in several
Xanthomonaspp. is worthy to explore further in future experiments since these genes might
have other functions independent of the T6SS.

When we further observed the flanking regions of the dadyching strains,
interestingly inX. translucengv. translucendSM18974 and. theicolaCFBP4691 do not
have any genes present in between the updamchstream region, indicating no insertion or
deletion events in the i3* locus, further supporting the hypothesis of acquisition ofi36SS
cluster after the divergence fromtheat@s t r ai ns . But itds al so i m
absence of pseondenes or remints of the genes between the flanking regions have been also
previously observed with T3SS ¥anthomonaspp. and norpathogenic isolates of the plant
pathogerPseudomonas syringagom which the entire cluster has been excised yet prioved

have undergone a lost evéhtohr et al., 2008; Merda et al., 2017)
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Species belong to thé axonopodigomplex are pathogenic on a wide range of crops
(VAUTERIN et al., 1995)According to the RepPCR, phylogeny é#ised on MLSA, AFLP and
DNA: DNA hybridization indicates the presence of six groups namee.8.within X.
axonopodigRademaker et al., 2005; Youngadt, 2008; Hajri et al., 2009; Mhedbiajri et
al., 2013; Bui Thi Ngoc et al., 20Q®ccording to the core genome phylogeny and i3* or i3***
core genes phylogeny in this current study, we observe the same pattern in the way each strain
categorize intohe subgroupings as explained in the previous liter@Rademaker et al., 2005;
Young et al., 2008; Hajri et al., 2009; Mhedtbajri et al., 2013; Bui Thi Ngoc et al.

Eventhough this first step of generalist diversification that spanned over the 28025
years shows a strong deviation into these subgroups, the nature of this evolutionary process is
still unknown and shows no correlation to the host rangeyetispecificity or the location of
isolation (MhedbiHajri et al., 2013) The second step of ecologyiven specialization that
probably occurred in the past twenturiesfavoredthe emergence of novel pathovars. This
second event of host specializatiltkely occurred through agricultural intensification and
expansion that facilitated genetic exchanges of virulaisseciated genes. All of these
pathovars are ré&scted to one of the six subgroups and most of them formed monophyletic
(ex; citri, mangiferaeindicae, malvacearum, begorad manihotig clusters while some
strains were polyphyletic (exiieffenbachiae, glycines, phasédgiiajri et al., 2009; Mhedbi
Hajri et al., 2013) Some strains that belong to the same pathovar can be found in
phylogenetically distant clusters. For exampleaxonopodistrains that infect legumes can
be found in subgroups 9.2.4 and 9.6, mandg®angifera indicd infecting strains were found
in subgroups 9.5 and 9.6 and citrus infecting strains were identified in clusters 9.2, 9.5 and 9.6.
Similarly, X. axonopodisstrains that are pathogenic on phylogenetically distant leosts
clustered in the same subgroups, as seen with subgroup 9.5, where citrus, mango, legume and

cotton infecting X. axonopodisstrains are grouped together. This phylogenetic analysis
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suggests the host specialization inXhexonopodistrainsare dued phylogenyindependent
factors and it has been identified that the T3SS effectors and other viraksuzated genes
VA genes (Methyl accepting Chemotaxis ProteMiSPs, adhesins and sensors) might have a
role in host specificityHajri et al., 2009; MhedbHajri et al., 2013)

When the T6 cluster distribution was comparedXtoaxonopodissubspecies they
belong to, all the species except #r phaseolipv. dieffenbachiaewas showing similar
distribution. X. phaseolipv. dieffenbachiags polyphyletic and found in subgroups 9.6- (A
Dieffenbachiasp.), 9.2 (B Philodendronsp.) and 9.4 (€Anthuriumsp.,) according to the
rpoD sequences analysis and RePR, this groupingsialso dependent on the host of isolation
(Hajri et al., 2009; MhedbBHajri et al., 2013) X. phaseolipv. dieffenbachiad-MG695 in
subgroup 9.4 was found to be carrying extra T3E gemaxX¢cA3d compaed to the other
strains of this pathovar, and recombination events have been observed between the ancestor of
group 9.6 to the ancestor of genetic lineage C of patltheienbachiaeSince these pathovars
infect three different host species it has basygested that these strains need to be reclassified
into different pathovars or speci§Rademaker et al., 20Q5hence ou observation in
heterogeneity athe T6 cluster distribution in the subgroup 9.4 can be explained. So, with this
analysis we could reaffirm thatarboringT6 clusters might have also played a major role in
the clustering of the axonopodis subgroups. Te&EHt have been acquired by a very ancient
event of horizontal gene transfer and maintained through evolution, possibly due to the
importance of T6 clusters for the adaptatiorXahthomonaspp to their hosts.

Previous studies have shown that, severetbfa such as TF, LPS, Tordependent
receptors and specially T3SS and T3Es have a detrimental influence on host specificity and
pathogenicity in many)anthomonaspp (Hajri et al., 2009, 2012; Newberry et al., 2019;

Timilsina et al., 2020)Host specialization observed in tKe axonopodistrainsare due to
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phylogenyindependent factors, amrboringT6SS effectors can kanintriguing factor that
contributes to the host specialization.

As mentioned in previous sections, Hcp and VgrG are key components of the T6SS and
also have been identified as sjadized effectors in several pathogen systébisn and Lai,
2017; Ma et al., 2017)Hcp and VgrG also shows structural homology to tail proteins of
bacteriophages belonging to tMyoviridae family, indicating an evolutionary rafionship
between T6SS and bacteriophadbkntenegro Benavides et al., 202MgrGs found in
clusters i3* and i3*** are composed of proteins with atédminal VgrG domain, while
Xanthomonaspp. belonging to cluster i4, have VgrG proteins carryingtar@inal domain
of unknown function DUF2345. As mentioned in the introduction sediorthe secretion of
the effectors through the T6SS, components®fT6 puncturing device, Hcp, VgrG or PAAR
need to establish interactions with the effec{éternandez et al., 2020nterestingly, these
PAAR proteins are absent in the i3*** cluster and raise questions regarding the functionality
of the i3*** cluster. Since th&. axonopodisubgroup 9.2 anX. phaseolpv. dieffenbachiae
LMG695 in subgroup 9.4 have both i3* and i3*** clusters, it might be possible that the PAAR
proteins are shared between clusters or the i3*** clusters might béunctional. Before
making conclusions regarding the functionality regarding th¥ j3trther experiments need
to beconducedandX. axonopodisubgroup 9.3vhich only hasacomplete i3*** cluster will
be a good model system to further explore this hypothesis. FHA protein is absent in the T6SS
in more than half of the sequenced geno(Beyer et al., 2009a)but have been identfl to
be important in postranslational regulation of the T6SS h aeruginosatogether with
Serine/threonine protein kinase protéihougous et al., 2007)

TonB-dependent receptors are bacterial outer membrane transporters that invo
binding and transporting ferric chelates (siderophores), vitanins&ccharides and other

heavy metalfPawelek et al., 2006; Shultis et al., 2006; Fujita et al., 200BPRs are a
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common trait in theXanthomonaspp. and inX. euvesicatori&85-10, 52 TBORs have been
identified while in X. axonopodispv. citri strain 306, there are 68 TBDRSs, indicating
overexpression of the TBDRs in tgenusXanthomonagBlanvillain et al., 2007) Several

recent publications have indicated, T6SS effectors can bind to extracellular ions including
manganese, zinc, ferrous and copper and subsequently interact with TBDRs to allow active
transport 6those metal ions onto the céllin et al., 2017; Si et al., 2017a, 2017b; Han et al.,
2019; Hernandez et al., 2020)yhis effective mode ofmetal ion scavenging from the
extracellular environment is advantageous to bacteria to outcompete other resident microflora
and also for the survival in ion limited niche environment. ldentification of TBDRs and several
hypothetical proteins in théanthhomonasspp. in theX. axonopodigomplex is suggestive of
TBDR-T6SS mediated metal uptake mechanism, thus supporting the hypdthdsisingthe

T6SS is not limited to pathogenies but also for successful niche adaptation.

Jacalinlike lectin domain/phsphodiesterase domains from the EEP family
(endo/exonuclease/phosphatase) is absent in plants but found in a wide array of microorganism
including bacteria and fungi from the phylum Ascomycota and Basidiomycota. Jacalin, is a
mannosebinding lectin domairand usually found in the bacterial and fungal cell wall. Since
mannose can s&e as a microbial associated molecular pattern (MAMBanbe recognized
by the plant immune system, it is possible that T6SS related Jacalin effectors are secreted to
outcompée the plant immune receptors by serving as camou(lage etal., 2018)

Bacterial proteins with the TIR domain have been associated with suppressing innate
immunity and increasing virulence also as seen with patho§taphylococcus aureubey
can also induce NAD+ loss in mammalian c€l#l et al., 2008; Patot et al., 2017; Essuman

et al., 2018; BayeBantos et al., 2019; Alvarddartinez et al., 2020)

92



Conclusion

Since the role of the T6SS in the gendanthomonasas not been fully understood
yet, we used all the availab¥anthomonagenomes tancoverthe evolutionary patterns and
distribution of the T6 clusters across the genus. We were able to identifyefenpe and
absence of complete/incomplete T6 clusters according to the phylogenetic group they belong
to and our observation of the presence of T6 clusters irpatiitogenic and environmental
Xanthomonaspp., broadens our understanding regarding thelpedsnctions of the T6SS.
It was also revealed that the core genome and the T6 gene clusters of species belofg to the
axonopodissomplex share a common evolutionary history, and the conserved maintenance of
the T6 clusters in this group is most likelsiven by the host plantlated selective pressure.
Identification of T&S related effectors that have putative functions, not limited to the
pathogenicity but also related to gaining competitive advantage in the host environment, further

emphasizing a te of T6SS beyond pathogenesis.
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Table 3-1: Analysis of T6 cluster distribution igenusXanthomonas
o ©
@ IR < E ‘% > '; 4] « % > > b 3 ) ;
Ea  [z5| 32|25 E¢ | n | 0z | 2| BBl P < @3
g g xE|3L| §3 | ® - Llel2lilal & P
8 " 8|2 | & 2 g2 b
X. oryzae 388 (704 5.9 23.7 296(92)* |- 365(23)* |- - 69 - 296 - -
X. citri 194 198.9 - 11 - 192 12 - 181 - - - 12 -
X. phaseoli 155 [96.7 0.64 25 55(100)* |150(5)* |2 - 98 - 52 - 2 -
X. perforans 149 |95.9 4.1 0 133(16)* |143(6)* |- - - - 133 |- - -
X. arboricola 139 |5 0.2 94.8 1(6)* 7(25)* |- - 6 - 1 - - -
X. vasicola 99 43 56 0 43(56)* - - 43 - - - - - -
X. campestris 75 22.6 57.4 0 3(15)* 14(43)* |- - 14 - 3 - - -
X. euvesicatoria |69 927 7.3 0 66(3)* 64(5)* |- - 1 - 68 - - -
X. translucens 64 62.6 10.9 26.5 4an* an* 40(9)* - - 40 - - - -
X. fragariae 63 98.4 0 1.58 - - 62 - - 62 |- - - -
X.sp 53 17 434 394 1(15* 8(8)* 1 - 8 - 1 - - -
X. hortorum 32 6.25 0 93.75 - - 2 - - 2 - - - -
X. axonopodis 17 64.7 353 0 6(11)* 11(6)* (1> - 9 - 2 - - -
X. albilineans 17 0 0 100 - - - - - - - - - -
X. vesicatoria 15 100 0 0 - 15 - - 15 - - - - -
X. sacchari 7 0 0 100 - - - - - - - - - -
X. euroxanthea |4 0 0 100 - - - - - - - - - -
X. dyei 3 66.6 333 0 1(2)* 2(1)* - - 2 1 - - -
X. cannabis 3 0 0 100 - - - - - - - - - -
X. prunicola 3 0 100 0 - 3)* - - - - - - - -
X. sontii 3 0 0 100 - - - - - - - - - -
X. maliensis 2 100 0 0 2 2 2 - - - - - - 2
X. cissicola 2 100 0 0 2* 2 2 - - - - 2 - -
X. cucurbitae 2 50 50 0 - (n* |- - 1 - - - - -
X. pisi 2 50 50 0 - 1()* - - 1 - - - - -
X. bromi 2 50 50 0 - - 1()* - - 1 - - - -
X. massiliensis 2 0 0 100 - - - - - - - - - -
X. hyacinthi 2 50 0 50 1 - - - - - - - - -
X. nasturtii 2 0 100 0 - (2)* - - - - - - - -
X. theicola 2 0 0 100 - - - - - - - - - -
X. alfalfae 1 100 0 0 1 - - 1 - - - - - -
X. cassavae 1 100 0 0 (H* 1 - - 1 - - - - -
X. codiaei 1 50 50 0 D* 1 - - 1 - - - - -
X. floridensis 1 100 0 0 - 1 - - 1 - - - - -
X. melonis 1 100 0 0 - 1 - - 1 - - - - -
X. populi 1 0 100 0 - - (> - - - - - - -
X. retroflexus 1 0 0 100 - - - - - - - - - -
sum 1577 417 608 489 44 340 174 |261 |398 14 2
at least with one cluster |with 2 clusters with 3 clusters
558 (35.4%) 675 (42.8%) 2 (0.01%)
Total number of Xanthomonas downloaded from NCBI 1577

Xanthomonas with T6

1186 (~78%)

Xanthomonas without T6

365 (~22%)

*number of strains with partial T6 clusters are shown inside the parenthesis
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Table 3-2. Comparison of T6S$* cluster core genes in Xe8® and earBbranching
speciesX. translucen$=5 and identifying the closely related specieXtaranslucens$=5 i3*

cluster
.« | Closest matcipercen
*
Xe8510i3*| Gene Percent identity X. trani:ﬂgteerlﬂ% 3 identities (%)
locus tag name to Xe8510 (%) Locus ta according to BLAST]
g results
——
XCV4202 | tssA 66.67 Ga0372549_3041 | , 9976 identity to
Xanthomonasp. Sl
—
XCV4209 tssM 68.81 Ga0372549 3934 100% |dent|ty to
Xanthomonasp. Sl
——
XCV4210 | tssL 71.93 Ga0372549_3933 | , 2>-3% identity to
Xanthomonasp. SI
——
XCv4211 | tssK 80.18 Ga0372549 3932 | ., 6% identity to
Xanthomonasp. SI
0
Xcv4217 | vgrG 61.56 Ga0372549_3029 | 970X anhiomonasp.
o)
XCV4236 | clpV 84.55 Ga0372549_3921 | O¥Xaniomonasp.
0
XCV4237 | tssG 72.59 Ga0372549_3020 |9°-45%6Xanthomona
sp. GW
0
XCcva238 | tssF 79.30 Ga0372549_3919 | 26-04%Xanthomona
sp. GW
0
XCV4239 | tssE 78.44 Ga0372549_3918 |77 0Xanhomonasp.
0
XCv4241|  hep 97.01 Ga0372549_3916 97'62/";(5”gl‘omona
0,
XCv4242 | tssC 93.16 Ga0372549_3915 100@;%”2?““35
0
XCv4243 | tssB 93.45 Ga0372549_3914 97'242§agt\?vom°“a
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Table 3-3: List of nonpathogenic strains used in the phylogenetic analysis

Strain Name Isolation
1 Xanthomonas campesti-BP7622 Bean leaf washings
2 Xanthomonas arboricol2955 Rain
3 Xanthomonas arboricol8640 Rain
4 Xanthomonas campesti&FBP7635 Juglans regiacv. Franquette
5 Xanthomonas arboricola974 Rain
6 Xanthomonas arboricola949 Rain
7 Xanthomonas campesti3838 Rain
8 Xanthomonasp.BRIP62411 Solanum lycopersicum
9 Xanthomonasp. BRIP62409 Solanum lycopersicum
10 | Xanthomonasp. BRIP62415 Solanum lycopersicum
11 | Xanthomonas arboricola957 Rain
12 | XanthomonasarboricolaF2 Physalis peruvian&round cherry
13 | Xanthomaas arboricolaCFBPB8152 Phaseolus vulgaris
14 | Xanthomonas campesti&FBR8151 bean seed
15 | Xanthomonas arboricold793 Rain
16 | Xanthomonas arboricold461 Rain
17 | Xanthomonasrboricola 3058 Rain
18 | Xanthomonas campesti3975 Rain
19 | Xanthomonasp. 60 Solanum lycopersicum
20 | Xanthomonasp. F1 citrus orange
21 | Xanthomonasp. 3498 Rain
22 | Xanthomonasp. F4 citrus orange
23 | Xanthomonas sacchafil0 citrus orange
24 | Xanthomonas arboricol@307 Rain
25 | Xanthomonas transluce®$ peppefBell Boy
26 | Xanthomonas maliensisMG27592 Rice
27 | Xanthomonas maliensi97 Rice
28 | Xanthomonas floridensiWHRI 8848 watercress
29 | Xanthomonas sontRPL1 Rice
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Table 3-4: Distribution of the i3* and i3*** clusters in th¥. axonopodi€omplex.

Subgroups | X. axonopodisstrains |3*** i3*
91 X. axonopodigv. begoniaestrain
‘ CFBP2524
X. axonopodipv. spondiaestrain
CFBP2623
9.4 X. phaseolpv. dieffenbachiae MG 695 X X
X. axonopodigv. manihotisstr. x
CFBP1851
X. phaseolpv. phaseoliCFBF6546 GL1 X
9.2 X. axonopodigv. citrumeloF1 X X
X. axonopodigv. alli CFBP6369 X X
X. alfalfae subsp alfalfae CFBP3836 X X
X.campestris euvesicatorégb-10 X X
9.3 X. axonopodipv. axonopodid MG 982 X only tssA
X. axonopodigv. vasculorumNCPPB00 X ety tsz\s,ct:ss&nd
9.5 X. citri CFBP3369 X
X. citri pv. glycinesCFBP2526 X
X. citri pv. malvacearunKcmN1003 X
X. citri pv. mangiferaeindica€FBP1716 X
9.6 X. citri pv. anacardiiCFBF2913 Orlly 52, e X
gens
X. citri pv. phaseolivar. fuscans only tssB, tssMartial x
CFBR5165 gens
X. citri pv. fuscansCFBR6991 phaseoli only tssB, tssMartial x
GL2 gens
X. citri pv. fuscangv. phaseoliGL3 only tssB, tss@artial x
CFBP6996 gens
X. citri pv. vignicolaCFBP7112 EIlRSEE), e X
gens
X. citri pv. aurantifolii ICPB 10535 EIlRSEE), e X
gens
Axo0 indicates the presence of alll t he
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Table 3-5: Distribution of the T6 clusters according to the lifestyl&Xahthomonaspp.

Host of isolation T6 clusters

sanvomorasyy, |V | M T

Dicotyledonous(D)
X. floridensisWHRI8848 NV D X
X. nasturtii WHRI8853 V D X(partial)
X. vesicatoridlMG911 NV D X
Moot NV b X
X. perforansCFBP7293 NV D X X
X. euvesicatori®5-10 NV D X X
X. fragariaePD885 NV D X
X. melonisCFBP4644 NV D X
X. cucurbitaeCFBP2542 NV D X
)C(:.F[I)shpajleglpv. phaseoli v D x
X. cassava€FBP4642 \% D X
X. codiaeiCFBP4690 Vv D X
)éF%rg%iazv oryzicola NV M X X
X. oryzaeATCC35933 \% M X X
X. vasicolaCFBP2543 Vv M X
X. vasicolaNCPPB2417 Vv M X
Heonbar e MGE2S v M X X
e |V " x
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Goug2 || dadeC e *roseue crep asa2 K
X floridensis WHR 5848 NPS K
X.cucurbitae CFBP2542 Y
X.codiae] CFBPA590 vk
X melonis CFAPAEATK
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X hyacinthi CFBP1156 gy branchlng
X.transhucens pv. translucens DsM1go74 I
— NPS Xalbilineans SPp-
CFBP2523

0.03

Figure 3-2: Distribution of T6SS in pathogenkanthomonaspp. Phylogeneticistribution

of 43 Xanthomonaspp. based on the core alignment of nucleotide sequences using the Roary
pipeline(Page et al., 2015yVholegenome sequences of type strainsanpletely sequenced
genomes representing th¥anthomonasspp. available in the National Center for
Biotechnology Information (NCBI) database were used for phylogenetic reconstruction. The
presence of complete and partial T6 clusters (i3*, i3*** and i4)ehshown with different

colors in the figure.
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Xanthomonas genomes
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Figure 3-3: Presence/absence of T6 clusterganusXanthomonagieat maps were generated
with T6SSi3*, i3*** and i4 cluster presence/ absence matrix data obtained from the automisa

pipeline.
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Figure 3-4: Presence of T6 cluster i3* irxanthomonasspp. with flanking regions.
Phylogenetic distribin of 43 Xanthomonaspp. based on the core alignment of nucleotide
sequences using the Roary pipeline and branch support was determined using 1000 bootstraps
(Page et al., 20)5Wholegenome sequences of type strains or completely sequenced genomes
representing theXanthomonasspp. available in the National Center for Biotechnology
Information (NCBI) database were used for phylogenetic reconstruction. Flanking regions of
theT6 clusters were identified using ti#MG/M) (v.6.0) system and genome and microbiome
datasets sequenced at DOE's Joint Genome Insttxgsence of all the core genes in the i3*
cluster (Red), absence of one or more core genes in the i3* ¢jisteror the absence of all

the core genes (black) have been indicted with different colors and can be found in the middle
of up and downstream genes. Genomic environments, similar (blue) and different (purple)
genes found in the up and downstream of TtBESi3* cluster are represented with colors.
Comparisons were done using Kevesicatoria85-10 as the reference strain. Size of the T6

i3* cluster is mentioned if the cluster is present or the number of CDS or the length ofahe DN
fragment (*) foundm place of the i3*cluster has been included in the last column of the figure.
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. X. perforans
X. citri
X. phaseoli
X. euvesicatoria

X. oryzae

. X. translucens

. X. fragariae
. X. vasicola

X. axonopodis

. X. vesicatoria

X. campestris

j X. arboricola
Figure 3-5: Relationship among 157%anthomonagienomes. Multiocus sequence analysis
(MLSA) phylogeny ofXanthomonaspp. based on the concatenation of partial sequences of
housekeeping genegpD, dnakK, efP, fusA, fyuA, gapA, gInA, gitA, gyrB, lacF, lapdrpoD.
Phylogenetic tree in maximum likebod (ML) criterion was developed using the TREE

multicore version 2.1.2 COVHadition and branch support was determined using 1000

bootstraps and 1000 S#LRT bootstrap replicates.
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Figure 3-6: Distribution of T6 clusters in the gen¥anthomonasT6 core gene phylogeny of
Xanthomonaspp. based on the concatenation of T6 core ges®A, (tssB, tssC. tssD (hcp),
tssk, tssF, tssG, tssH, tssl (vgrG), t&sdly ini4 cluster) tssk, tssL and tssMa) T6SS core
gene phylogeny of i3***, i3* and i4 clusters includihgpandvgrG core genegb) T6SS core
gene phylogeny of i3*** i3* and i4 clusters in the absencen@f and vgrG core genes.
Phylogeny was generated mgi the automated mulibcus sequence analysis pipeline
(automlsa2). Phylogenetic tree in maximum likelihood (ML) criterion was developed using the
IQ-TREE multicore version 2.1.2 COViBdition and branch support was determined using

1000 bootstraps and @0 SHaLRT bootstrap replicates.
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Figure 3-7: Split decomposition tree of the selecté@nthomonasspp that showed
incongruencies between MLSA phylogeny and (8 3&* without hcpandvgrG (b) TE6SS
i3*** without hcpandvgrG. The figure was drawn to scale using Splitstree4. The formation

of parallel lines indicates conflicting phylogeny or possible rdmoation events.
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Figure 3-8: Comparison of the core genome phylogen)Xoéxonopodisubspecies with T6
i3***/ i3* core genome phylogeny to T®Si3*/i3*** core gene phylogeny. (a) core gene
phylogeny for the strains with i3*** (b) T6SB*** phylogeny (c) core gene phylogeny for
the strains with i3* (d) T6S8* phylogeny. Core genome plogenies were developed based
on the core alignment of nucleotide sequences using the Roary pifitdige et al., 2015)
while T6 phylogenies were generated using the autshatultilocus sequence analysis
pipeline (automlsa2). Phylogenetic tree in maximum likelihood (ML) criterion was developed
using the IQTREE multicore version 2.1.2 COViBdition and branch support was

determined using 1000 bootstraps and 100&aERT bodstrap replicates.
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Figure 3-9: T6 effectors identified using the T6SS effectors usingBhstion6 machine
learning tool (Wang et al., 2018)T6 effectors identified in the (a) i3* cluster and (b) i3***

clusters ofX. axonopodisubgroups.
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Figure 3-10: Organization of the T6SB* clusters in BLSXanthomonas(a) XpAL65 (b)
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4. CHAPTER FOUR

Investigating the phenotypic variations arising in experimentally passaged
Xanthomonas perforas populations

Abstract

Xanthomonas perforan(Xp) is the predominant, causal agent of the bacterial leaf spot
disease in tomatoes. Recent discoveriesatirally occurring Xp in pepper field in the
southeastern US indicate a recent shift in the Xp host range. To investigate the genetic basis of
host adaptation of Xp, we conducted an experimesntalution study, using BLS causing
Xanthomonas perforaressour model system. Nineteen rounds of repeated inoculations were
conducted on susceptible host tomato Eh47) and resistant host pepper (cv. ECW) either in
the presence or absencexainthomonas euvesicatoriAfter 6 rounds of réenoculations, we
deteced the loss of the hypersensitive response in the Xp4B passaged on pepper plants,
revealing a route of host range expansion by Xp. Phenotypic analysis was able to identify an
increase in the bacterial population growth in both tomato and pepper, wititer gnagnitude
of increment in the nohost pepper plants. We were also able to identify the fithness loss
associated with the adaptation of Xp in the pepper plants. Eheergh XpPM1 Xp9%
11 8 pa ystralnw@s also subjected to passaging in tomato gmekp@lants, population
growth was unaffected by the continuousineculations.Understanding these adaptive
processes in pathogens is important in developing effective control measures. Our results also
emphasize the importance of preventing the repaatedtion of resistant host plats by ron
pathogenic strains to avoid the emergence of new pathogenic strains.
Introduction

Bacterial leaf spot (BLS) of tomat&olanumlycopersicum and peppefCapsicum
annuum is one of the numerous plant diseases caused by the §enimmonaghat creates

significant crop loses in warm and humid regions worldwetnis et al., 2011)Until the
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mid-1990s, bact@al spot in tomato and pepper was considered to be caused by a single species,
Xanthomonas vesicatorigstall et al., 1994; Vauterin et al., 199%\fter being reclassified
several times, ngi recently four distinct specieX, euvesicatorigXe), X. vesicatoria(Xv),

X. perforans(Xp), and X. gardneri(Xg) have been identified as the causal agents of the
bacterial spot disease in tomato and pefpjmres et al., 2004) hese species display extensive
variation according to phenotypic and phylogenetic analyses and also in geographic
distribution (Almeida et al., 2010; Stall et all994. Eventhough all the four species are
reported to bextensively distributed worldwide, dramatic changes in the population dynamics
have been reported in recent years in the United Stidess et al., 2004)In the southeast
United States, Xp is the predominant BLS causing pathogen in tomatoes, while Xe is in the
pepper plantgHorvath et al., 2012; Newberry et al., 2019)Florida, the emergence of Xp as

a dominant tomato pathogen started gjwhicht he ea
was recently reclassified as Xf cynaraeemerged as a major pathogen in 2QD&hes et al.,

1998; Stall et al., 2009; Ma et al., 2011; Horvath gt2fl12; Timilsina et al., 2018)

Xp population in Florida has faced species wipeout, race shift and changes in the host
specificity in the last two decades. Prior to 1991, only tomato race 1 (T1), Xe strains were
reported as the major pathogens ondtamn Florida, but in 1991 the first Xp (tomato race 3,

T3) strains were identified in the same fields where Xe T1 strains have existed and Xp T3
became the dominant pathogen in tomato over a single season by displadilgn¥s.et al.,

2004; Timilsina et al., 2016Yhis shift in the Xe T1 population to Xp T3 was recognized to be

in part due to the production of hladocin by Xp T3 strains, that were toxic to Xe T1 strains
(Hert et al., 2005)Xp T3 strains also contaavrXv3effector genes that elicit a hypersensitive
response (HR) in any tomato genotype with Xv3 gdpees et al., 18). Tomato race 4 (T4)

Xp that was identified in 1998 was having null mutationsvirkv3gene (XopAF) and became

the dominant pathogen causing BLS on tomato in Florida, upon completing the race shift from
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T3 to T4 by 201ZTimilsina et al., 2016)Since AvrXva3 triggers an HR on Tr@sktant tomato
lines withXv3locus, Xp T4 with mutations iavrXv3gene overcomes resistance on these lines
(Horvath et al., 2012Effector profile comparisons between Xp T3 type st¥pA1118with
Xp T4 strains have also identified the presence cathBsTgene in most of the Xp T4 strains,
as anotable difference between the two rafEsilsina et al., 2016)

Whole-genome sequence analysis of Xp indicating variations in effector profiles among
T4 strains has identified the presenceaafBsT effector gene in most of the T4 Xp strains
(Timilsina et al., 2016) This selitransmissible, plasmillorne avrBsT effector gene is
associated with the hypersensitive response (HR) on most varieties of pepper and present in
some strains of Xv and Xe despite not being a core effgdtinsavage et al., 1990; Stall et
al., 2009; Kim et al., 2010; Potnis et al., 2011; Schwartz et al., 2015; Timilsina et al., 2016)
Interestingly, theavrBsTgene from Xp is identical tavrBsTgene of XvLMG919 isolated
from Zimbabwe (GCA _001469445.1kventhough it can be hypothesized Xp might have
acquiredavrBsTfrom Xv through horizontal gene transfer, surprisingly there are no reports of
Xv in Florida, so the damr of avrBsTto Xp remains unknownavrBsT gene was first
recognized in the Xp T4 straiand it wassolated in 1998 in Florida and recent studies have
identifiedavrBsTin several Xp T3 strains isolated after 1998 and but not in the Xp T3 collected
prior to that including the T3 reference str&ip91-118 (Potnis et al., 2011; Timilsina et al.,
2016; Abrahamian et al., 2018o it has been hypothesized that the acquisition GitgsT
might have occurred before or during the race shift by both3@and T4 strainéTimilsina et
al.,2016)

Recent studies on evolutionary dynamics patterns of Xp have identified a genomic flux
between Xp and Xe, where Xe is most likely the donor of the recent recombination events
(Newberry et al., 2019Hence Xp is a great model system to further studgptack evolution

mediated by homologous recombination and horizontal gene transfer with other
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tomato/peppepathogenic strains that occupy the same niche or other closely related
Xanthomonaspecies that can infect a wide range of other hosts. With thesfigenobserved

with BLS Xanthomonaspp., we can hypothesize a gain of pepper infectivity by Xp in the
presence of a closely related competing pathogen via genes or alleles exchange. To further
investigate this hypothesign experimental evolution appaioh can be used to track the
changes that arise the Xp population under host selection pressure and in either the presence or
absence of closely related Xe.

Experimental evolution is the study of evolutionary changes that occur in populations
as a resulbf experimental conditions imposed by the experimenter, which often involves
propagation of microbial populations over many generations in a controlled environment
(Kawecki et al., 2012; Hoang et al., 201B)chard Lenski and collaborators are conducting a
Long-Term Evolution Experiment (LTEE), for over 30 years and 70,000 generations of 12
Escherichiacoli populations in minimal medi@d_enski, 2017) Serial passage experiments
(SPEs) are a form of experimental evolution, where microbes (or any parasite) can be
transferred from one host to another and maintained under defined conditions hence considered
as a powerful tool for studying adaptati@bert, 1998)Microbes can be transferred artificially
or through natudatransmission and their evolved populations can be compared with the
ancestor at the end of the experiment or during the experiment, since the pooled population of
many organisms can be cryogenically preseftmang et al., 20165ince the environmental
conditions can be controlled in experimental evolution expersnémiuence of biotic and
abiotic factors can be minimalizedhdtrait of interest can be traced, therefore considered as a
useful approach in multispecies interaction studideang et al., 2016)Since parallel
evolution or the independent evolution of the same trait across different lineages is unlikely to

be a compdtely random scenario, it delivers strong evidence for adaptive changes and also
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provides answers to the concerns regarding the reproducibility of evolutionary changes on
independent experimenBelosi et al., 2006)

Most of the experimental evolution studies that have been conducted so far are under
homogenous (often laboratory) environment conditions in culture media are simplifying the
complex conditions in nature. Tkgolutionary process in nature can proceededéhtly due
to the unidentified biotic and abiotic factors or multiple factors that act in syribeggfore
studying the evolution of a pathogen outside if the host may result in constant selection pressure
and function differently than natural environmbgGuidot et al., 2014; Hoang et al., 2016¢w
of the recent studies have answered this limitation by conduicting/o serial passaging
experiments, where pathogens anter environmental heterogeneity during the interaction
with multicellular hostgEbert, 1998) Up to date, serial passaging experiments have been
conducted in several phytopathogenic bacteria includingugen studies orX. citri subsp.
citri (Trivedi and Wang, 2D4), Pseudomonas syringge. phaseolicolgPitman et al., 2005)
Pseudomonas syringgw. tomato(Meaden and Koskella, 201&hdRalstonia solanacearum
(Guidot et al., 2014)

In this experimental evolution study, we hypothesized a host expansion in the Xp
strains, when the host selection pressuas wontinuously applied to it, and also relatively
faster adaptations in Xp to pepper plants in the presence of the dominant pepper pathogens (Xe
sister strains). We used two Xp strains, which represent the ancestral 1990s population of Xp,
as parent stras. Xp4B is a tomato race 4 strain that was isolated in 1998, carries a mutation
in theavrXv3gene and also carriasrBsTencoding plasmid hence ngathogenic on pepper
(Schwartz et al., 2015). Xp9118, isolated in 1991 is a tomato T3 pathogen whahesan
avirulence geneavrXv3,that restricts the host range of Xp to tomato, giving HR on pepper
(AstuaMonge et al., 2000Even when there is a mutation in tngXv3gene Xp91-118 was

still non-pathogenic on gpper, indicating the existence of other factors that restrict its host
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range on peppgAstuaMonge et al., 2000; Schwartz et al., 2018)this study we usetthe
XpPML1 strain, which is a Xp9118 marker exchangayrXv3mutant, which no longer elicits

an HR in peppefAstuaMonge et al., 2000; Potnis et al., 201This study was conducted as

two systems, where Xp4B strain was serial passaged individually on tordgpe@mer plants

and in the presence of closely related Xx&85and XpPM1 strain was serial passaged
individually on tomato and pepper plants and in the presence of closely related Xe75.3.
Characteristics of the strains used in this study are summaritaet.1. The experimental
design proposed here will allow us to test factorial interactions, namely, effect of host
background and presence of sister species on genome plasticity of Xp to influence its ability to
expand its host range on pepper. We ekpe identify genetic changes (e.g., gene gain/loss)

in progeny isolates from the passaging experiments that are associated with an incremental

increase in infectivity on pepper.
Methodology

Bacterial Strains, Plant Material, and Growth Conditions

This evolutionary study was conducted as two systems vWasrdiomonas perforans
4B and Xanthomonas perforan®M1 (Xp91k1 1 8 pa ¥ (Patnvs3 et al., 2011)were
individually passaged rotomato and pepper plants and Xp4B and XpPM1 were mixed
passaged witikanthomonas euvesicatorialsoXanthomonas campestips. vesicatorig 85
10 (Xe8510) andX. euvesicatorid5-3 (Xe75.3) respectively. Nalidixicesistant derivative
Xp4B strain and kanamyciresistant derivative of the XpPM1 strain were used for the plant
inoculationsX p 4 B gpa,a wtdle Jene knockout strain constructe&blgwartz et al., 2015
using the suicide vector pLVC18 containing 1kb upstream and 1kb downstreamrftagme
flanking theavrBsTgene was also used to compare the populations.

X. perforans an. euvesicatoriatrainswere growrfor 24h at 28C on Nutrient agar

(NA) (Difco) andE.coli was cultivated in LuridBertani (LB) agar or broth at 3Z (Miller,
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1972) When required antibiotics were added into the media to maintain selection for resistance
markers at following working concentration: kanamycin (Km), 50ug/ml; nalidixic (rsal),
pg/ml. All the strains were stored in sterile tap water at room temperature or in 30% glycerol
at-80°C or both.

Tomato Golanumlycopersicuntv. FL47)and pepperGapsicum annuurnav. Early
Calwonder(ECW) were used in this study. Two weeks old segliwere transplanted into
sterile 40 plastic pots ( Tlbse potting m&loum (Peemiére s |,
Tech Horticulture, PA, USA). Plants were kept under 16h light per day-a6°Z8under
greenhouse conditionsour to five-weekold seedhgs were used for the inoculations and
plants were kept inside the growth chamée23C with 12h light/dark cycle until the end of
each trial.

Serial passaging experimentexperimental procedure
Individual passages of Xp4B and XpPM1 on Tomato angdepper

Single colonies from Xp4B'dxc gnd XpPMfaamyen ywere grown overnight in
corresponding antibiotics amended NA at 28°C. Cell suspensions containing =L/
of Xp4Band XpPM1were individually inoculated into three leaves (3 reps}-db 5-week
old tomato cv. FL47 and pepper cv. ECW using a needleless syringe.

Mixed passages of Xp4B+Xe830 and XpPM1+Xe75.3 ortomato and pepper

Single colonies fromXp4BMaidxic X pp\kanamyein Xe8510 and Xe75.3 were grown
overnight incorresponding antibiotics amended NA or just NA at@8Cell suspensions
containing ~1 X 1®cfu/ml of Xp4B™idxc 1 Xe85.10 and XpPMfanameint Xe75.3 mixed in 1:

1 ratio was used to inoculate three leaves (3 rep4) wF-5-weekold tomato cv. FL47 iad
pepper cv. ECW using a needleless syrifigdale 42 summarizes the list of treatments used

in this passaging experiment.
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Inoculated plants were kept in a growth chamber &€ 2&th 12h light/dark cycle after
inoculation. After 5 days, inoculated lesvand leaflets were used to recover the inoculated Xp
to use in the next round of passaging and to determine the bacterial populations using the
belowdescribed procedure.

At 5 days, ~ 3 crharea of leaflet tissues were taken from each replicate usitagike
cork borer. Using sterile forceps leaf discs were placed inside sterile microcentrifuge tubes
containing 1 ml sterile MgS{buffer and macerated using a sterile homogenizer-fdlen
serial dilutions of the homogenized suspension were plated amiam or nalidixic amended
plates using spiral plater (Neéec Group Inc, NY, USA) to estimate the population size of
XpPM1 and Xp4B in individual inoculations and mixed inoculations. Since the antibiotics were
added into the media only the Xp was allow@drow in the plates in the mix inoculations and
this also limits carryover of plant hormones and any other bacteria colonizing the leaves. Plates
were kept at 2& for 2 days before quantifying the colony counts. Bacterial populations were
determined si.colony forming units (cfu) per cof leaf area. Recovered bacterial populations
were pooled together to make ~1 X°b@cterial suspensions of each individual treatments
(100, 200, 500 and 600). In the treatments with mixed inoculum (300, 400, 70@@nd 8
recovered suspensions were mixed in 1:1 ratio with freshly prepared-Xe 85Xe 75.3.
These bacterial suspensions were used to inoculate hdatth§-weekold tomato cv. FL47
and pepper cv. ECW using a needleless syringe and followed the sacedye to recover
the bacteria after 5 days. This procedure was followed until 19 passages, which include ~100
days of selectiom plantaand ~40 days of selection on nutrient agar amended with antibiotics.
At the end of each passage, 1 ml of the remdracterial suspension was also stored in
glycerol at T80AC and 1ml was also stored ir
replicate in every treatment were handled individually and labelled accordingly in each passage

to track the variationshat arise in each replicate in future experiments. These pooled
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suspensions were used in the pathogenicity assays and future sequencing experiments. The
experimental procedure has been described visually in figetesnd 42.
Growth chamber pathogenicity assay with 24, 4" and 6" passages of Xp4#hdividual
(600) and Xp4B+Xe85-10 (800) mixed passaged on pepper plants

Pool ed suspensions of selected treatments
storage and streaked in therresponding antibiotics amended NA media. When the serial
passages were continued up to 6 passages, we observed a rapid increment in the population
growth in two of the treatments: Xp4B individual (600) and Xp4B +X&85800) when
passaged in pepper pta. To confirm if we see a significant increment in the bacterial
population of passage 6, compared to initial passages, we conducted a pathogenicity assay by
using passages 2,4 and 6 of Xp4B individual (600) and Xp4B +X688@00) treatments.
Four to five-weekold pepper cv. ECW plants were inoculated using a needleless syringe with
~1 X 1@ bacterial suspensions and kept inside the growth chambeiGn@h 12h light/dark
cycle after inoculation. Bacterial populations were calculated at the dag ofatulation, 4
days and 8 days pestoculation. Bacterial populations were determined as log cfuasm

described above.

Hypersensitive response (HR) assay
As we observedn increase irbacterial population growth inf6passages of Xp4B
(600) and Xp4B-Xe85-10 (800) and th&X p 4 B pa,we Wastdd to further confirm the loss
of the AvrBsT plasmid by the Xp400) and Xp4B-Xe8510 (800) by the Bpassage. Since
AvrBsT, has proven to be associated with hypersensitive response (HR) on ECW pepper plants
that carries 8stresistance locugMinsavage et al., 1990an HR experiment was conducted
on 4- to 5-weekold pepper cv. ECW plants using abevetionedXanthomonaspp..
The pepper leaves were inoculated by infiltrating ~1 X Hatterial suspensions into the

abaxial leaf surface by using a needleless syringe. Plants infiltrated with steriles Mg®80
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used as negative controlBlants were kept inside the growth chamber &C2uith 12h
light/dark cycle after inoculation for 48 hours and leaves were observed for the symptom
development.
Host swapped experiment

After completing 19 passages, by obssg\vthe dynamics of the population change in
each of the treatments, Passages 6, 10, 15 and 19 were selected to further identify the changes
in the population growth with the serial passaging. All the treatments in the-atamt®ned
passages were takeatof the-80°C storage and streaked on corresponding antibiotic amended
media. Fourto five-weekold tomato cv. FL47 and pepper cv. ECW were inoculated with ~1
X 10° bacterial suspensions and kept inside the growth chambefG@wath 12h light/dark
cyde for 5 days and bacterial populations were calculated as log éfagcdescribed above.
In the same experiment, we used the prepared inoculum to infiltrate the alternate host for each
treatment as well. Faxample bacterial suspension of passage 6 of the 4B alone on tomato
treatment (500), was used to inoculate btmato cv. FL47 and pepper cv. ECW plants.
Bacterial population values observed from the treatment 500 on pepper plants were compared
with the bacteria population values of the treatment 600 (4B alone on pepper). The
experimental procedure has been visually illustrated in figtB@dd the list of treatments can

be found in table-8.

Statistical analysis

Difference between the mean values were amalyusing the onay ANOVA when
a single factor was considered, and way ANOVA test was performed when two factors
(treatment and pass ag e-hoctes ofdcastcsgmiligamtrdéfedence T u k e )
(P<0.05) was used for the mean comparisAtshe analysis were performed, and Bar charts,

boxplots and Density ridgeline plots were generated usingRhstatistical software
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Pathogenicity experiments were repeated twice, and statistical analysis shows data from a

single representative trial.
Results

X. perforans4B strain lost the HR in the resistant host (pepper cMECW) and expanded
its host range to pepper, when serial passaged six times on pepper plants

Experimental evolution of twX. perforansstrains (Xp4B and XpPM1) was conducted
on their host of isolation tomato and Rlbost pepper plants. When the passages were continued
up to six passages, increment of the number of bacterial colorgdated from the infected
pepper plants was obsedveith a treatment, wherepdB was mixed passaged with Xe86
on pepper plants. To confirm if this increase in the population number is significantly higher
than initial passages, a pathogenicity assay was conducted inside the growth chamber.
Treatments 80 and 800 from passages 2, 4 &were used in the assay and bacterial
population values were calculated on the day of inoculation, 4 di@ dpd

As shown in figure 4, when the selected passages of the treatment 600 (Xp4B alone
on pepper) were comaped, on the day of inoculation significantly higher bacterial population
was observed in passage 4 compared to passage 6. On day 4 there was no significant difference
in the population values among the passages. Eight dayspostation, Xp4B passagexh
pepper up to 6 passages shows significantly higher mean population values compared to
passage 2 and 4

Similarly, when the bacterial population values &f, 2" and &' passages of the
treatment 800 (XP4B+ Xe850 mixed passage on pepper) were coeghasignificantly higher
population values were observed for passage 6 at day 8 compared to the other two passages
(p<0.05) (figure 45).

Since AvrBsTwasproven to be associated with hypersensitive response (HR) induced

programmed cell death on ECW peppknts that carriesBstresistance locudMinsavage et
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al., 1990, loss of the AvrBst was phenotypically assed by conducting a HR test using Xp4B
strains passaged on pepper in the absence and presence of g Xe®fen the symptom
development was observed 48hpi, Xp4B ancestor strain exhibited the tissue hitathila
disease symptoms were observed withiXhe 4 B gpa straiBasiditheBpassage, of 4B alone

and 4B mixed passaged with Xe86, phenotypically confirming the loss of AvrBsT plasmid

by the Xp4B strain when passaged on themost pepper plants up 6 passages (figure6).

X. perforans4B strain shows ascending population density when continuously passaged
on its non-host pepper plants, indicating possible hostxpansion

When the Xp4B strain was passaged on tomato, initial drop ipdpalation was
observed by the'Bpassage and this gradual decrease in the population was observed up to the
12" passage, while between passaged 9,3population distribution of the Xp4B gradually
increased. By the 19passage the population distritartiof the Xp4B on tomato plants were
approximately similar to the population of the ancestor strain (figtda) 4Similarly, when
the Xp4B was passaged together with Xd850n tomato plants, a similar trend in the
population density distribution was olnged, except for passage 10, where a ~1log drop of the
population distribution was observed between passages 6 and 10 (fBpixdthe presence
or absence of the sister strain XeBh XP4B shows approximately similar trend in the
population density yhamics on its host of isolation.

Population distribution of the Xp4B passaged on pepper in the presence or absence of
the Xe8510, indicates a continuous gradual increment in most of the passages (figbr&s 4
4-8b). In passage 15 of Xp4B alone on pappeatment, population distribution indicated a ~2
log difference within the replicates, indicating possible individual evolution within replicates.
Population distribution of the Xp4B ancestorial strain (passage 0) ranges ib thg dfu/cn?
while bythe 19" passage in both treatments 600 (Xp4B alone pepper) and 800 (Xp4B+Xe85

10) population distribution of Xp4B was increased up-®I8g cfu/cni.
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X. perforansPM1 strain does not show a drastic change in the population density when
continuously passaged on tomato and pepper plants

As shown in the figures 9 and 10, when XpPM1 was passaged on tomato and pepper
up to 19 passages in absence or presence of the sister strain Xe75.3, population density
distribution was not moved. In the has isolation, tomato, population distribution ranged
from 6-8 log cfu/cnt when XpPM1 was passaged individually or together with Xe75.3 (figures
4-9a & 410a). Population distribution of the XpPM1 on pepper plants ranged fréro@
cfu/cn? and this2-log range was greatly determined by the heterogeneity in the population
numbers within the replicates of these treatments (figuBisahd 410Db).
X. perforans4B and X. perforansPM1 population change is unaffected by the mixed
passages with theX. euvestatoria sister strains

Passaged populations of Xp4B and XpPML1 passaged alone on tomato and pepper plants
were compared with their mixed passages with Xe8%&and Xe75.3 respectively, to identify
the effect of the presence of sister strain for the popualalymamics of Xp passaged on host
and nonhost. No significant difference was observed in the population values between
individual and mixed inoculation on both tomato and pepper plants and in any of the passages,
except in the Xp4B mixed passaged on peppehe & passage vs Xp4B individual passage

on pepper at theéBpassage (Figures#l & 4-12).

Pathogenicity assays reveal a significant decrease in the pathogenicity of Xp4B in
tomato plants, when continuously passaged on pepper plants

After consdering the population distribution patterns (drastic increment or drop or
heterogeneity in the population distribution among replicates) observed with each passage in
all the treatments, passages 0, 6, 10, 15 and 19 were selected as representativetpassages
conduct pathogenicity assays in the original host they were passaged and also after swapping

the host.
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When above mentioned passages of the Xp4B tomato treatment were used to inoculate
tomato plants in the pathogenicity assay, between the ancesiioesitd passagesignificant
drop in the population values were observed. By tHepE®sage bacterial population values
significantly increased compared to the passage 0 and 6 and population numbers remained high
until the 19" passage (p<0.05) (sugphentary figure 4.a). In the Xp4B pepper treatment,
when the population values were compared, significant increment in the population growth was
observed by theltpassage (p<0.05) and by thé"Ifassage population values reached up to
~8 log, demonsttiang a ~4log increment in the population since the beginning of this evolution
study (supplementary figure ).

When the hosts were swapped, and Xp4B passaged on pepper (treatment 200) was used
to inoculate tomato plants and when the population vakers compared with the Xp4B
continuously passaged on tomato plaatsgnificantly higher population value was observed
with Xp4B passaged on tomato compared to Xp4B passaged on pepper on tomato plants by
the 19" passage (p<0.05) (figure¥Ba). Interestingly, population values of the Xp4B passaged
on pepper (treatment 200), did not indicate any significant improvement in the population when
compared to the ancestor Xp4B on tomato plants (p<0.05). On the contharythe Xp4B
passaged on tomato was used to inoculate pepper plants and when pathogenicity was compared
with the Xp4B continuously passaged on pepper, a significant difference between the
population values were not observed in any of the passages (pigdte 413b). Even
though Xp4B showed significant improvement in the population when serial passaged on
pepper (supplementary figureld), this host swapped assay pr@advidence that suggests
passaging Xp4B on pepper is improving host specificitylepassaging Xp4B on tomato is
not limiting its host range to tomato but rather facilitating it to expand its host range.

When Xp4B was passaged on tomato plants together with-X@8dopulation values

were not significantly different in any of the ted passage (supplementary figur2aj, while
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on pepper plants passaging Xp4B in the presence of -X@8%vas showing a ~3log
improvement in the population values between passage 0 and 19 (p<0.05) (supplementary
figure 42b). Regardless to presence oraaize of Xe85L0, Xp4B showed the same level of
bacterial population growth when the pepper and tomato plants were inoculated using the initial

inoculum from selected passages and compared them after switching the hosts-(fgjure 4

Pathogenicity of XpPML1is not affected by the serial passaging in tomato and pepper in
the absence or presence of the sister strain Xe75.3

XpPM1 passaged on both tomato and pepper individually or in the presence of Xe75.3,
indicated an initial drop in the population growthldeled by a gradual increment in the
population values in later passages (supplementary figu&s 44). Similar to whatwas
previously observed in the density ridge plots (figur€£44-10) in both of these tested hosts
population values of the XpPM1 gmages distributed closer to the values of the ancestor strain
even at the 19 passage. Switching the hosts to compare the population growth on XpPM1
passaged on tomato and pepper on alternate hosts, yielded no significant difference between
treatments imny of the passages in the absence or presence of the sister strain Xe75.3. (p<0.05)

(figures 415 & 4-16).

Discussion

In this current study we conducted a serial experimental passaging experiment, to
understand the phenotypic variation arising inXipgpopulations when they are continuously
exposed to the host environmetdnjato) and to a nehost (pepper). We hypothesized host
expansion in the Xp strains, when the host selection pressure was continuously applied to it,
and relatively faster adaptati in Xp to pepper plants in the presence of the dominant pepper
pathogens (Xe sister strains). Bacterial evolution and fithess was defined in this study by
bacterial population values calculated for each passage, in each hostirugatenta

pathogenicityassays in the presence or absence of the Xe strains and compared to the ancestral

135



strains. The SPE showed that Xp4B evolved on the resistant host (peppEN¢ydisplayed
a higher population gain with 3@g difference with the ancestral strain, whilp4B evolved
on its host tomato plants showed only ledy increment in the population compared to the
ancestor, after 19 passages. Hence, Xp4B has gained a higher fitness on its resistant host
compared to the host. This finding is in agreement with previmmetical prediction models
of adaptive evolution, where pathogen population is initially lesptad to new host, but
typically shows quicker fitness gain when colonizing a distant host and finally the trend
decelerate over timElena and Lenski, 2003; Guidot et al., 2014)

As proposed by previous literature, if we consider the theory explained in thagig
model by(Jones and Dangl, 2006)utations in effectors are the major factors that contribute
to the escape from hedefense system yet contributing to the host expansion. In an
expeimental evolution study oKanthomonas citrsubspcitri (Xcc), mutations in a few type
three secretion system effectors were identified after 55 rounds of repeated reinoculations in
the resistant host kumquétrivedi and Wang, 2014)These identified effectors such as
avrXacEl pthA2, avrXacE3andpthA4 are known to elicit HR in resistant hots and trigger
virulence and pathogenicity in compatible interacti@sch and Bonas, 2010,.3)

In bacterial BLSXanthomonaspp, host expansion of Xfsom tomato to pepper have
been partially explained by the absence of the AvrBsT plaéguldwartz et al., 2015Until
the isolation of Xp2010 strain from pepper plants in Florida, it was believed that the host range
of this pathogemvaslimited to tomatqParkinson et al., 20099vrBsTgene is absent from this
strain and it does not induce HR on pepper cv. EarlyWoater (ECW) plants that carry the
BsTlocus but has the ability to create foliar disease qpois et al., 2010) Furthermore, in
recent surveys ofhe Xp population in Alabama, pepper patfemic Xp strains lacking the
avrBsThomologous have been identified, indicating a recent shift in the Xp host range and an

emerging threat to pepper productigvewberry ¢ al., 2019) Similar observations on host
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range expansion of Xp has been observed with naturally infected pepper samples in Taiwan as
well (Burlakoti et al., 2018) Hence, when this current serial passaging experiment was
designed, we hypothesized the loss of the AvrBsT plasmidpé#BX6train after a couple of

serial @ssages in the resistant host. An increase in the population levels were observed in the
passage 6, with pdB passaged together with Xe&B treatment, when the pathogenicity
assays were conducted to compare population levels in the initial passagepdpulagon

levels of the B passage on pepper plants.

Even though population levels and HR test are indicative of possible loss of the AvrBsT
plasmid, significant increment in the population level in the Xp4Bdssage on pepper being
significantly hg h e r than the ancestr al strain canot
agreement with the previous experiments, where host expansion of Xp to pepper was only
partially explained by the loss of the AvrBsT plasr(t&thwartz et al., 2015)ndicating the
presence of other unknown factors contributthéohost expansion. However, rapid agén
increment in the population levels of by tHe@ssage, on the Xp4B passaged together with
Xe8510 compared to the Xp4B passaged alone on pepper can be due to the evolution of other
mutations in the presence of tfavoredphenotype or due to the mg exchange between the
t wo species facilitated by the stroKEpertsel ect
1998; Newberry et al., 2019ue to the lack of phenotypic differences in the Xp4B +Xe85
10 mixed passages, beyond tHessage on pepper plants, suggest XeéB5ad a little
impact on the bacterial population levels of Xp4B afteritiigal increase in the fitness and
might have experienced deceleration of the fitness trend over time when continuously passaged
up to 19 passages (supplementary figu&E®Bna and Lenski, 2003)nterestingly, beyond the
6" passage, Xp4B individual passages, reach the same population levels as the Xp4b +Xe85
10 mixedpopulations (figure 11b), indicating possible evolutionary response by the Xp4B

occurred independently the repeated co inoculations with the-Xe8& each passage.
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Similarly, whenPseudomonas syringge. tomatowas ceinoculated with high titers of Lydi
bacteriophage viruses into its native tomato host and an alternativéAtadBstiopsis,no
significant was observedue to the conoculation, even though phages have been repeatedly
shown to be key selective factors on bacterial populafidesden and Koskella, 2017)

When Xp4B was passaganh tomatoin the absence of the Xe8® strain, slight
significant increment in the population growth was observed by thpdssage, following a
significant drop in the populations by th# fassage, and when Xp4B was mixed passaged
with Xe85-10, no significantdifference in the population growth was observed in tomato
plants. This increment in the population growth was less than llog, compared to the ancestral
strains. Similarly, wheXanthomonas citrsubspcitri (Xcc) was passaged for 55 passages, on
the suseptible host grapefruits, population growth showed a trend identical to the parental
strain andPseudomonas syringg®. tomatq passaged on to its native tomato showed lesser
within host bacteri al densArabidopsis. i n tomato th

In our second pathogen system, where XpPM1 was serial passaged on tomato in the
presence or absence of Xe75.3, showed no significant difference compared to the ancestral
strain, while on pepper plants drastic initial reduction in population growth wseswaa.
Interestingly, the three replicates in the XpPM1 passaged strains, showed heterogeneity in
individual and mixed passages on both hosts. As previously observed in other experimental
evolution studies, this changes in the populations in the redioatbe same treatment can be
likely due to independent evolution by each replicate. To further confirm this hypothesis, it is
important to identify the mutations accumulated in each of this replicate, to confirm if the
mutilations are due to random drdt selection pressure or if we can identify any parallel
evolution among individual replicatéBrockhurst et al., 2011; Dettman et al., 2012; Trivedi
and Wang, 2014 Since the mutations accumulated in thespgsg stains have to outcompete

the ancestorial strain to become dominant population, observation of recurrent mutations in the
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same genes in independent replicates will be a strong signal for adaptive evaliugbal.,

2021) Pathogen adaptation to original or novel host is also determined by the host
characteristic§Gandon et al., 2013)When XpPM1 was mixed inculcated with Xe75.3,
AvrBsT mediated hosesistance is likely to be activated in the resistant host peppe€ev,

due to the presence a¥rBsTgene in the Xe75.3 strain. Due to the activation of the AvrBsT
mediated HR, possibly the population growth of both XpPM1 and Xe75.3 is getting rdstricte
hence the reduction in the bacterial population can affect the pool of adaptive mutations
available for selection in the original and novel H@&andon and Michalakis, 2002; Filippov

et al., 2011; Meaden and Koskella, 2017)

As discussed in several other studies, evolutionary adaptation to a novel host or novel
selective conditions can result in attenuated virulence and diminished grothh original
host(Ebert, 1998; Trivedi and Wang, 201Qur results from the host swap study, are also in
accordance with these previous studies, since we observed a reduced growth in the Xp4B on
tomato after rgpassaging in pepper for 19 timdgre 13a). In particular, this phenomenon
can be identified as a fithess traafé between generalism and specialism, that might have
generated due to the antagonistic pleiotropy, where mutations that are beneficial in one host
being deleterious in artarnative hos{Benmayor et al., 2009; Elena, 201 However, many
studies on viruses have iddigd a similar fithess in generalists compared to specidi$tna
et al., 2009) Continuous exposure of Xp4B passaged on pepper to the tomato, might reverse
this attenuated growth, as the genotyfjpesrablein the ancestral hostseamost likely reattain
in the populatior{Ebert, 1998)

Since majority of the Xp T4 strains carry thlBsT gene, it has been suggested that
acquisition of theavrBsTgene is providing a fithess advantage to the pathogens. This is further
supported by the highar plantatiters observed with XvB\8a strain withavrBsTon tomato

compared to the strains lacking(iKim et al., 2010) FurthermoreAbrahamian et al., 2018
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have deronstrated the ability of the Xp GEV872 and GEV1001 wlple strains to spread
long distances in the tomato fields compared toaW®sT mutant strains. These findings
collectively suggest a role of functional AvrBsT for the fithess of Xp for successfuVal in
tomato plants, so losing tevrBsT plasmid to expand the host range to pepper is associated

with a fitness penalty for the pathogen.

Conclusion

Understanding the evolution of plap@thogenic bacteria is an ongoing challenge, since
the bacterial pathogenicity to plants is evolving through an arms race-fGegene based
recognition of bacterial effectors by resistant plants, commonly fail in the long run due to the
emergence of virulent strains of the pathogens that no longer gehizbdy the R genes.
one powerful tool that can be utilized to predict the pathogen adaptations in varying
environmental conditions, is through experimental evolution. Current serial passaging
experiment was able to identify the loss of the AvrBsT plasmip4B strain after 6 passages
in the resistant pepper d&#CW, hence indicating the possibility of the emergence of naturally
occurring Xp T4 strains, lacking the AvrBsT plasmid, with the ability to infect the pepper
plants. Our results support, the yioas hypothesis that bacteria undergo stronger selection
pressure in resistant host than in the susceptible host, thus result in fixed mutations that are
biased toward effector genes. Combination of experimental evolution with genome sequencing,
will provide useful information that can lead to identification of specific genetic changes that
occurred during the continuous passaging, thus can postulate precise association between

phenotypes and genotypes.
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Table 4-1: Characteristics of the strains used in the experimental evolution study

Strain HR on
Year pf !—Iost pf Tomato J— avrBsT | PEPPEr
isolation isolation | race CV.

ECW

Xp91-118 1991 Tomato | T3 o] X O

Xp2010 2010 Pepper | T4 IS mutation | X X

Xe8510 1985 Tomato | T1 X X X

Xe75.3 1975 Tomato | T1 X 0 0

Xp4B 1998 Tomato | T4 Pseudogend O 0

Xp4BavrBsT | (Schwartz et
al., 2015) Pseudogeng X X

PM1(Xp9t (Potnis et al., Transposon X X

118/avrXva3) 2011) mutation
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Table 4-2: List of treatments in the passaging experiment

Codenumber | Treatment Host List of replicates
100 XpPM7kanamyein Tomato 101, 102, 103
200 XpPMz7kanamyein Pepper 201, 202, 203
300 XpPM1kanamycig. X a75 3 Tomato 301, 302, 303
400 XpPM1kanamyciy. X 75 3 Pepper 401, 402, 403
500 Xp4Bnalidixic Tomato 501, 502, 503
600 Xp4Bnalidixic Pepper 601, 602, 603
700 Xp4Bnalidixic X e85.10 Tomato 701, 702, 703
800 Xp4Bralidixic + X e85.10 Pepper 801, 802, 803
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Table 4-3: List of treatments used in the host swapped experiment

Code number| Treatment Host List of replicates
100 XpPM7kanamyein TomatoOriginal host | 101, 102, 103
100 XpPM7kanamyein PeppetAlternate host | 101, 102, 103
200 XpPM7kanamyein PeppetOriginal host | 201, 202, 203
200 XpPM7kanamyein TomatoAlternate host | 201, 202, 203
300 XpPM1kanamyeiy Xa75 3 | TomateOriginal host | 301, 302, 303
300 XpPM1kanamyeiy Xa75 3 | PeppefAlternate host | 301, 302, 303
400 XpPM1kanamyeiy. Xe75 3 | PepperOriginal host | 401, 402, 403
400 XpPM1kanamyeiy. Xe75 3 | TomatoAlternate host | 401, 402, 403
500 Xp4Bnalidixic TomatoOriginal host | 501, 502, 503
500 Xp4Bnalidixic PeppetAlternate host | 501, 502, 503
600 Xp4Bnalidixic PeppetOriginal host | 601, 602, 603
600 Xp4Bnalidixic TomatoAlternate host | 601, 602, 603
700 Xp4Bnaidixic 1 Xe8510 | TomateOriginal host | 701, 702, 703
700 Xp4Bnaidixic 1 Xe8510 | PeppefAlternate host | 701, 702, 703
800 Xp4Bnaidixic 1 Xe8510 | PepperOriginal host | 801, 802, 803
800 Xp4Bnlidxc 1 Xe8510 | TomatoAlternate host | 801, 802, 803
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Figure 4-4: In plantapopulation assay conducted inside the growth chamber after passaging

X. perforansAB strain on pepper plants, up to six passdgesr to five-weekold pepper cv.

ECW were infiltrated with ~1x f0cfu/ml of bacterial pools taken from passages 2, 4 and 6.

Strains were evaluated for bacterial population growth, on the day of inoculation, 4 days after

inoculation and 8 days after inoculation on antibiotic (nalidixic) amened media. -&vane

ANOVA was applied forthe statistical analysis for each tested date and treatments with

di fferent

difference (P<0.05).
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Figure 4-5: In planta population assay conducted inside the growth chamber after passaging

X. perforans4B strain together withX. euvesicatoria 880 on pepper plants, up to six
passagestour- to five-weekold pepper cv. ECW were infiltrated with ~1x *1€fu/ml of
bacterial pools taken from passages 2, 4 and 6. Strains were evaluated for bacterial population
growth, on the day of inoculation, 4 days after inoculation and 8 days after inoculation on
antibiotic (nalidixic) amendedmedia. A onevay ANOVA was applied for the statistical
analysis for each tested date and treatments with different letters are significantly different

according to the Tukeyds test of | east signi
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Figure 4-6: High inoculum infiltrated spots were performed at ¢f/ml to show the loss of
AvrBsT plasmid in the B passage oK. perforans4B strain alone and together wik
euvesicatoria85-10 on pepper plants (CECW). Xp 4B ancestor strain antl perforans

4 BaprBsTwere also used in the assay to compare the symptom development. Plants were
kept inside the growth chamber inside ofidicontainers to check for the development of HR

or watersoaking and photograpt 3 dpi.
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Figure 4-7: Density ridgeline plots to visualize the changes in distributions, of population
growth, over time in Xp4B strains passaged on (a) tomato and (b) pepper planisacRides
the distribution of the 4B ancestor strain (Passage 0), Passage 6 and Past@gestbthato

(cv. FLA7) and pepper (CECW) plants.
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Figure 4-8: Density ridgeline plots to visualize the changes in distributions, of population
growth, over time in Xp4B strains passaged on (a) tomato and (b) pepper plants in the presence
with X. euvesicatoria5-10. Plots include the distribution of the 4B ancestais (Passage

0), Passage 6 and Passaged4d@n tomato (cvi-L47) and pepper (CECW) plants.
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Figure 4-9: Density ridgeline plots to visualize the changes in distributions, of population
growth, over time in XpPML1 strains passaged on (a) tomato and (b) pepper plants. Plots include
the distribution of theXpPM1 ancestor strain (Passage 0), Passage 6 and Passd§esnlO

tomato (cvFL47) and pepper (CECW) plants.
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Figure 4-10: Density ridgeline plots to visualize the changes in distributions, of population
growth, over time in XpPM1 strains passaged on (a) tomato and (b) pepper plants in the
presence witlX. euvesicatori&Z5.3. Plots include the distribution of the XpPM1 ancestor strain

(Passage 0), Passage 6 and PassagE3 a9 tomato (cv-L47) and pepper (CECW) plants.
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Figure 4-11: Boxplots to visubze the changes in distributions, of population growth, over
time in Xp4B strains passaged on (a) tomato and (b) pepper plants individually and together
with Xe85-10. Plots include the distribution of the 4B ancestor strain (Passage 0), Passage 6
and Paszges 1019 on pepper (cMECW) and tomato (cL47). A twoway ANOVA was
applied for each host for the statistical analysis and treatments with different letters are

significantly different according 0.065.t he Tuk
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