ABSTRACT

KRESSIN, JONATHAN PAUL. Bacterial WiltRalstonia solanacearunof Tomato
(Solanum lycopersicumAnalyses of the Interactions of Host Resistance under Field and
Greenhouse Conditions with Two Bacterial Strains, Vascular Browning of Stem, Low
Temperature Shock Stress, Micrehssociated Molecular Patteffriggered Immunity, and
Relative Expressionfd?otential Resistance Loci. (Under the direction of Dr. Dilip R.
Panthee and Dr. Frank J. Louws.)

Bacterial wit (BW) (Ralstonia solanacearu®@mith) (Rs) is a devastating sbibrne
disease of the economically important tom&olé@num lycopersicuin), and is endemic in
many parts of the Southeastern USA frasrket tomato growing regions. Regects host
vascular tissuethrough wounds and sites of secondary root emergehite, dramatically
alteringits phenotypéo includeproduction of large quartiges of extracellular
polysaccharides, leading to permanent wilting of susceptible hosts and degradation of
vascular bundles. Management of BW is very challenging, although host resistance can be
mobalized for good control by grafting susceptible commkEveiaeties onto resistant
rootstocks. Resistance to BW is quantitatp@ygenic in nature, and is heavily modulated
by environmental influences andriations betweeregional strainsTomato resistance
remains enigmatidyut it is known that Rs multigation and spread upon vascular
colonization is suppressed. Stimulation of defense hormone signaling pathways occurs, as
well as host production of reactive oxygen species (RE#{ern recognition receptors
(PRRs)detect microbial pathogen componeatd stimulate defense responses through
Microbe/Pathogefssociated molecular pattern (MAMP/PAMiAYgered immunity
(MTI/PTI) and efectortriggered immunity (ETL) The receptors of MTI and ETI are core

components of plant immune responses, often havingnmmmmotifs. Manygene loci



predictions within the tomato genome database contain these motifs and reside within the

most important chromosome 6 BW resistance QTL

The objectives othis research were to investigate tomato rootstock resistance to BW
as modlated by graft wound, diverse NC localized Rs isolates, vascular browning variation,
and low temperat@rshock stress. Additionallyjivestigated the potential of using a
laboratorybased assessment of MTI to predict BW resistance with general, &gl an
specific, peptides. Lastlytésted a selection ¢dci with defenserelated motifs in the BW
resistance QTL on chromosome 6 in order to determine if genome database mining could
facilitate discovery of resistance genes when combined with relative sixqresalysis.

Thus, summer field and winter greenhouse studies were condiu@eti3 14 using multiple
tomato rootstock varieties from diverse sources in a conventional field production system

with naturalor artificial inoculum.

| found that neither gifting northe NC Rs isolates significantly modulatedngeype
resistance levels, and thaotstocks formed a spectrum of resistaiic® S0F-105T 6DP(
Seedhas previously been reported as being moderately to highly resistamhexpectedly
clusteredwith the susceptible control 6 Ha wa i i 79976, OHawai i 7998
(Semi ni s )>04106ha (6 RMhadsandady)high resistan@nd are expected to
perform well in NC grafted tomato production systefiitse naturalapplication of mid
epidenic low temperature shock stressthe greenhouse studyreasedheincidence of
BW, leading to more effectiveeparation othe genotypic mean wilt resistance levetnd-
of-study vascular browning scores of stem cigsstions was a sigieant predicor of foliar

wilt, improving variance assessmenénd isthe firstreport o t he aut hor 6s know



comparing vascular browningriation with bmatoresistance to BWStimulation of ROS

production in tomatevas successful usirthe MAMPsFIgll-28,Csp22 and a mutant

version of FIg22 (Pa Flg22hut not Rsspecific FIg22. Although significant variation was

observed betweethe genotyps, non and selgraft treatmentsandpre/post Rsnoculation,

ROS production was not predictive of BMkistanceThe plysical location of the

chromosome 6 BW resistance QTL was documented, and dozens of loci potentially related to
defense responses were identified, but no clear changes in gene expression for any of the 25
target loci were observed at 3 days postinoculatio n 6 F|l or i da 4Thi® or OCF#
research has important applications to gi@ftedtomato productiofior management of BW

BW screening methodologies, and provides foundational information for MTI mobilization

in the tomateRs pathosystem.
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CHAPTER 1: LITERATURE REVIEW

1.1: Introduction

Plant diseases impact food supply quality and availability, local and global markets,
and human and animal health and wellbeing. Wiaxamples of severe hardship and loss due
to plant diseases have been well documented. Despite many useful advances in the ability to
manage plant disease issues, it is estimated that as much as 35% of global annual food
production is lost due to plantgis, with the subcategory of plant pathogens and viruses
responsible for 105% of global production losséBopp and Hantos, 2011; Strange and
Scott, 2005)

As a species globally, tomatS8d¢lanum lycopersicuin) is known to be susceptible
to at least 200 different diseasausing organisms, causing scores of devastating diseases
that reduce food qualitgconomic value, and crop production sustainabilityis review
focuses on one of thmany important tomato diseases, Bacterial Wilt (BW) of tomato caused
by Ralstonia solanacearunexamining what is known about the world importance of the
disease, host and pathogen biology, genetics, and specific endeavors to increase the ability to
contrd the disease in the Southeastern United States of America (USA), especially the state
of North Carolina (NC). Although there are many plants susceptible to BW, Solanaceous
plants are very susceptible, including tomato, potato, pepper, tobacco, and egdpsaiof
the researcbn this diseaskas been performed with the specific interactionR.of
solanacearunand either tomato, potato, tobaccoAvabidopsis thalianaThisreview,

however will focus primarily onthework done in tomato.



1.2: Bacterial Wilt Disease

Bacterial Wilt disease (BW), also known as Southern Bacterial Wilt or Southern Wilt,
is a vascular wilt disease of many horticulturally important fruit and vegetable crops in the
Southeastern USA and around the world. A landmark exhaustire¥ the first five
decades of research on BW was writter(bgiman, 1953)which helped cement the
foundational works and methodologies for BW research.

Just as the name implies, BW is characterized by feiling symptoms in infected
hosts. Plants in the early stages of wilting
down during the nighiClayton and Smith, 194Xelman, 1953; Moorman, 2014n
Solanaceous species, the interval from first wilting to permanent wilting point can be as short
as a few days or as long as several weeks, depending on environmental conditions, host age
and vigor, strain aggressiveneasdtheresistance level dhehosts(Gallegly and Walker,

1949; Kelman, 1953; Mew and Ho, 1976; Mew and Ho, 1977; Zehr, 1Bi@)nal

symptoms are most apparent in fully wilted plants, which are characterized by browning of
the vascular bundles leading to tissue degradatioinpith necrosiKelman, 1953)Stems
exhibiting vascular tmwning are usually filled with very high concentrations of bacteria
(Araud-Razou et al., 1998; Vasse et al., 199#)ich can be observed as a thick, milky

stream o00zing out of cut stems immerse water(Moorman, 2014; Olson, 2005%tunting

is another common symptom, and occasionally foliar chlorosis is apparent in some species
(Kelman, 1953; Meng, 2013There is also an increase in adventitious root formation up the
stems of tomato that is related to bacterial invasion of the large primary vascular bundles

(Kelman, 1953)



Caused by the soil bacteriuralstonia solanacearu®mith (Smith, 1896)Rs), BW
has a worldwide distribution between the N45 and S45 parallels in tropical, subtropical, and
temperate regions with high rainfall160 cm/year or more), a growing season of at least 6
months where the average winter and summer temperatures do not drop b¥banti®1
°C, respectively, and where the yearly average temperature is less fia(L28as, 1975)

Of the more than 200 plant species in 50 different plant families infected by Rs
(Buddenhagen and Kelman, 1964; Hayward, 1964; Hayward, 1991; Hayward, 1994;
Hayward, 1995; Moorman, 2014; Olson, 200%embers of family Solanaceae are among
the most economically important crops. Pot&olénum tuberosuin) and tomato Solanum
lycopersicunlL.) were the first and second most important vegetable crops worldwide in
2001, respectivelfFAO-Land and Water Division, 201,3and most commercial varieties are
highly susceptible to BW. Tobaccd{cotiana tabacunt..) is also an economically important
crop susceptible to Rs, especially in the Southeastern USA. Other noteworthy plant species
susceptible to Rs infection are: Eggpla®bianum melongepaPepper Capsicunspp)
GeraniumsRelargoniumspp.), BananaMusaspp.), and Arabidopsi®\(abidopsis thaliana

(Kelman, 1953; Moorman, 2014)

1.3: The Pathoge® Ralstonia solanacearum

Ralstonia solanacearuis an aerobic, gramegative, roes h a p e d-, soi |l b
proteobacteriunfHayward, 1991; Palleroni and Doudoroff, 1971; Palleroni, 1984; Schell,
2000) Originally described by E.F. Smith in 1896 as the causal agent ofSnhith, 1896)

Rs has been taxonomically reclassified many times over the last century. Historical



classifications includ8acillus solanacearurBmith, Phytomonas solanacearumith,
Pseudomonas solanacear@®mith, andBurkholderia solanacearurfYabuuchi et al., 1992)
After additional phylogenetic work, the geriRalstoniawas formed for a subset of bacteri
from Burkholderia(Schell, 2000) The taxonomic identity of Rs is not entirely settled, due to
recent comparative genomic studsegpporting a growing opiniotinat Rs is actually a

species complex perhaps worthyretlassification into several new spedi@€enin and

Denny, 2012; Remenant et al., 2010)

Strain characterization of Rs has been accomplished either by molecular biology
techniques and hostfatfity assays (races), comparative metabolic assays (biovars), or by
genomics (phylotyp® (Hayward, 1991)Rs has been classified irftee races and five
biovars, with a review given bAgrios, 2005) Race 1 is found endemically in regions of
North and South America (including the Southeastern USA), and South Asia, causing the
majority of economic loss worldwide. Race 2 is tropical, and does not cause much economic
loss n Solanaceous crops. Race 3 is a cooler climate strain highly virulent to potato, but is
not present in the USA. Race 3 biovar 2 (R3 bv2) was inadvertently introduced into the USA
on geraniums several decades ago, but has been eradicated or at leastefjeetrantined
so far. R3 bv2 is, however, still considered to be highly dangerous to American agriculture
because it is highly virulent to potato and able to cause disease in more Northern temperate
regions, which led to it being listed as a USBRHIS Select Agen{Representative Tauzin,
2002; USDAAPHIS, 2012)out of concern for its effects on the North American potato
industry if it were ever to become established in the contifatds 4 and 5 cause disease in

plants of little importancen world agriculturg/Agrios, 2005) Phylogenetic studies have



found that Rs strains can be grouped into four major phylotypes grouped geographically: |
(Asia), lla and b (Americas), Il (Africa), and IV (Indonesi@emenant et al., 2010)

On a genetic level, Rs has an amonon genome arrangement with two
independently replicating replicons (circular genomes). The larger repBc®mggabases
(Mb)) codes for most of the basic proteins involved in cellular function, whereas the smaller
one (1.9 Mb), previously called theaga plasmid, contains many of the pathogenicity and
virulence gene@Boucher et al., 1986; Schell, 2000) addition, the genome of some strains
examined is thought to contain many possiblegp@sable elements, which may contribute
to the pathogends hi gwde gtaieseot repesentaiveistaibsiof i t vy .
Rs from around the world suggest that the Rs species complex contains about 2,850
conserved genes and a variable genontie about 3,100 genéRemenant et al., 2010;
Remenant et al., 2011¢enetic analyses of several key housekeeping and virulence genes
reveal, however, that Rs can be classified into two ggxdge divisions, one centered in Asia
and the other in the Americ&Schell, 2000)It is also important to note that the genomes of
multiple phylotypes (phy), biovars (bv), and races (R) of Rs have been sequeneed and
publicly availablg(Salanoubat et al., 2002)

https://iant.toulouse.inra.fr/bacteria/annotation/cgi/ralso.cgi

1.4: The hosd Solanumlycopersicum
Tomato Solanum lycopersicum), as mentioned previously, is a very important
vegetable crop around the world, being sought for its adaptable culinary qualities, as well as

being developed as a model plant system for fruit developfhbatTomato Genome


https://iant.toulouse.inra.fr/bacteria/annotation/cgi/ralso.cgi

Consortium, 2012)Synonymous witthycopersicon esculentumill., tomato is an

herbaceous perennial dicot plant in Solanaceae with yellow flowers, pinnately compound
green leaves, and e@ha determinate or indeterminate growth h@lmnes, 2008)

Production, however, usually treats them as herbaceous annuals. The economic importance
of tomato, however, is a relatively recent developmerit@fast 120 years or so, probably
restricted by a common European belief at that time that tomato fruit were poigdnoes,

2008) Tomato fruits are botanically a berry and have a diverse range of sige, sblar,

total soluable solids, and sugar and acid content

Tropical in nature, tomato has been bred and adapted for many environments around
the world, being grown primarily in open field environments, as well as greenhouse and
hydroponic production sysms.S. lycopersicurspecifically is thought to have its center of
origin along the coast of Western South America (especially Peru and Ecuador), and was
only introduced to Europe after being brought back with Spanish explorers in the A.D.
1500s, though wlespread introduction took another 200 y€aames, 2008)it is believed to
have first been domesticated in Mexico.

Genetically, tomato has a diploid genome with 12 chromosomes (2n = 2x = 24) with
an approknate total size of 900 M@rhe Tomato Genome Consortium, 20IP)mato is
seltfertile and easily selpollinates, normally being brédr commercial marketas
hybrids or inbreds. Opepollinated \arieties do exist as well. Within the realm of tomato
breeding, especially breeding for disease resistance traits, genetically important wild relatives
of tomatoinclude: Potato, eggplarfolanum arcanurReraltaS. chilens€Dunal) ReichesS.

habrochaits S. Knapp and D.M. Spoone3, peruvianunt.., and especiallysS.



pimpinellifoliumL. (closest wild relativéPeralta et al., 2008)Dr. Charles Rick (1922002,

http://tgrc.ucdavis.edu/charlie.agpxas a pioneer in collection and preservation of tomato

germplasm from around the world, and was especially well known for his work in
introgressing many wild species into our domesticated vari@iek, 1960; The Tomato
Genome Consortium, 2012)isease resistance breeding has benefited greatly from his
foundational work.

Thegenome sequence {8t lycopersicund He i n zwadrécén@ydreleased (2012),
showingonly a 0.6% genetic divergence fr@npimpinellifoiumd LA158 96, wher eas
an 8% divergence from potafdhe Tomato Genome Consortium, 2018l three spe@s

have sequenced genomes, which are availbbije//solgenomics.ne{The Tomato Genome

Consortium, 2012)The tomato genome annotation pipeline predicted teapublically
available sequence contained 34,727 preteuiing genes, though RNA sequence data only

predicted 30,855. A comparison with theabidopsisgenome littp://www.arabidopsis.org/

foundthat31,741 prettted genes were highly similé8. pimpinellifoliumvasalsoquite
similarto tomato(The Tomato Genome Consortium, 2012)

On a production scale, the USA ranks second in the world for tomato proguction
producing 12.9 million metric tons in 2009 valued at more than $2 billion in annual farm
cash receiptéNovagrim, 2010; Thornsbury, 201Z3lobally, about 100 million tons of
tomatoes werproduced in 201QNovagrim, 2010; USDAEconomic Research Service,
2009) In 2010, the top 10 tomato producing countries in the world rankeatddyweight of
prodwctionwere China, USA, India, Turkey, Egypt, Italy, Iran, Spain, Brazil, and Mexico

(Novagrim, 2010)Of these nations, BW of Solanacous crops has been reported at least in
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China, USA, India, TurkefUstun et al., 2009)Egypt(Balabel et al., 2005)ran (Bagheri
and Taghavi, 2000and MexicoHernandezZRomancet al., 2012)though not exclusively
these.

Within the USA, tomato production is classically divided into processing and fresh
market, where varieties and production systems are developed specifically to serve each
production type. Varieties effectifer processing type are not well adaptable to fresh market
type, and vice versa. This production pattern is not replicated in many other tomato
producing nation§Thornsbury, 2012)The greatest overlap of USAmato production and
BW is in the Southeastern states. Major tomato growing states with BW problems are
Florida, Virginia, and NC, where tomato production is nearly entirely fresh market type.
Florida was the second largest fresh market tomato prodsiategin 2012, growing about
35% of the USA total production. Virginia grew about 7%, and NC grew about 4% of
national fresh market productigpg SDA-National Agricultural Statistics Senac2013)

Apart from tomato and the previously mentioned other Solanaceous crops
pathogenized by Rs, other noteworthy plant species are also infected, including alternate
weed and ornamental hogk$ayward, 1994; Kelman, 1953fommon weed hosts include:
Pigweed Amaranthusspp.), ragweedXmbrosiaspp.), horseweedpnyzaspp., formerly the
genusErigeron), cocklebur Xanthiumspp., especiall)X. pennsylvanicujpand jimson weed
(Daturaspp., especiallp. stramonium (Kelman, 1953) Common ornamental hosts
include: ChrysanthemuntChrysanthemurapp.), dahlia@ahlia spp.), African marigolds
(Tagetes erechazinnia ginnia elegany garden petuai (Petunia hybridl, nasturtium

(Tropaeolunspp.), and verben& €rbenaspp.)(Kelman, 1953)Also, some other



agricultural crops/herbs include: Sunflowkle{ianthus annuuk.), cassavaManihot
esculenty peanufArachis hypogaeabean Phaseolus vulgar)s sesame§esamum
indicum), and members of Zingiberaceae including gingerdiber officinalg, sand ginger
(Kaempferia galangg turmeric Curcumaspp.), and cardamonklattaria andAmmomum

spp.)(Kelman, 1953; Kumar et al., 2014)

1.5: HostPathogen Interactions

Bacterial Wilt is considered by many to be one of the most economically destructive
plant bacterial pathogens, but also one of the noishtfically valuable. This is due to the
highly aggressive nature of Rs, as well as, the wide geographic distribution and very large
host range it ha@rior et al., 1998)A survey of the community of thegrnalMolecular
Plant Pathology ecei ved 458 votes for the O0Top 106
2012, and Rs rankeabs thesecond most scientifically and economically important bagteria
right behindPseudomonas syringa@athovar{Mansfield et al., 2012)The key to Rs
pathogenicity appears to lie in its ability to produce dozens of potent and often redundant
virulence factors into the host systems that suppress host defense responses, while enhancing
the ability of the bacteria to spread through the surrounding ti¢Saésll, 2000)

Tomato resistance to BW is known to be polygenic and quantitative in nature, with
even the most resistant varieties still being colonized b§H&gward, 1991)In tomato, Rs
resistance does not appear to be releagde common hypersensitive response (HR) that
causes localized cell death to halt pathogen invasion, but rather is related to mechanisms that

traditionally have been termed tolerariégrios, 2005)



1.5.1: HostPathogen Interaction® Biological and Genetic

A valuable review of the plethora of virulence factors, their theorized relationships,
and known functions was published (8chell, 2000)and many authors have addeto the
basic functional information in that review. On a molecular level, there are more than 20
different interacting gene products that allow the bacteria to be pathd§ehell, 2000)
These host of virulence faws include many diverse proteins such as transcription initiators
and repressors, membrabeund and cytosolic chemoreceptors, mobility proteins,
exogenous lytic enzymes, and the well known {ifpsecretion system (T3S$JhyGong
and HsulLiang, 2012; Li et al., 2010; Nakaho and Takaya, 1993; Nakaho et al., 2000; Nakaho
and Allen, 2009; Schell, 2000Yore recetly, (Meng, 2013published a more succinct
review of what are currently considered the most important virulence factors: Extracellular
polysaccharide | (EPS 1), T3SS, maotility proteins,-gall-degrading enzymes, dra typell
secretion system (T2SS). Thep operon is a finely regulated set of genes encoding
production of the T3SS, whiah the primary delivery system fan estimated 780
effectors intahe host tissue§Schell,2000) More recently, several studies have reported that
Rs expresses tygd® and-VI secretion systems, as well as temperatlependent virulence
factors in some cotddapted strains that are induced under cool temperdBoesanczy et
al., 2012; Bocsanczy et al., 2014; Remenant et al., 2010)

Apart from proteirbased virulence factors, Rs is also well known for producing large
amounts of the important virethce factor EPS | upon colonization of the host vascular
bundles in the sten{®enny and Baek, 1991; McGarvey et al., 1999; Meng, 2013; Milling et

al., 201). EPS I expression is also cell dengigpenden(Kang et al., 1999)The function
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of EPS in the BW pathosystem is still unclear, but common hypotheses are that it either
contributes to water blockage in vascandles or shields the bacteria cells from either

plant detection or plargroduced defensive chemic@l3enny and Baek, 1991; McGarvey et

al., 1999; Milling et al., 2011)nterestingly, it appears that EPS | interacts differently

between resistant and susceptible tomato plafiteng et al., 2011) Rs mutants unable to
produce EPS | behaved similarly to wild type Rs in susceptbhato varieties, whereas

resistant tomato varieties had significantly higher defense responses in the presence of EPS |
producing Rs compared to the rRproducing mutant straigMilling et al., 2011)

Another importat biological aspect of Rs life and pathogenicity is the ability of the
bacterium to use quorum sensing signals to induce phenotypic changes that affect aspects of
motility, extracellular coatings, and-regulation of the virulence gené&Schell, 2000)A
very interesting aspect of Rs quorum sensing is the effect the concentration of the sensing
molecules have on expressed phenotypes of Rs, including EPS | production, motility, and
expression of protein virulence facs, which will be looked at in more detail later. This
effect has been termed the phenotype conversion system (Phc), which is regulated by the
interactions of a core group of five genes, centered around the global regulator PhcA,
effectively controlling wulence expression like a biological swit@rumbley and Denny,

1990; Brumbley et al., 1993; Clough et al., 1994; Clough et al., 1997a; Clough et al., 1997b;
Denny et al., 1998; Huang et al., 1993; Schell et al., 1993; Schell, 1996; Schell, T2800)

Phc does not appear be unique to only R&arg et al., 200Qut may be unique to
Ralstoniaspp. Some evidence existoweverthat a similar mechanism may exist in

Agrobacterium vitigSchell, 200].
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1.5.2: HostPathogen Interaction® Spatial and Temporal

The spatial and temporal disease progression of BW is complex in both biology and
chemistry. Much of what is known about Rs behaingslantahas been revealed by a
variety of microscopy andahing studies from the 1990s using wiighbe and mutant Rs
strains(Araud-Razou et al.1998; McGarvey, 1999; McGarvey et al., 1999; Saile et al.,
1997; Schmit, 1978; Vasse et al., 1995; Wallis and Truter, 1978 chel | 6s revi ew
components and interactions of the elaborate sensory network controlling virulence gene
expression alsoontains an excellent section reviewing work examining the spatial and
temporal interactions of Rs planta(Schell, 2000) Control of virulence factors iRsis
accomplished via a complex system of regulatory prstaid quorum sensing signals, with
cell density thresholds that convert Rs cells that are motile, produce siderophores, pili, etc.
into relatively noamotile, EPS 4producing, cell waldegrading pathogenic cells expressing
a devastating array of virulentactors and effector@icGarvey, 1999; Schell, 2000uch a
diverse system allows for the careful control of pathogenicity factors and resource
management strategies. This intricate regutasigstem is consistent with the life cycle of the
pathogen, allowing for precise adaptation to a variety of mecasystems such as the
nutrientpoor soil environment to the nutrient rich vascular cami(8amell, 2000)

Ralstonia solanacearuiives naturally in the soil as a mobile saprophyte. Upon
encountering potential hosts, the pathogen attaches to the root surfaces and forms micro
colonies around lateral root emergence gkesdman and Sequeira, 1965; Schmit, 1978
root elongation zonfAraud-Razou et al., 1998; Vasse et al., 19%#)d entry through

wounds of plant root€vidence suggestsli and perhaps lipopolysaccharides are involved
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in virulence in tomat@Duvick and Sequeira, 1984; Romantschuk, 1992; Saile et al., 1997;
Sequeiral985) It is known that motility, both swimming (flagallin) and twitching (pili) are
important for full virulence in tomat@ransKersten et al., 2001; Taik&ersten et al., 2004)
TypelV pili have been observed as critical for facilitating this attachment via twitching
motility, which is required for full virulencéKang et al., 2002; Kang et al., 200%he role

of pili components for virulence in the early stages of BW disease in potato have recently
been found to be very importa8iri et al., 2014; Wairuri et al., 2012)

At some point eound the time of vascular penetration, the bacteria build up colony
density significantly(Schell, 2000)Upon reaching a critical mass of 1lls/mL, the
pathogen changes major aspects of its phenotype via angjgensing signal called@GH-
Palmitic Acid Methyl Ester (DH-PAME) (Flavier et al., 1997; Schell, 2000s has a high
sensitivity and affinity to 3OH-PAME, as concentrations as low as 5 nMsmobservable
changes in the bacteriu¢@lough et al., 1994; Flavier et al., 199U@pon reaching a
threshold concentratioB;OH-PAME stimulates a 5@ld increase in expression of the Phc
regulon, which codes, in part, for the global regulatory protein Rchell, 2000) PhcA
has been identified as the key fAswitcho invo
directly or indirectly induces or regsses several important operons. PhcA has been shown to
be involved in the mass production of EPS | and cellular lytic enz{hesng et al., 1998;
Schell, 2000)PhcA also has roles in ressing swimming motility, possibly expressioin
the T3SS, and expressiongglA, B, and also known apehA, B, and £ Thepgl genes
code for several endogenous and exogenous polygalacturonase proteins, whiaiere

in movement through pectimch areas of root&Schell, 2000)3-OH-PAME is produced by
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PhcB and then transported outside the bacterium, where it is detected by the transmembrane
receptor Phc®Clough et al., 1997b; Flavier et al., 1997; Schell, 20003s of any portion
of the 30H-PAME recognition system, @hcA leads to severe reduction of virulence.

Once the root surface colonies are established, invasite obot occurs rapidly (<4
hours), with Rs movement being primarily through the intercellular spaces in the root cortex
(Schell, 2000)Pathogen success at this stage is highly dependent on the expression of the
T3SS, which is positively regulated by HrgBenin et al., 1992; Kanda et al., 2003)

Initiation of Phc was thought to suppress T3SS expression, although recent reports indicate
that theT3SS appears t@main as a very important virulence factor throughout the disease
progression rather thamly at the early stages of infectig@dacobs et al., 2012; Meng, 2013;
Monteiroet al., 2012)Loss or inactivation of the T3SS dramatically reduces Rs
pathogenicity, ang@revents the ability dRs to stimulate a hypersensitive response (HR) in
some resistant speci@srlat et al., 1992; Boucher et al., 199Additionally, it was recently
reported that sucrosessirprisinglypresent in tomato xylem tissues, and expressidmpis

is highly stimulated by sucrog&acobs et al., 2@).

After about 2 or 3 days post inoculation (dpi), bacteria colonize around the inner
cortex and parenchyma tissues of the vasculature, likely penetrating the endodermal barrier
in compromised regiond&sau, 1960; Schell, 20QQ)p to this point, the bacteria exist in
low, heterogeneous concentrations, causing minimal damage to the plant tissues as they
travel through the intercellular spaces. Relatively little tissue damage is thought to have
ocaurred at this point, and host defenses appear to be either suppressed or avoided at this

stage based upon bacterial spread and penet(atiand-Razou et al., 1998; McGaay,
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1999; Schell, 2000)Contrastingly,tiwas later determined that tomatefensive signaling
pathways are stimulated as early as one day after Rs inocylahdrara et al., 2012)

After about 4 or 5 dpthe bacteria penetrate the stele (the vascular cylinder of stems
and roots) and xylem vessels, and can be observed filling the stem byStdyn6t, 1978;
Vasse et al., 199%Vallis and Truter, 1978Rabout which time most controlled inoculation
experiments observe some degree of wilting symptoms in susceptibleDiosts stem
inoculation experiments generally observe wilting symptoms several days earlier, however.
Many researchers have noted that some relatiomshipexistetween an increase in tyloses
proliferation in the vascular tissues and Rs infection, though the relationship remains unclear
(Kelman, 1953)It has been suggested that penetration of the vascular cylinder is
accomplished either through several of thepReduced cellulolytic enzymes or by bursting
of colonized host tyloses cellSchell, 2000) Some evidece suggests that the T2SS is a
critical component allowing colonization of the xylem vessels and general systemic
infectivity (Liu et al., 2005; Tsujimoto et al., 2008)he T2SS is also wolved with delivery
of a concoction of celvall degrading enzymes (CWDE®enny et al., 1990; Gonzalez and
Allen, 2003; Huang andllen, 2000; Huang and Allen, 1997; TaKsersten et al., 1998)
which may be linked to stele penetration and the observed vascular browning of the stem as
BW progresses in the host.

Upon colonization of the vasculature, Rs spread through the stermdsapad. By
day 8 of infection, bacterial populations can reach*®d@lls/cm(McGarvey et al., 1999;
Saile et al., 1997)which would trigger activation of Phc, rendering the cells matile

(Clough et al., 1997aPBy this point, host plants exhibit severe wilting symptoms, and highly
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susceptible plants soon reach the permanent wilting point and collapse. Interestingly, it is still
a little unclear as twhat is the exact cause of wilting. The prevailing views are that it occurs
either from blockage of xylem vessels by masses of bacteria and/or from the large amounts
of Rsproduced EPS | freely floating in the xylem vessels at this stage turning theni@ter
sludge(McGarvey et al., 1999; Schell, 2000)

Bacteria begin to die in the stem as the host(@esnson et al., 2005Rs is
believed to survivén the soil on decaying plant material, associated with plant roots, or
asymptomatically in weed hogiSlphinstone, 1996; Graham et al., 1979; Granada and
Sequeira, 1983 Spread of the pathogen is primarily through soil water, contaminated
tools/equipment, and with contaminated seeds or seedling trangplgnts, 2005)
Interestingly, colonized hosts are known to shedelapgantities of Rs from the roots {16
10° CFU/mL runoff water), even prior to plant collap&&wanson et al., 2005)
Unfortunately, little is known about the life cycle of Rs within the soil environrf&etell,
2000) In contrast, it is known that the pathogen must survive the harsh environment of the
soil matrix, as well as invade, colonize, and defend itself in the nutrient rich plant tissues.
These are two very differeand dynamic living conditions with unique resources and
dangers to manage, which is likely the reason Rs pathogenicity requires such an elaborate set
of virulence mechanisms and the abitibyradically alter its expression profile via the Phc

system(Schell, 2000)
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1.6: Management of Bacterial Wilt

Management of BW is not a simple task. Like most plant pests and diseases, efforts
have been made to develop an integrated pest management (IPM) strategy that combines
awareness and education with balanced control methods that are economically viable,
environmentally safe, and practically implementable. Strategy development has focused in
sanitation methods, chemical soil fumigation control, crop management, and fstahoes
While these measures have in some respects helped mitigate the spread of Rs throughout
growing regiongAgrios, 2005) they provide very little help to tomato production soils once
Rs becomes establishétiop rotation is ineffective due to the ability of Rs to persist
seemingly indefinitely in infested field€hellemi et al., 1994Rs can alsde found in virgin
soils recently cleared of native for¢kielman, 1953) Additionally, use of soil fumigant
chemicals does not provide adequate seéswg control of BW(Enfinger et al., 1979;
Jyothi et al., 2012)Sanitation of farm equipment and worker movement control can help
reduce pread of Rs. Spread of inoculuna transport oymptomlessnfected seedlings
(latent infectionsfontinues to be a conceffgrios, 2005; Swanson et al., 2005; Vaughan,

1944)

1.6.1: Management of Bacterial Wild Breeding for Resistance

Host resistance is an integral paraof effective BW IPM strateg{Hayward, 1991)
The development of superior varieties with multiple disease resistance gene packages is of
primary importance, includinfipr BW resistant varietie®reeding varieties with BW

resistance and economic value has been very difficult, agdsreed by the complete lack
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of available varieties on the marketfie use of molecular markers as an aid for disease
resistance breeding effott&s many success stories, including in other important tomato
disease¢Ashrafi et al., 2009; Foolad and Sharma, 2005; Foolad and Panthee, 2012; Foolad,
2007) Development of molecular markers tightly associated BMhresistance is highly
desiable ard may be key for development of economically viable fnesitket varieties.

There are several key factors that have plagued breeding and research efforts for BW
resistance in tomatscott et al., 2005Yang and Francis, 2007y he first is a very tight
genetic association between BW resistance traits with traits for small fruit size, indeterminate
growth habit, and bitter taste caused by fruit alkol¢ftosta et al., 1964; Borchers and
Nevin, 1954; Opena et al., 1990; Scott et al., 2005; Walter, 1967; Wang et al.,|hg88),
in more than five dexdes of breeding tomato for BW resistance in large fruited varieties
(>200 g fruit), there has only been one report this author is aware of where that tight
association may have been broken, with a mean fruit size of 203 g and disease resistance
levels stéistically comparable to Hawaii 799%cott et al., 2004; Scott et al., 2009§t, it
seems some breeders have had relatively little trouble with develomiogssing and
processing/fresimarkettypes with small to medium fruit size (70 (@Jonma and Sakata,
1993) though these sizes are still quite small. Generally, it seems that the more a line is
selected for larger fruit size, the less resistance to Bdarrged alondScott et al., 2005)t
is worth noting that making selections in the absence of disease pressure can generate lines
with low resistance when high resistance was pred{8edit et al., 2004)

The seconanajor breeding constrdirs a byproduct of the nature of host resistance,

namely, the propensity of Rs to form latent infections in even the most resistant tomato
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genotypegin other susceptible species as welgkimg accurate detection and resistance
estimates difficul{Milling et al., 2009; Nakaho and Takaya, 1993; Prior et al., 1996;
Swanson et al., 2005) hedifficulty with latent infections is not confined to tomato, and at
least in part seems related to temperafitiding et al., 2009; Prior et al., 1996; Zehr, 1970)
A third factor is the high degree of environmental influence modulating severity of
BW, with soil tenperature, soil moisture, air temperature, and soiéffecting even gene
segregatiofinheritancestudies(Acosta, 1978; Gallegly and Walker, 1949; Grieve, 1943;
Hayward, 1991; Mew and Ho, 1977; Scott, 1996; Scott et al.,; 2005ghan, 1944)This
pattern is regularly notestherecool spmg/fall planting seasons exhibituch less BW
severity than warm summer montfisie confounding effects of environmewere noted by
(Acosta, 1978yhen multiple studiescreeningapproximately 13,000 tomato plants from
various crosses were not even able to conclusively determine gene effects or inheritance
patterns, concluding them to be entirely additive gene effects. Several researchers have noted
that resistance seems to breakdown under soil temperature§®&88 highe(Barnes and
Vawdrey, 1993; Mew and Ho, 1977; Scott et al., 2008)s has generally been linkexthe
optimum temperature range that favors maximum pathogen gnowiino, which most
studies report to bi@ the range of 333 °C (Kelman, 1953)It should be noted that this link
has not been definitivelyseablished, with some evidence demonstrating that Rs strain
performance under environmental stressastro is not always an accurate predictor of
performancen planta(Milling et al., 2009) Generally, BW incidereis greater under higher
temperatures (especially soil), higher inoculums densities, and in younger(lkelnsan,

1953; Mew and Ho, 1976; Nakaho and Takaya, 19bi3¢re &0 appears to be a floor of
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about 21°C in tomato and potato for host expression of wilting symptoms, though hosts can
be become latently infected as low as’C&or most Rs straindHayward, 1991; Kelman,

1953; Meier and Link, 1923; Singh et al., 2014&jditionally, there is some evidence that
nitrogen fertilizerbased suppression of BW symptoms is mediated by tempe(iitinean,
1953) At this stage it is worth considering if some of the difficulties experienced by breeding
and genetic screens may be due to susceptibility of the common leaf wilting metric to
environmental variation, especiapil temperature(Thoquet et al., 1996Isuggested that

as much as 40% of BW resistance variation was due to environmental influences in their
resistance QTL mapping studiesslhiould be noted that no other reliable fw@structive
screening method is available at this time, especially for large scale field saibdersthan

the leaf wilt metricAn alternate assessment method was developé@riny et al., 1996)

where they used eraf-study assessments of bacterial concentration in the stem to largely
correct for the variation between cool and warm growing seasahtaking into account any
latent infectionsWhile the methods helpful for improvingheaccuracy of assessments, it
does decrease the higfiroughputpotential Additionally, they found that spread of the
bacteriain the stenwas a function of temperatu¢@rior et al., 1996)Thus, it would be very
helpful for researchers to devpla monitoring system for environmental influence, and use

that information to correct foliar wilbased assessments of host resistance in tomato.

1.6.2: Management of Bacterial Wild Resistance Genetics and Mechanisms
A key strategy for using resistardneties to manage BW is selection of lines that

perform well in local growing regions, since resistance is often influenceegmnal strains
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of the pathogefHayward, 1991)Several multnational studies haveinforced this need

(Hanson et al., 1996; Scott et al., 2Q05comparison of BW resistance among a diverse set

of species and accessgdound that pepper and eggplant generally have highaesis

levels, but not tomatfi_ebeau et al., 2011; Wang et al., 20I3)e researchers assembled a
collection of 30 BW resistant accessions, including genotypes commonly used in resistance
mappingstudies, from these species and challenged them with 12 Rs strains representing the
strain diversity of the pathogé€hebeau et al., 2011Noteworthy tomato genotypes tested
were OCRA666 and ¢ Haagrars descrithng tBeir genetid ooiging. wi t h d
They found that the interactions grouped into six groups from highly resistant to highly
susceptible, and with no clear connections to phyllotype specificity. Generally, the most
aggressive strains were found inyfatypes I, [IB, and 1l1l.They also found that the resistant
tomato accessi@from around the world were predominantly derived fisatanum
pimpinellifolium S. lycopersicumandsS. lycopersicurmar. cerasiforme Curiously, another
researcher reported the identification of a novel BW resistance gene derivesl. from
peruvianumbut remains unconfirmed.

A multi-national, multiyear screening study for BW in tomato was performed in the
early 2000s, using 31 genotypiEom 14 resistance sources (see below). Of those genotypes,
only 7 were identified as having >90% survival rate across all locations; 3 were selections
from Hawaii (Hawaii 7996, 7997, 7998; resistance source Pl 127805A), 3 were from the
Philippines (TML4%, TML114, R3034; resistance source unknown, Venus and CA67(1169),
and unknown, respectively), and 1 was from North Carolina (BF Okitsu; resistance source

NC 19/5364N), which resembled the Hawaiian phenotype. Genetically, the project
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suggested that resasice derived from Hawaii 7998 was probably (but not perfectly
consistent) controlled by a single major gene with several smaller effect(§eotset al.,
2005) This is generally in agreement with other inheritasitidiegHartman and

Elphinstone, 1994; Mahir et al., 1993 well as BW resistance QTL mapping studies using
the closely related Hawaii 7996armeille et al., 2006; Thoquet et al., 1996a; Thoquet et al.,
1996b; Wang et al., 2000; Wang et al., 201t33hould be noted that some reports suggest
recessive gene actigMahir et al., 1993; Monma and Sakata, 198&3hgh, 1961) or partial
dominance giving way to recessii#&costa et al., 1964h some breeding materigbharma

et al., 2006)Curiously,(Mew and Ho, 1976fjound that resistance levels of tomato seedlings
compared to plants dbfvering stage had a low correlation (r = +0.58)

GenerallyQTL mapping studies have found that
799606 contains a strong QTL for BW resistanc
Rs strains (Race 1, phyllotypes | & II; race 3, phyllotypd@armeille et al., 2006; Mangin
et al., 1999; Thoquet et al., 1996a; Thoquet et al., 1996b; Wang et al., 26Qil)g these
studies, several other smaller effect QThlase been reported (chr. 4, 12, 3, 11, 8, and 10),
being race and sometimes phyllotygmecific(Wang et al., 2013)All but the most recent
study have used restriction fragmégngth polymorphism (RFLP) markers fmapping the
resistance QTLs. Generally, the chr. 6 QTL is quite large, spanning around 30 cM. One
report suggested that the chr. 6 QTL contained two linked resistance loci in that region, with
the strength being affected by days post inoculation (dpgrevtine distal (upper; away from
the centromere) end is stronger during early stages of wilting (as early 3sdhdpi

broadens toward the proximal end of theomosome (lower; towards the centromere)
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(Mangin et al., 299) The chr. 12 QTL, using a population of recombinant inbred lines
(RI'Ls) derived from OHawai i 79960S(resistant
pimpinellifolium), has been reported as being related to suppression of bacterial
multiplication within the tomato stem in the only study using simple sequence repeat (SSR)
markergWang et al., 2013)as well as being a straspecific locugWang et al., 2000)The

first QTL mapping report, which was the only study to usegpopulation derived from a

cross of L285 (resistant) x C286 (susceptible) (L285 mssculenturvar. cerasiformerom
AVRDC), compared maps based on data from injured root drench and stem inaculatio
methods, and found that resistance mapped differently, with the chromosome (Chr.) 6 QTL
being related more to resistance under root drench, while Chr. 10 and 7 QTLs are more
important for resistance in shoot injected inoculaf{idanesh et al., 1994The QTLs on chr.

4 and 8 were weaker, af@armeille et al., 2006)using inoculation with R3, reported that

they were only detected during the hot season. The chr. 3 QTL has=peeed as a weak

loci (Carmeille et al., 2006; Thoquet et al., 1996b; Wang et al., 2013)

On afiner genetic level, relatively little is known about the specific genelved/in
resistance. One generally observed pattern seems to be that gene expression changes are
either norexistent or much more reduced in strength and rate in susceptible varieties
compared to resistafishihara et al., 2012; Jyothi et al., 2012; Milling et al., 20irplying
that resistance variation may be closely associated with expression regulation, rather than
simply presence/absence of resistance genes. Mgekes related to the Salicylic Acid (SA)
and Ethylene (ET) defense pathways are up regulated, while the Jasmonic Acid (JA)

dependent signaling pathway is suppressed in some instances (&ydibi) et al., 2012;
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Takahashi et al., 2014nd stimulated along with Auxin accumulation in others (1 dpi)
(Ishihara et al., 2012As early as 1 dpi, changes in gene expression were observed in as
many asl40 gene loci, including pathogenesttated (PR), hormone signaling, and lignin
bi osynthesis pat h®&Wkihara et al.t 202Receatly,iplsytoaderin 6 L S
synthesis was also related to hestponseglin et al., 2014)An additional aspect of host
resistance mechanisms is the rapid production of reagkygen species (ROS). ROS is may
be acting as a defense pathway singal aradtbrect defensive mechanism against Rs cells,
since Rs is known to produce ROS mitigating enzymesanta(Brown and Allen, 2004;
FloresCruz and Allen, 2009; FloseCruz and Allen, 2011)n Arabidopsis thalianabroad
range resistance to BW is due to the single recessive geneRR&1l involves Abscisic
Acid (ABA) signaling(Deslandes et al., 2003; Deslandes et al., 2002; Feng et al., 2012;
Lahaye, 2004)This is not the case in tomato, as previously noted. One gene product, a
Caffeoyl CoA 30-methyltransferase (CCoAOMT), has been reported to be assoaevith
resistance to BW in tomato, but remains unconfirifMo et al., 2008)

Resistance mechanisms to BW in tomato are generally accepted to be analogous with
tolerance, because even in the most resistant genptgsetance responses are stimulated
by Rs presence in the roots and stems, but they do not lead-tmasmsat Rs inhibition, but
rather to suppression of bacterial growth and spread through théGtiemault and Prior,
1993; Grimault and Prior, 1994; Grimault et al., 1995; Hikichi et al., 1999; Ishihara et al.,
2012; Prior et al., 1996ppecifically, limiations in pathogen growth seem to be related to
the restriction of pathogen spread in the stem, particularly in the spread from the protoxylem

tissues to primary and other xylem tissues. This pattern was most conspicuous in the highly
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resi st ant6 fdhahova al.j 2004h&re is a correlation between host resistance
and latent bacterial colonization at the midstefig@ernodeXGrimault et al., 1994aps
well as evidence that Rs suppression seems to be linked primarily {pdtibsgen
interactions in the lower part of the sté@rimault and Prior, 1994 Additionally, the
formation of tyloses is suggested to be involireimiting Rs movement in the stem but has
not been definitively demonstraté@rimault et al., 1994b; Kelman, 1953)

The affects of host resistance on symptomology and epidemiology a$ BMivly
being quantified. Resistant tomato plants are known to decrease the rate of Rs ingress into the
plant and subsequent colonization rates, multiplication and density of bacterial cells
planta and affect levels and spread of ESP | through thet plssue¢McGarvey, 1999)It
has been observed that a pectirdsiicient Rs mutant is related to reduced host structural
defense responses, but only in resistant tomato var{dlss@ho and Allen, 2009)
suggesting that tomato defense responses are at least partially dependent upon detection of
pathogerproduced virulence factors. Interestingly, the rate of pathogen spread up and down
the stem from the infection site not different, and is dependent on soil moisture and
temperature, with 32C reported as optimum in tobac@telman, 1953; Van Der Meer and
Jikke, 1929) Overall rate obacterialspread des differ by species, with differences in vessel
diameters being suggested as the céBseve, 1943)Yet, overall transpiration rates of
healthy and infected plants only gradually deviated when wilting symptocasniee
advanced (greater than 1/3 of leaf surface area), suggesting that asymptomatic leaves
compensated for the loss of the symptomatic leaves, which exhibited drastic reductions in

transpiration rates, during initial symptom developn{@rteve, 1941)Water uptake
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patterns were similar to transpiration rates, with relatively high absorption rates even when

bacterial blockage of xylem vessels was substantial. Even more astonishing, potato plants

inoculated at the steapex did not exhibit significant reductions in water uptake even when

Rs spread had reach to the base of the @&mave, 1941; Kelman, 1953Fombined, these

results would suggest that k®seem to be able to easily compensate for expected severe

reductions in water movement in the plant due to bacterial occlusion of vascular bundles,

implying that wilting symptoms may be linked to some other effects of Rs colonization of

vasculature apaftom simply constriction of water flowlt also may indicate that the ability

of the pathogen to move through the stem is not determined by rate of water flow.
Although it goes beyond the scope of this review, it should also be noted that much

work has ben done in elucidating the effects of otherpathogenic soil microbes, as well

as simple applications of silicar chitosan. These treatments enhdmzs resistanckevels,

but not through directuppression of Rs growtRather, it appears that thegirectly

stimulate théhost defese pathwaynechanism# a manner thaappeasto be very similar

to natural host resistance in tométdgam et al., 2013; Diogo and Wydra, 2007; Ghareeb et

al., 2011a; Ghaeb et al., 2011b; Hyakumachi et al., 2013; Jogaiah et al., 2013; Kiirika and

Wydra, 2012; Kiirika et al., 2013; Kloepper and Chodig, 2006; Li and Dong, 2013;

Takahashi et al., 2014; Yi et al., 2008)

1.6.3: Management of Bacterial Wil® VegetableGrafting
In light of the tight genetic linkage of resistance with small fruit size and other

undesirable traits, th#ecades obreeding efforts for developmeot BW resisant tomato
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varieties for freshmarket production has practically been entirelyruitiiul (Scott et al.,

2005) Combined with growing restrictions on use of soil fumigant chemicals, and host
resistance being the only effective management strategy for BW infested fields, vegetable
grafting for soitborne disease management has received growing focus over the last decade
in the NC and Southeastern USA tomato growing states. Although the concept is not novel,
vegetable grafting of any kind has not been incorporated into USA production systems to any
significant degree, and only more recently become widely used in(3akata et al., 2007)
Modern vegetable grafting originated in Japan and Korea almost a centuwhage,
watermelonsvere graftecdbnto gourds for iareases in quality, production, and disease
resistancéAshita, 1927; Lee, 1994; Yamakawa, 1988)Japanthe use of grafted vegetable
plants for management of BWagegularpractice(Lee et al., 1998)as well agor other

diseases in many crops. European vegetable growers have also widely dumypsedf

grafted material in their production systems, primarily in an effort toaeadr eliminate the

need to soil fumigate with the environmentally damaging methyl bromide chelisig/et

al., 2008)

Vegetable grafting is the surgical removal of a seedling top (scion) and reattachment
to another seedling lower stem and root system (rootstock), where it is then placed in a low
light, high humidity environment for healing before being transplanted into the field or
greenhousél.ee, 1994; Rivard and Louws, 2006; Rivard and Louws, 2008pmmon, age
old practice in tree and vine crops, vegetable grafting has demonstrated potential for
improving production systems as a part of an IPM strategy for managefrsanl-borne

diseases, including BW of tomatioee et al., 1998; Lee et al., 2010; Louws et al., 2010;
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Rivard et al., 2012)While the exact mechanisnof resistant rootstock protection on
susceptible scions is not clear, it is generally expected that transduction of resistance
compounds across the graft union is not the explanation, such as in BW of tomato, though
some specific hogtathogen interactroexamples are reportéding et al., 2008; Lee, 1994)
The presence of varietal cresgk for disease resistance expression, then, is reasonable, but
must be assessed on individual remtk pathosystems.

Grafting susceptible tomato varieti@gth goodcommercialquality fruit production
onto soitborne diseaseesistantootstocks with high vigor substantially reduces BW
incidence compared to the susceptible varieties grown aloneirefields known to have
very high natural disease pressure. Fruit yields gn#tited tomato production have been
found to besquivalent or even a little bettethenusing vigorouglisease resistanbotstocks,
especially under disease pressure fromisaihe pathogendreeman et al., 2011; McAvoy
et al., 2012; Rivard et al., 2012; Rivard and Louws, 2008¢re are also reports suggesting
that some abiic stress tolerances can be conferred to a production system by using vigorous
rootstocks, including thermal, water, and pollutant stre$eard and Louws, 2006;

Schwarz et al., 2010)

Vegetable grafting allows tomato growers to combine beneficial (and often counter
selective) traits of rootstock and scion, especially in orgasgetable production systems
where chemical control methods for disease are not ava{Rblard and Louws, 2008The
main challenge for USAased vegetable grafting is cost reduction in order to facilitate
economical tomato production. Due to the necessity of using two varieties growers must

purchase twice as much semath season, and hybrid rootstock seed can be quite expensive.
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Additionally, while it is possible for growers to perform their own grafting production,-arge
scale production in the USA is limited, with most growers in NC purchasing plants from
foreign nuseries equipped fdarge scale production afrafted vegetablplants This adds

the additional cost and risk of transport over long distances. Finally, if use of disease resistant
rootstocks increases, it will be important to establish monitoring systerdstection of new
resistanceselected races of the soil pathogens able to overcome host defenses, as is already
the case with chemical and foliar host resistance sygteimg et al., 2008; buws et al.,

2010) There are many benefits available for use of grafted vegetable production. Many
resources are available to aid in personal education and skill development for grafting. Many

of those resources are publically availabigp://graftvegetables.orgUSDA-National

Institute of Food and Agriculture, 2014)

1.7: Host Resistance Genetics

Thus far, this review has incorporated many disease related terms, such as resistance
genes, pathogenicity and virulence factors/genes, host defenses, single gene vs. polygenic
resistance, tolerance vs. true resistance, and interactions of host andrpptbdgeed
components. More recent literature introduces the concepts of Pathsgeciated
Molecular Patterns (PAMPSs), Microl#fessociated Molecular Patterns (MAMPSs), PAMP
triggered immunity (PTI), MAMRriggered immunity (MTI), effectoetriggered immuni
(ETI), Pattern Recognition Receptors (PRRs), Hypersensitive response (HR), systemic
acquired resistance (SAR), reactive oxygen species (ROS), R genes (resistance genes), and

avirulence (Avr) genes. Many review articles have been written on the subjéutslast
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two decades, addressing each facet in much more detail than is applicable here. For more
detailed information on the complex interactions of these important plant imnnalatgd

terms, as well as details on the historical development of @arstanding of plant defense
systems, and hogtathogen interactions, see these excellent reiBaitey-Serres and

Mittler, 2006; Beckman, 2000; Bent and Mack2@07; Boller and Felix, 2009; Collier and
Moffett, 2009; Dangl et al., 2013; Dangl and Jones, 2001; Denancé et al., 2013; Dodds and
Rathjen, 2010; Flor, 1971; Jones and Dangl, 2006; Medzhitov and Janeway, 1997; Monaghan
and Zipfel, 2012; Naumenko, 201Sicaise et al., 2009; Nurnberger and Brunner, 2002;

Postel and Kemmerling, 2009; Sharma et al., 2012; Thomma et al., 2011; Vance et al., 2009;
Vanderplank, 1963; Vanderplank, 1991; Yadeta and Thomma, 2013; Zipfel and Robatzek,
2010) Also, (Beckman, 2000; Hann et al., 2010; Zipfel, 2000$hould also be noted that
generalized models for these systems, both in effectiveness and fuactsti] being

debated in the palished literature, with several alternative views. Additionally, several good
articles have been published that focus on some of the techniques used to stiiRiy MTI

(Lloyd et al., 2014; Nguyertal., 2010)

Over the last two decades, our understanding of how plants detect, respond to, and
manage pathogen interactions has greatly increased. For many decades, the prevailing view
was that plants had specific genes (R genes) that provided resistance to a fggthogen
detecting a pathogeexpressed gene (Avr gene/Vir gene/pathogenicity factor), which was
essential for successful host colonization and completion of disease cycle. Thus, an observed
resistance response only occurred when both the host R gene an@&pathogene

(producing an elicitor) were present (and believed to directly interact, similar to vertebrate
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recognition of antigens), which would stimulate a burst of reactive oxygen species (ROS) in
the programmed cell deatlypersensitive response (HR)héh an interaction lacked one or
more of these componentke plant would succumb to infection and disease. This narrow
range relationship has become known as vertical resistance or thfoggeae theory of

plant resistance and is generally viewed @alitptive resistance, where each gene can only
be identified by its counterpart in the hgstthogen relationshi@grios, 2005; For, 1942;

Flor, 1971; Keen, 1990; Thomma et al., 2011)

For decades there was a raging debate over whether the pathogen factor should be
considered a Virulence factor or an Avirulence factor, which deeply divided the field of Plant
Pathology becauséwas unclear if and why a pathogen would counterproductively produce
a component that would stimulate host resistance and imn{diptfel and Robatzek, 2010)

The virulence model of geffer-gene resistance was derstmated to be the more
parsimonious model with a clear t¢ganderplank, 1991 stating:
AFor each gene that conditions resistance

that conditions pathogenicity ingh p a r(Bla,il978 0

In contrast to R genes, another kind of resistance was identified where plants would
remain either symptomless but colonized by the pathogen, or exhibit a distinct reduction in
disease symptos, but not presence/absence of colonization. This became known as

tolerance, quantitative resistance, or horizontal resistance, and was thought to be caused by
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many small effect genes with a weaker, broader range of pathogen ¢agtios, 2005;

Vanderplank, 1963)

1.7.1: Host Resistance Genetics PTI vs. ETI

The advent of the molecular genetics and genomics era allowed researchers to
investigate the horizontal and vertical resiseamechanisms, perhaps synonymous with
plant immunity. This led to the discovery of more complex layers of interactions between
host and pathogen, along with a whole host of new terminology, which requires revising the
now overly simplistic view of gentor-gene plant immunity. It is now known that plants
have a multlayered recognition system that differentiates self andsetfrmolecular
componentgMonaghan and Zipfel, 2012)Vhen a microbe (pathogen or other)@ntters a
plant, there is an interaction of cellular receptors that defines the first level of hesbston
and threat/noitthreat recognitiorfVance et al., 2009 his interaction is partly facilitated by
plantbasel, surfacdocalized, membrane spanning PRRs that detect conserved microbial
molecular patterns of microl@oduced structures necessary for fitness (MAMPs/PAMPS)
(Monaghan and Zipfel, 2012as well as by simple phkigal barriers that prevent a potential
pathogen from being able to establish infecfidaumenko, 2013Many MAMPSs have been
characterized for plant species, including fungal chitin, bacterial lipopolysatehé PS),
peptidoglycans, quorum sensing factors, conserved portions of flagellin, and in some cases
even plant compounds associated with tissue damage (DAMPS).

Each MAMP is detected by specific PR@wller and Felix, 2009) If the plant PRRs

detect these compounds, they signal for defense response called PAMP (NrAggéred
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immunity (PTYMTI), which includes calcium bursts, ion fluxes, ROS production, ethylene
production, stomatal closure, SA accumulatiofipsa deposition, and kinase stimulation
causing substantial expression charniggdanta. These PTI responses temporally range from
seconds to days after detection, and PTI stimulation by specific MAMPS is sometimes
species or family specific, and may aJge tissue specififMonaghan and Zipfel, 2012;
Nicaise et al., 2009; Tena et al., 2011; Zipfel and Robatzek, 2Addjtionally, not all
microbes preant all MAMPs(Zipfel and Robatzek, 2010A recent compilation of known
MAMPs, theirknown PRRs, antesponsive species is availafiRostel and Kemmerling,
2009) PTl is sufficient to prevent colonization of most microbes, suggesting that it is the
reason only a tiny fraction of microbes can be pathogenic @daller and Felix, 2009)

which is why some authors use themngeneral term MTI, since it is not simply pathogens
that are detected and responded agaitiBitis the standard terminology adopted from animal
immune system models, but MTI is probably the more biologically accurateRdins also
referred to as #hinnate immune system or the basal defense system in plants.

If PTI is not sufficient to prevent host colonization at the extracellular level, then
another level of host resistance mechanisms are activated, where intercellular receptors detect
the activty of pathogen effectors injected into the h@sngl and Jones, 2001; Dodds and
Rathjen, 2010; Jones and Dangl, 2008)ese seem to be most analogous tdnisterical
concept of R and Vir genesince theyaregenerallycharacterized by having nucleotide
binding (NB) and lacinerich repeat (LRR) domains induciag immunity response called
ETI (Dodds and Rathjen, 201@TI often (though not exclusively) leads to HR and SAR

(Thomma et al., 2011The end result of all these hasteptor and pathogeaomponent
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interactions is what determines if disease will develop or rhdgens must suppress PTI
responses in order to cause disease, with some pathogen effectors specifically targeting
PRRs, and loss of PRRs often leads to hygosceptibility of the hogRosli etal., 2013;

Zipfel and Robatzek, 2010)

There is some debate over whether MAMPs and effectors, and their associated
reception systems, are different levels of responses, with ETI being considered superior to
PTI (Dangl and Jones, 2001; Jones and Dangl, 2006; Thomma et al., POarB is a
general distinction between the two, where MAMPSs are general microbial features required
for fitness and survival, andfectors are very specific attacks against host machinery and
contribute to pathogen virulence. Not all effectors, however, are ngromnkerved, and not
all MAMPs are generahicrobial components. SomeAWMPs (flagellin) even contribute to
virulence(Thomma et al., 2011Additionally, PRRs, which are generally thought to be
constrained to the cell membrane, may be involved intracellularly, which has generally been
described as the function of R genes stimulaimty Some of the characterized R genes
have forms and functions that resemble PRRs, as well, with some PRRs able to stimulate HR
and SAR, and some R genes that caffldbmma et al., 2011)

It is clear that PTand ETlhave many overlapping responsesl that our
understanding of them is not even close to complete. What should be apparent is that
resistance genetics research and molecular biology research in the plant immune system is
now beginning to coalescehieh is exciting. It also demonstrates that plpathogen
interactions are more complex then researchers and breeders imagined, even as recently as

two decades ago. A clear understanding of the molecular and genetic revelations of late will
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be instrumentan further elucidating many of the hgsathogen interactions that have

eluded researchers for many decades, Htlogéeast for BW of tomato.

1.7.2: Host Resistance Genetics Relation to Bacterial Wilt

It is known that tomato detects multiple MAMPSailating some degree of
resistance response, including flagellin and cold shock protein (gram negative bacteria);
xylanase, ergosterol, and chitin (fungi); invertase (yeast); and cutin monomers (plant cuticle)
(Postéand Kemmerling, 2009)n Arabidopsisand tomato, a boiled extract of Rs was found
to be able to stimulate host defen@efind et al., 2004; Takabatake and Mukaihara, 2011)
and(Pfund et al., 2004eported that an unknown proteinaceous MAMP of about 5 to 10
kDa was responsibl¢Takabatake and Mukaihara, 20té&ported that the proteinaceous
compound was only effdge as a prénoculation treatment, being rendered ineffective by
the T3SS when applied to host at the same time as inoculation. Elongation factor Tu was also
found to be partly responsib{@akabatake and Mukaihara)21). A comparative proteome
analysis of resistant arsisceptible tomato stems fouB&Rsrelated proteins angitomate
related proteins that were differentially regulated in susceptible tomato stems, but not in
resistant stems. These proteins wereaexéd from plant midstems at 5 dpi, the time when
thesusceptibleheck genotypstarted wilting, and wenelentified agpathogenesiselated
(PR), stress related, and metabolic proteins. Detailed information is available fdDthleah
et al., 2009)In another study that used a proteomics approach to compare stem cell wall
proteins in resistant (Hawaii 7996) and susceptible (WVa700) tomatoes found 14

differentially regulated proteins between the two varietigsculation with Rs was found to
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differentially regulate expression of 15 proteins in the resistant line-(@guydated, 8 down
regulated) and 13 proteins in the susceptible line {egplated; 8 dowanegulated) at 5 dpi.
Detailed information iglsoavalable for these protein®ahal et al., 2010)

Tomato has theeceptorLeFLS2 (FLAGELLING SENSING 2) a homolog of FLS2
receptor inArabidopsiswhich is responsible for detection of conserved sequences of
flagellin (FIg22, FIglt28) (Bauer et al., 2001; Chinchilla et al., 2006; Gor@mez and
Boller, 2000; Robatzek et al., 200Flg22 was the first MAMP described, and was found to
be conserved among many bacterial spgéiebx et al., 1999)FLS2 has tissuspecific
expression localized to knawbacterial entry sites, such as stomata, hydathodes, and lateral
roots (Rs enters roots through lateral root openi(Bsgk et al., 2014)Although motility
was known to be critical for the early stages of Rsctinde, (Schell, 2000noted that the role
of bacterial flagella in BW disease development was unknown. \Whaleidopsishas many
similarities to tomato, it exhibits substantial wittipecies variation of susceptibylto
bacterial pathogens, as well as marked differences of resistance mechanisms compared to
tomato(Atwell et al., 2010; Takabatake and Mukaihara, 20kitgrestingly, Rs has several
amino ada differences at key positions in the conserved sectitmacterial flagellin,
suggesting it that those changes likelgike it undetectable by FLS2 Awmabidopsig(Pfund et
al., 2004) Additionally, the major protein@ous compound related to stimulation of host
defense is not detected AaabidopcsiF=LS2, nor was it related to the FIg22 of either Rs
(K60) or the common Flg22 sequence describe(Fbiix et al., 1999Pfund et al., 2004)
Unless the information was simply not published, no tests of the Rs-@géajfic Flg22

sequence (Rs FIg22) have been performed in tomato. The pattern of resphnadrdopsis
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suggests that tomato should also not deteetfRsfic FIg22. If that is the case, knowing the

clear strong detection response of the conserved sequence, the unique amino acid changes of
that flagellin sequence may contributette ability ofRs to evadeecognition byhost PRRs,

thus allowing it to beraeffective pathogen on such a wide host range. It also suggests that
there remains an unknown proteineaceous component produced by Rs that elicits the
strongest defense response.

The highly resistant Hawaii 7996 was found to have activated resistanessgpr
faster and to a stronger degree than suscept
(Milling et al., 2011) Additionally, extracts of EPS I, besides being the arguably most
important virulence factor, were fod to stimulate resistance expression only in the resistant
tomato line, while lack of EPS | was related to reduced ROS productmanta

Production of reactive oxygen species is linked with host defense responses to Rs,
and dgher tomato bacterial gadgensRs mitigation of planproduced ROS is linked witine
ability to virulently colonize tomat¢ColburnClifford et al., 2010; ColburClifford and
Allen, 2010; FloresCruz and Allen, 2009; FloreSruz and Allen, 2011)The conserved
sequences of bacterial flagellin (FIg22, H88) and cold shock protein (Csp22) dmeown
to differentially elicitehostROS prodiction in awide array of tomato varieties (aBdassica
spp.) in a rapid, transient, dedependent oxidative bur@telix et al., 1999; Felix and
Boller, 2003; Lloyd et al., 2014; Veluchamy et al., 2014 direct linkage of this type of
oxidative burst to host resistance is enigmatic, althougtr@atments with MAMPgrior to
inoculation ar&known to provide a protective effect in the himssome hospathogen

interactionsand losses of MAMP detection in the hiestds to hypersusceptabili@iRosli et
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al., 2013; Zipfel, 2009; Zipfel and Robatzek, 2010Hosedependent, transient ROS
production was related to stimulation with likeseudomonas syringge. tomato(Pto), with
Flg22 being the primary component of ROS elicitation in a TB@8pendent manner
(Smith andHeese, 2014)This transient ROS production event generally peaks abet® 30
minutes after stimulation with live P{&mith and Heese, 2014jut is generally sooner (10
20 minutes after stimulation) with tilegellin peptideqFelix et al., 1999; Lloyd et al., 2014,
Veluchamy et al., 2014)

Interestingly, applications of exogenous chemistries have been noted as being able to
stimulate resistanceesponses in tomato to BW. A list of sources for studies using these
compounds has been noted previously in this p#@ptw examples are highlighted here
The Phytophthora infestank0-kDa extracellular elicitin protein is able to produm HR
and SAR response Micotianaspp., but not in tomato. Yet, treatments of the purified
protein are able to induce substantTioantd quant
susceptiblgvia stimulation of the JAand EF mediated signalinggthway(Kawamura et
al., 2009) Silicon is known to induce the basal defense system, with stimulation related to
modifications of the cell wall structure, which leads to enhanced BW resigaiog® and
Wydra, 2007) Bacterial LPS from a wide range of species is recognizédlyidopsis
leading to a rapid burst of nitric oxide via nitric oxide synthase (NOS) and stimulation of
local and systemic defenselated genesyhich werepreviously known to be associated with
hormonal signaling. Loss of NOS was linked with hypersusceptibiligrabidopsisto Pto

(Zeidler et al., 2004)
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1.8: Final Thoughts

Tomatois a very importamivorld crop and BW devastates it whenever it is present.
Effective management strategies are needed in order tdale®preadhe pathogeandto
maintain the ability to grow susceptible crops in infested fidldsatois being pushed into
the spotlightas the model system for the Solanaceae family, which includes many
economically important crops worldwide. Additionally, Rs is growing as a model system for
genetic and molecular biology studies of pathogenicity. It is a scientifically rich field of
study, with direct application to crops and disease problems of substantial economic
importance.

The extreme host and geographic range of R. solanacearum has been a strong source
of scientific curiosity. Much work has already been accomplished on unraveling the
molecular mysteries surrounding the life cycle and infection roddestion of Rs. The
important work now is to translate that knowledge to phaitrobe interactions and practical
disease management strated[@angl ¢ al., 2013) The BW pathosystem offers a plethora of
opportunities for increasing our understanding of plant defense systems on genetic, cellular,
and biochemical levels. There is much potential to be explored.

The relationship between PTI, ETI, andiRsot very well understood. Due to the
nature of tomato resistance to Rs, it would seem reasonable that PTI may be playing an
important role, with multiple receptors each detecting&sponents and amplifying the
defense responses to a measureable degsehas already been documented with the
numerous QTL studies of tomato resistance to Rs. The chr. 6 QTL, then, may contain one or

more larger effeetriggering receptors for one or more Rs components. The other QTLs often
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associated with straispecificresponses may then be detecting other sgpatific MAMPS,
adding another level @uantitativeresistance. Susceptible lines, which are regularly
reported as having no response or very little response, may be missing some of these
important receptorgither by the complete or partial lack of the genetic information or by
effective suppression by Rs effectors. The overlap of responses (ROS and hormone
production, quantitative defense responses, cell wall strengthening, etc.) between PTI and Rs
infectionlends to the notion that resistant lines are detecting MAMPSs, since there does not
appear to be any examples of Hike responses.

Several key questions remain: Do endemic Rs strains in NC and the Southeastern
U.S.A. exhibit differential virulence on lown resistant rootstocks for grafted tomato
production? Can the environmental variables creating substantial within genotype variation
be corrected by incorporating other metrics to estimate resistance of tomato genotypes? Can
a synthesis of the geneticcamolecular resistance fields be effective at developing-gene
linked molecular markers for markessisted selection of BW resistance? And, can our
knowledge of innate immunity and MAMPs be translated into time saving, high throughput
screening assays fapn-pathogenic selection of disease resistant tomato lines?

The research that follows represemigefforts to begin to answer these important
guestions. Due to the influence of environmental variables on resiskger&grmed
experiments both in a natural field setting where tomato resistance to BW is of very practical
importance, as well as in greenhouse conditions with controlled inoculum. Additidnally,
adapted a laboratoftyased assay for measuring MElated ROS production and assessed its

potential for predicting resistance to BW in a moderately-tigbughput manner. Finally,
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endeavored to develop a strategy for identification of putative resistance loci for fine
mapping of resistance QTL and marker depeient that merged the solid foundation of the
previous QTL studies with the wealth of information about the tomato genome now
available.l investigated the modulating effects that use of localized Rs strains, a grafted
tomato production system, and BW stance variation in eleven tomato genotypes from

various backgrounds had on these main objectives.
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CHAPTER 2: ROOTSTOCK SCREENINGS FOR BACTERIAL WILT DISEASE

RESISTANCE IN TOMATO

Abstract:

Tomato Solanum lycopersium.) is the second most important vegetable crop in the
world. Bacterial Wilt (BW) caused byralstonia solanacearu®mith (Rs), is a devastating
disease of tomato in tropical and subtropical environments around the world with losses of
70-100% in the Southeast U.S. in heavily infested fields. Vegetable grafting of commercial
scions onto diseasesistant rootstocks has been developed as a viable management strategy
for, particularly for freshmarkettomatoproduction BW resistance in tomato rootstock
germplasm, howeer, is quantitative and polygenioeing substantially affected by localized
Rs stains and by environmental factors, especially temperature and moistyrebjectives
in this study wer¢o investigate tomato rootstock resistance to BW as modulated by grafting,
North Carolina (NC) Rs strains, vascular browning variation, and low textope shock
stressSummer field and winter greenhouse studies using 10 variably resistant tomato
rootstock lines (mixture ofopgmo | | i nat ed and commerci al hybri
susceptible commercial control was performed in 20430 assess thke modulating effects.

The field study was performed under standard tomato production practices using natural
inoculum pressure from the local endemic Rs populatiesessing the effect of grafting on
resistanceThe potted greenhouse study was carrig¢droa heated glass hoysessessing the
effects oftwo contrastingNC Rs tomato isolateand low temperature shock stress on

resistanceRoot st ock | ines including OHI 799706 and
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( Semi ni s)0410KTdd O ROEPTweBecfaumd g0)be highly resistant in the

greenhouse study to both NC strains, quantitatively, but were moderately resistant in field
study. Effect of grafting in field study did not affect resis&level of genotypes, though the

vi gor ous ¢ Mand to besignifiéantiwraose susceptible in the first 5 weeks of the
study than even susceptible che®RST-041D5her r oo
TO(DP Seeds), and several BHN selections hadrrediate resistanc&ootstock hybrid
OMaxdofpobéRuiter) and scion hybrid 6Florida 4
A severe, albeit fortuitous, cold weather event caused greenhouse study plants to be exposed
to 9°C for two consecutivaights, causing recoverable cold damage after séskad

reached a stable plateau. Following cold stress, a second substantial phase of wilting was
observed, mostly in resistant rootstocks, which ageached a stable plateau. Analysé

cold shock effects othe study suggest that cold shock stress reteted to second phase of

new wilt incidence, and was useful in separatiomeén genotypic BW resistance levels
Greenhouse diseases scores were complimented with stem imprints @eleethre media

and ELISA to confirm Rs identity and assess fregyeasf latent infectionEnd-of-study

vascular browning was assessed at 1.27 cm above soil line and incliadeetdictivemodel

for wilt resistance as a second layer of analy&scularbrowning scores were predictive of

foliar wilt, fitting ANOVA modéd best as a covariate nested within genotype rather than
simply a second response variable. Inclusiothefscoresimproved model predictions of

foliar witling variation substantially. This research suggests that: 1) Tomato rootstock lines

are resistantaoss localized strains of Rs in NC. 2) The presence of healed graft wounds

does not modulate resistance of rootstocks. 3}drsdudy vascular browning can be useful
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in improving reliability of statistical assessmewf foliar wilt variation. 4) ©ld slock stress
may be useful in improvingeparation of mean BW resistance level®aiab rootstocks
once thalisease pragssion has plateaued. These data sudggese research questions for
vascular browning and cold shock interactions whBW pathogstem and would béhe
first report assessing variation in vascular browning as it relatesntatd resistance to BW

tot he author.6s knowl edge

2.1: Introduction

Bacterial Wilt (BW) is a devastating disease of the tom@tdahum lycopersicuiin.)
in major tropical and temperate tomato growing regions around the world, including
Southeastern USA and the state of North Carolina (K€Eman, 1953)Caused by the soil
bacteriumRalstonia solanacearu®mith (Smith, 1896) BW infects hosts through wounds
and sites of secondary root emergence, colonizes vascular parenchyma, and leads to
permanent wilt of foliagéHayward, 1991; Kelman, 1953)he pathogen is aided in this by
production of a vast array of virulence factors that either camouflage Rs cells from host
detection and/or inhibit host defense responses, as well as the ability to drasticallyitshange
phenotypic profile upon colonization of hogBrown and Allen, 2004; Jacobs, 2013; Meng,
2013; Remenant et al., 2010; 8th2000) Rs populations in North America have been
identified as Race 1, biovar |, phylotypgAMgrios, 2005; Hayward, 1991; Remenant et al.,
2010) which arevirulent on tomato and tobac¢kelman, 1953)

Management of BW has proven to be quite difficult for tomato growers, as the

pathogen persists in the soil for many years, making crop rotation inefféChe#emi et al.,

65



1994) Soil fumigation is known to effectively reduce Rs populations in the soil, but does not
correlate well with seasdlong managemer{Enfinger et al., 1979; Jyothi et al., 201Zhe
use of host resistance to BW is the only economically viable and effective management
strategy for fields already infested with th&thogen(Hayward, 1991)particulaly in NC.
The threat of Race 3 biovar 2 to the North American potato industry has further reinforced
the importance of host resistance, especially to multiple strains (Btdpsesentative Tauzin,
2002)

Unfortunately, breeding largieuited tomato varieties with strong BW resistance has
proven to be nearly impossible due to tight genetic assoaati@emall fruit size,
indeterminate growth habit, and bitter fruit taste with BW resistédcett et al., 2005)
Resistance in tomato is quantitative in nature, and analogous to a tolerance me(®ewtism
et al., 2005)Both resistance breeding and management efforts for B\igher hampered
by the propensity of Rs to form latent infections in even highly resistant hosts, as well as a
large environmental influence on wilting symptoms, espedaiiy soil temperature
(Acosta, 1978; Hayward, 1991; Scott et al., 20@®nerally, pathogen growth and ability to
cause wilting symptoms is maximized when soil temperature is betweg®°80) but
inhibited below 2PC for most strains, even thoughalsle, virulent colonies can be extracted
from symptomless plants as low as°C3Barnes and Vawdrey, 1993; Gallegly and Walker,
1949; Grieve, 1943; Kelman, 1953; Meier and Link, 1923; Mew and Ho, 1977; Singh et al.,
2014b; Vaughan, 1944In contrastthere are reports thebme strains of Rs produce unique

virulence factors at lower temperatu(Becsanczy et al., 2012; Bocsanczy et al., 2014)
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Since strong quantitative resistance does exist, an alternative management strategy
using grafted tmato production has been propogeduws et al., 2010; Rivard et al., 2012;
Rivard and Louws, 2008).ike in other woody cropsheuse of sodborne disease resistant
varidties as rootstocks with commercial hybrid scions has been demonstrated to be a viable
management strategy for BW in tomato in multiple locations in the USA, including NC
(Freeman et al., 2011; McAvoy et al., 2012; Rivard et al., 2012; Rivard and Louws, 2008)
Previous work with a selection of BW resistant rootstocks was performed in NC fields in
2009. The study demonstrated some geographic variation @fféotive control of BW
when -4R®BTO6 was used(Rasdetal., 20d2)t st oc k

In order to better assess rootstock performance for grafted managemenbofseil
diseases such as BW in NC, and to idgntiiotstock germplasm for reliable resistance
across NC tomato growing regions, field and greenhouse screens were performedlia 2013
on 10 different rootstock genotypes from a variety of public and private sonrfoelsl and
greenhouse condition§hemain goals of the study were: 1) To replicate field rootstock
resistance results from previous 2009 study, testing resistance variation with presence or
absence of healed graft union wound, as well as incorporating additional tomato rootstock
genotypes. 2J o verify field resistance under natural disease pressure in a controlled
greenhouse setting agjartificial inoculation.3) To assess variation in rootstock resistance
response to two NC Rs tomato isolates collected from contrasting environmental and
geographical backgrounds (Mountain and Coastal Plain regins)e greenhouse study

was affected migxperiment by a seveo®ld weather event, causing recoverdbole
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temperature stress. Thugdsessed the effect that a fortuitous low temperature stress event

played on BW disease progressiorthie greenhouse study.

2.2: Materials and Methods

Eleven (11) tomato linesvhich included amixture of public and private genotypes
ranging from highlysusceptible to highly resistaffable 2.1)were screened for resistance
to BW in field (summer 2013; Jackson Co.) and greenhouse (winterl2DMake Co.)
conditions inNC. Thelgef r ui t ed commerci al <cultivar OFI o
variety in NC, and was used as susceptible check in all experiments. Rootstock varieties were
chosen based upon their popularity as a t oma
varat i on in resistance to BW, either by compa
10546, O0Cheo-0delO5GdN g @ nAAWRB)T or previous sci e
evaluations (6CRA666, O0H@MoAadyetal.7WR/Rivardea nd O Ha

al., 2012; Rivard and Louws, 2008; Scott et al., 2005)

2.2.1: Plant Growth Conditions
Both non and selgrafted treatment plants ftrefield 2013 studywere sown in
parallel into 96cell plug trays 67 weeks before being planted on Jun8, 2013 in a field
with aknown history of high annual natural BW disease pressure. Seedlings were grown in
the greenhousender daily overhead watering anavireekly gnthetic fertilization (2e20-

20) at 2 label ratbefore being transplanted into the fielche gafting methods are
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described in a subsequent secti@are was taken during transplanting to ensure graft union
remained above the soil lin€he feld plantng beds were fumigated with chloropicrixfter
transplaning into thefield, plants were grown under the NC standard raised bed atake
string with drip irrigation and white plastic mulch method as previously described in similar
trials in this locatior(Rivard et al., 2012)

Concern of a possible viral outbreaktive Jackson Co. plansd to quarantine
measures that included disconnecting the study fstmts the drip irrgation system
midseason35dap). The plts were confirmed to not be infected wahspectediral
diseasesbout a month later (data not shown) and the quarantine was liftegte irrigation
was not reconnected for the duration of the seado& summer of 2013, however, had been
an extremely wet season with abnormally high amounts of rainfall (more than three times the
average rainfall during Magugust), reduced light intensity, and 82reduction in average
temperature. Thushe plantsn thisstudy remaiedwell watered and produden acceptable
harvest @spite the disruption in controlled irrigati¢®ilverman et al., unpublishgd

The geenhouse studylants weresown into 24cell PreTray Cell Flatan October,
2013. Prior to inoculiégon the plants were overhead watere@ 1limes daily and periodically
fertilized at ¥z labelate (2020-20). Tendays prior to inoculation, 2dell trays were placed
in holeless trays andottomwatered as needed with21L for the duration ofhe experment
to maintain equal, constant soil moisture, as welleasgplaced ora heating mat timed to
heat duringhenight from 6:00 PM to 6:00 AM. Plants were fertilized once after inoculation
at 9 days post inoculation (dpi) with 1 L of %2 labste pourednto bottom tray. The éating

pad was removed at 26 dpi.
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A severe cold weather front in the first week of January caused abnormally low
temperatures for the areaith the air temperate inside the greenhouse dropptog low of
8.9°C two nights in a rev in the middle of the BW scoring perigdpi 21-22). Experimental
plants did exhibit symptoms of low temperature stress (moist loss of turgor, epinasty, some
growth deformation of newest foliage at that tina#hough root heat frorthe heatingpad
provided some protectiosince experimental plants showed the least severe symptoms

compared to other tomato plants in the same greenhouse

2.2.2: Grafting Methodology

Jackson Co. plants were grafted in Fox Greenhouse facilities (Raleigh, NC) at North
Carolina State University using the Japaneseagtajfting (also known as tukgrafting)
technique and modified healing protocol, as described previfRsigird and Louws, 2006;
Rivard et al., 2012)Briefly, 2-3-leaf stage seedlings were brought into low light indoor
conditions for at least two hours prior to grafting. Sterile razor blades were used to cut
rootstock plant below the cotyledons at 8 dBgle. For selfjrafted plantsthecut top was
placed back on self bottom and secured with 2 mm silicon grafting clip.

After grafting, plants were gently placedamgreenhouse propagation block under
framecovered in # layers of fine shade cloth on top and sides for about 7 days. Fine mist
from hanging emitters (CoolNet Prewhy fogger, Netafirm) was used to regulate humidity
in healing chamber. Mist interval (Heavy: 4 seconds every 4 minutes; lightoAds every
8 minutes) was used to gradually reduce humidity during healing process, while removal of

shade cloth layers was used to gradually increase light intensity. Care was taken to ensure
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mist did not build up heavy droplets on leaves, which woaide dislocation of graft union.
After thehealing periodthe plants were placed back in full sun greenhouses for hardening

off until being transported to field.

2.2.3: Isolate Collection and Inoculation

Tomato strains of Rs were collected and isaldtem infected commercial tomato
varieties in Jackson Co. (Jc) and Pender Co. (PisfielNC (Silverman et alunpublished).
Infected stems were surface sterilized with 10% bleach solution, rinsed in sterile distilled
water (dHO), andthe cut sectios were streaked on TZC agar media (Dextrose, peptone,
casamino acids, agar, gbl; 2, 3, ® triphenyl tetrazolium chloride (TZC)French et al.,
1995; Kelman, 1954)dentificationof speciesvas @nfirmed via colony morphology on
TZC and Rsspecific ELISA (Agdia, Inc.; Elkhart, Indiana). Pure culture isolates were stored
in 20% glycerol in sterile d}D and stored ir80 °C freezer.

Jackson Co., NC is in the heart of the Mountain region at adieldtion of about
564 m (1850 ft.) and 39\ latitude. It has an average yearly temperature of 12 (64.7°F),
average temperature peak in July at 22-F#°C (72.2 +¢ 12.0 °F), average annual
humidity of 76.07%, and an average annual precipitadf 133.8 cm (52.67 in.) peaking
from May to AugustPender Co., NC lyders the Atlantic Ocean in the Coastal Plains region
at an elevation of about 15 m (50 ft.) and Rdatitude. It has an average yearly temperature
of 17.1°C (62.7°F), average tengrature peak in July at 26.8-8.4°C (80.3 + 10.0°F),
average annual humidity of 79.56%, and an average annual precipitation of 134.1 cm (52.81

in.) peaking from July to September.
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Inoculum for greenhouse study was made by streaking CPD plates{édia
without the TZC)YFrench et al., 1995; Kelman, 1954lith either Rs isolate Jc or P. Cultures
were incubated at 3T for 72hours and suspended in sterile;@H4The inoculum
concentration was determined by spreading 100 uL offal@iCdilution series on plates of
semiselective media (SMSA (French et al., 199%)which were then incubated for-48
hours at 3GC. The number of colony faming units(CFUs)weredeterminedy counting the
number of single colonies of the lowest countable dilution plate that had greater than 10
colonies. Isolateclsuspension was 24.0 x 16 CFU/mL and isolate P suspension was 1.0
2.8 x 1§ CFU/mL.

Plantswere inoculated using the soil drench metfigelman, 1953)Briefly, well-
watered andlrained plant root balls were injured wahazor blade by making two parallel
cuts throughength of theroot ball halfway ketweenthe stem andheplastic cell wall. The
root ball was then drenched wit® mL of bacterial suspension. Thams werehen
covered with clean, black, plastic bagsdct8hourincubationperiodwithout watering,
after whichthebags were removeahd plants were bottom wateréde Jackson Co. field
study has a history of high annual disease pressure, with research and breeding trials
regularly performed there. Thus, natural inoclum from the endemic population of Rs in the
field was used for inoculen of the Jackson Co. field study. Plants were considered

inoculated upon transplant.
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2.2.4: Disease Data Collection @r Time

TheJaclson Co. studyncorporated nonand seHgrafted combinations gflants
which werearranged in in a randomized sgiibt design with four replicatits. Genotype
blocks were devided by grdfgpe (Table 2.2). Bease progression was measured for each
plant by observing wilt incidence (x wilting) in2week intervals, with 13 total observations
occurring during a periodf 91 days after planting (dap). Periodically, Rs presence in wilted
plants was confirmed by internal examinations of select stems for vascular browning and
bacterial streaming when the cut stem wasiersed in water. Additionally, isolations of Rs
from thestems were performed on select wilted plants to corthierwiltingagent, as
described previously.

The greenhouse study plants were arranged in a randomized complete block design
(RCBD) withthree replications, blocked bgeatments with Rs isolat¢$able 2.2)
Measurements were taken of each plant, but genotype was consiaszrderimental unit
randomized within each pécation. Thus, each plamtithin-genotype was a subsample,
allowing us to account for additional variation during analyse® plants per genotype
were also used as negative inoculation contralsed¥eseveritywas assessed feach plant
using a 0 to 5 severigcale, where score of 0 = healthy appearance, 1 = one leaf wilting, 2 =
2 or more leaves wilting, but not whole piaB = whole plant wilting, 4 = whole plant
wilting and drying out, score 5 = whole plant wilting, drying, and decayiihgs a score of
4 or greater meariat theplant was irrecoverably wilted, having reached permanent wilting
point, andwasconsiderediead. Plants were rated everg Bays over a period of 42 days

post inoculation (dpi).
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Greenhouse plants recovered well from the cold stress and new growth was healthy.
The canopy layer that had been newly expanding at time of cold event over thewnext fe
weeks of observations often appeared to be wilting during the heat of the day, but normal
BW disease progression was not observed. Thus, notations were made for plants whose
scores may have been artifacts of the lingering effects of low temperatuse st s
duplicate dataset with the corrected values was created and analyzed in parallel with the

original.

2.2.5: End of Greenhouse Study Assays

At experiment end (43 dpi), plant stevas crossesctioneat 1.27 cm and 3.81 cm
above the soil linandblotted onto SMSAE media(French et al., 1995p assess frequency
of latent infections and spread of culturable Rs up the stem. Cuts were made with razor
blades sanitized first in 10% bleach for at least 1 mimirteed in sterile dkD, then in 70%
ethanol and let air dry. The same razor blade was used on the upper cut first, then the lower,
after which it was sanitized. Each cut stem height was gently pressed multiple tin283 (13
againsthe surface otheculture media for technical replications of blotie inoculated
plates were incubated at 30, and assessed after-A8urs for presence/absence of cultured
Rs and degree that stem crgsgtioned area was filled with bacteria. Rs identity as causal
agent ofwilt in study was confirmed by testing a sample of plants and cultyressentative
of the experimemat levels withanRs-specific ELISA,prescence ofascular browning, and

periodic bacterial streaming tests from immersed stems.
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Additionally, plantsvere assessed fure health of stem at 1.27 cm (0.5 inch) above
soil line. To do this, the extent of vascular browning in the stem-sexg®n was rated using
a severity scale of O to 5, where 0 = healthy, no vascular browning spots; 1 = one or two
smal spots; 2 = multiple spots, browning is < 50% of vascular ring; 3 = heavy browning,
browning is > 50% of vascular ring; 4 = severe browning, inner pith beginning to decay; 5 =

stem dead and hollow. These valueseeitherused raw or compared usidgease index

2.2.6: Statistical Analyses
For the Jackson Co. study, disease incidence was compared directly as %wilt
incidence of each plot over time, and by calculating the area under disease progress curve
(AUDPC) per day for each plot,
PO Qd oPU Qi O

B c z 0Qa D QaQ

0 QaQ

o "YOU 6

where: n stheindividual observation point, %wilt the percentof wilted plants per plot, and
time =thedays post planting for n observation period. Due tartigation disconnect, three
AUDPC values were calculated to assess if the disconnect effected disease severity: Total
period (AUDPC _totgl0-91 day), planting to disconnect (AUDPC_auyd235 dap, and
disconnect to end of observation period (AUDPC_aug2ésd1 dap.

Disease severity scores were compared over time by calculating a disease index,
where, for each time point for plants of the same class level, the number of plants with each

score level were counted and multiplied by that score, the totadsadlded, and the sum was
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divided by the total number of plants in the class. A similar index was created for vascular
browning scores.
Disease severity was compared statistically by calculating AUDPC scores for each

plant. A modified formula was used,

B lwslﬂwslg

L c 0 Qa '® Qa Q
0 YOU O —

where: n theindividual observation point, score = the severity scale score, timedays
post inoculation for n observation period. Due to tive temperature stress event, two
AUDPC values were calculated to assess if the event affected disease severity: Total period
(AUDPC _total 1-42 dpj andtheperiod of inoculation to observed cold stress symptoms
(AUDPC_21 1-21 dpj.

Disease incidencealueswerecalculated fronBW severity scale valudsr each
time pointin the greenhouse studgimply, any score of O swilting; any score greater than
0 = +wilting. Incidence of plant death (score 4 or 5) was similarly calculated, where any
score<4=death; any score O 4 = +death. Addition
stress, rate of new wilting (score > 0 given previous period score = 0) and plant recovery
(score = 0 given previous period score > 0) were calculated at each time poiratsad! pl
over time.

Statistical analyses were performed in SAS 9.4 (SAS; Cary, NC) using

analysis of variance (ANOVA, MANOVA), generalized linear mixed models (MIXED,

GLI MMI X), Il inear regression (REG), <correlati
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2.3 Results

Unless stated otherwise, all statistical tests and repontedp ues are at U =

2.3.1: Jackson Co., 2013 Field Study

The 2013 Jackson Cstudy was performed duririge summer months ithe
Mountain region of NG@inder natural inoculum pressure, assessing field resistance as
modulated by graftinddisease pressure thefield was moderate to high for the Jackson
Co., 2013 study based upon disease incidence
reached 72.5% an62.5% incidence for negrafted and selfjrafted, respectively (Figure
2.1). First wilting was observed at 28 dap in rgrafted treatment, and 22 dap in sgiafted
treatmentStudy plots were disconnected from drip irrigation system on 35 daghisut t
location received excessively high amounts of rainfall duringtihyperiod, yielding an
aceptable harvest (Silverman, 2Q1Bpublished)lt is unlikely that observed wilting was
due to lack of water in the plots.

Overall, regular wilting incidencef the susceptible check showed that BW
progressedegularly from 28 to 91 dap, reaching the highest mean incidence of all the
genotypes tested in both the rgmrafted and selfrafted treatments (Figu&l). In contrast,
the rootstock genotypes showedmzardle increases in BW incidence with thasceptible
check until around 382 dap after which no new BWvas observed. For this reason, three
AUDPC values were calculated and normalized to per day for comparison. Correlation

analysis of the three stdiss found a highly significant correlation-@1 vs. 635 = 0.648, ©
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91 vs. 3591 = 0.998, 85 vs. 3591 = 0.598 ; < 0.0001 all) between all threstervals
(Figure2.2).
Overall, significant differences in AUDPC were only foundhe early season {86
dap; adjusted &= 0.6874), with significant effects of genotype (p < 0.0001) and the
interaction of genotype and replication (p = 0.0004), but not for the other two AUDPC
observation periods (adjusted 0.1003 and 0.0714 f®-91 and 3591, respecitiely). In
both grafting tr ea tBWweénadersce earfyMahrarlyfseasoh 85 had hi g
dap), actually being the first line to show wilting symptoms regardless oftgpait with the
least squares mean (LSMean) AUDPC being significantlyreifitefromthe susceptible
check. & Ma xhowewerreadh siciladincidende levels with susceptible check by
the end of the seasddnexpectedly t he mean i -041050én owasofmMu@RST
higher than expectddr both non and selfgrafted plotsn light of previous field studies in
this region(Rivard et al., 2012) 6 Hawai i 7998086 had théanen | owe st
grafted plots, wher eas wérddwésiirihesklbgratted dlotsé Ch e o n g
Comparisons of LSMean AUDPC scores surprisingly showed no significantly
different variation between genotypes for either the total obsenvaeriod or 381 dap. An
investigationof wilting incidence for each genotypevealed high wilt incidence variation
between replications, as evidenced by the large confidence intervals (EiguBeand D).
Analyses ofthe plots using a nested mixed model, with grgde nested within genotype
yieldedsimilar results(Figure2.3). | nt er e st iaganhagstatisocMig graateror t 6

mean daily AUDPGvhencompared to all other getypes in the early seasondicating that
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it exhibitedwilting symptoms significantly earlier than any other genotype tested, including

the suscejible check.

2.3.2: Greenhouse Study 20134

The greenhouse study was daheing the winter of 20134 in NC. Two-monthold
seedlingsvere inoculated wittwo geographically distind®s tomatdsolatesin order to
determine if anydmato rootstock gengpes expressedifferential resistance to NC Rs
strains.The first wilting was observed on 7 dpi (Fig2&). Wilting incidence of susceptible
check O6Florida 476 was very high, reaching ¢
firstwitingwas® s er v e 0410566®WSTBnd OMaxi fortd exhibited
incidence pattern as 0FI| otheeddoftdestadyhethiee hi ng 1
BHN | ines and O6CRAG6606 pr oguced smdderste (SGb%by ar | vy,
the end of the studyomparedtthes uscept i bl e check. Thheé,  Hawai i
and ORSBET 6 thalehstincidence overall (ZB%) bythe end of the study
showing none or less than 10% wilting incidence until a sharp incre8% incidencewas
observedt 29 dpi.

A severe cold weather front afflicted the area in the first week of January, 2014, such
thatthe greenhouse air temperature readh®dC for two consecutive nightslpi 21-22).
Experimental plants were affected, butoeered quickly. Concerns of error from overlap of
cold shock symptoms and true BW symptoms lead to creation of a second dataset where
possible wilt error caused by lingering effects of cold shock was systematically corrected.

Both datasets were analyzedparallel, and patterns from analyses were found to be present
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in both sets, though diseasegression overtime was inflated (Data not shown). cdie
corrected dataset was deemed to be more biologically accurate for BW assessment.
Therefore, only anaBes from cold corrected dataset are presented.

To assess the effect of the low temperature stress event on BW disease progression,
total disease incidence thfe experiment was plotted over time and compared to the
diagnostic measures of incidence of panerd wilt(plant death)rate of new wilting, and
rate of wilt recovery (Figur@.6). First, overall wilt incidenceonsistery increasd from 7
to 19 dpi, followed by plateau where noew wilting occurredfor about 79 days, which is
corroborated by #ndecline to 0% for rate ofew wilt. This period islescribed as epidemic
phase 1 (A). This was followed by a brief but sharp increase in disease incidence at 29 dpi,
followed by another plateau where rate of it again declinedo about 0%. This pesd
is described as epidemic phase 2 (B). Additionally, incidence of permanent wilt (considered
to be any severity score of 4 or greater) exhibited a positive slope over the entire course of
the experiment, surpassing the overall BW incidesidie first fhase plateaanly a few
days following observed second epidemic phdsenonstratinghat a portion of plants
newly wilting in the second phase reached permanent wilting point. Rate of wilt recovery
(reversion back to severity score of 0) was never obddov/be greater than 3% at any time
over the entire course of experiment. It is also interestimgptethatthe simlarity between
the intervals betweenoculation to first epidemic wilt and low temperature stress to
observed second epidemic wilt, whistas 57 days in both cases.

Since it appeared th#telow temperature stress was relatethimsecond phase of

wilting, it was desirable to investigate if it affectbe greenhousgtudy differentially by Rs
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isolate treatment. Overall, it could not d@nfirmed thathe plants wilted differentially
following thecold shock eveniAll of thegenotypes exhibited an increaséBW incidence
following the cold shock, and thesistant lines expressed the largest magnitude incoéase
newly wilting plants(Figure2.5 and2.7). Assessmesbf wilting in relation tothecold
shock event for each genotype leathwidentification of three distinct pattesGenotypes
where: 1) Most othewilting incidence occurred durintpef i r st epi demi ¢ phase
4 7o0Maxi fort 6, -061DRTAK,6 64 B HRIBOFE0BtHE Yilting incidence
occurred duringhes econd epi demi ¢ pha-84l06TO@Ch &dlmguaGan g
79976, O0Hawa i ubstant@lvitidg)incideace accued in both first and second
epidemic phases (O0BHN105406). OBHNSt®&8wWasdi d no
observed to haviirly consistent increases imew wilt occurring regularly throughotite
observatiorperiod. The gerage progression of wilt severity scores for lines representative of
the three temperaturelated patterns are presentedrigure2.7.

In order to determine the overall resistance level of each genotype, and how that may
have been modifiedy low temperature stredsyo AUDPC valuesvere calculatedbr each
plantand comparedl Total (1-42 dpi) and first epidemic only {21 dpi).The values
significantly correl at emtrix(dgpicted tv@o.diStibcbmodeg of< 0. O
linearity (data not shown}o only theSpearman correlation igported. A paired-test of
daily AUDPCs for each plant found thefirst epidemic values were significantly different
from thetotal period valuegdf = 131, p < 0.0001)with a distribution othe differences
being skewed toward 0.0 (data not shawimus, influence of cold shock appears to have

increased the overall daily AUDPC values in the stiihgrestingly, a Signed Rank Test
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found that the overall mean genotypic ranks were unchangeédretwst epidemic and total
period (p = 0.0625).
Mixed model analysis of variander total period AUDPGwas significant (p =
0.0002 ; B =0.703), with genotype being highly significant (p < 0.0001) and borderline
significance for the interaction of Rsolate and replication (p = 0.0451). The interaction of
genotype and Rs isolateaw not significant (p =0.6848ver al | al |l , &6FI or i de
highest mean daily AUDPC, consistent with it being the susceptible check, for both total and
first epidemicperiods.0 R S0#105T 66,Ma x i, f amtdd ¢ BverdnbtGtatBtimally
differentf r om t he susceptible check in the overal
different in the first epidemi(Figure28 ) . -A4R&®T6 was found to have
largest daily mean AUDPC, irrespective of period. It was not significantly different from the
susceptible check or susceptible 6Maxi fortod,
60Hawaii 79976, O6Hawaii 708206814 . OIrhieyaidtypes,Gango,
6Cheong 06Ga#4l66TdammkereRSThe most resistant ge.
statistically different from the intermediat
Since one of the main objectives of this study was to determine if ahg of t
genotypes expressed a differential resistance response to the Rs isplatt the mean
daily AUDPC comparisons for the genotype by Rs isolateantem, even though it was not
statistically significant (Figw2.9). Although nasignificant differential resistance resposse
were observed for any genotypased upon mean daily AUDPE&,R 0F105T 6 and
0 Ha wa i appedr%D& good caddtes for further assessmeritgs interesting that

OHawaii 799706 onl vy h abdtnoreiuhderitreagment M der tr eat me
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| found significant statistical overlap the greenhouse study despite the fact that the
plants werartificially inoculatedwith a high concentration of Rs. Upon investigation,
found that there was unequal variation betweemémotypes in a parabolic pattevhen
genotypes were ordered according to thesan resistandevels(mean daily AUDPC)
(Figure2.10; C). The most resistant and most susceptible lines exhibited the least model
residual within genotype variation, wherehs intermediately resistant lines showed high
levels of variation. The nature of this variation remains unclear.

Upon completion of the study, each plant stem was assessed for signs and symptoms
of BW to confirm that wilting was due to Rs. Stem cresstions were assessed for
culturable Rs andcored for extent of vascular browning. Of the 132 plants inoculated, only
four were found without any signs or symptoms of Bi¥jgesting Rs failed to colonize
them( one each: OCRA666, 6BHN9986, O6Hawaii 799"
inoculated plants (34.1%) never expressed wilting sympthuriag the studybut Rs was
detected in all except the previously mentioned four (31.1% latent infeat®nincluding
the most resistant lines. Interestingly, even ndesid stemsontained culturable Reear the
soil line.

Examination of the plant stems showikdt there was variation in vascular browning
of stem crosssections, thus a severigale of 65 was developed in order to assess the stems
at 1.27 cmabove the soil lineThemean andlistribution of vascular browning scores was
found to fluctuate by genotype (Fig2d.0; A and B). Additionally, vascular browning
scores were highly correlated (p ©001) with daily AUDPC scores for total period (r =

0.894) and firsepidemic (r = 0.765). Thus,second level of mixed model analysias
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performed in ordeto determine if the addition of vascular browning informatraproved

model predictions of fodir wilting. Initial tests using vascular browning as a second response
variable along with total period daily AUDPC was not the best fit, since vascular browning
scores were still significantly predictive of model residuals (data not shown). It was
determned that vascular browning data fit best as a covariate nested witlotyge (F =

14.26, p <0.0001, &= 0.952). The effects of genotype remained highly significant (p =
0.0080) and vascular browning nested within genotype was found to by a highlicaignif
effect (p < 0.0001). Additionally, the strange pattern of |apgeaboliaesidual variation in

the model residuals was substantially reduced (Figuf& compare C and D), except for
0BHN9986 for some unknown reason.

Further assessmeyf thevascular browning score@-igure2.11) found that they
werean effective explanation for both the raw daily AUDPC values (A), as well as the model
linear predictios of daily AUDPC values (B). In a separate analysis methodology, a disease
index (C) was creatkin the same fashion as previously mentioned for wilt severity scores,
and genotypic means were usalbng with model slope and intercept coefficietdgpredict
the mean daily AUDPC values. Theadictions had the same relative genotypic rankings
(datanot shown) compared to tineixed model assessments prior to inétusof vascular
browning scores. Thisiftherindicated thavascular browning mean and slope information
was effective at predictingelative foliar wilt resisince Inspections of thelopes (D) found
that the genotypes may cluster into six or seven slope groups, with the coefficients differing
by a maximum of 0.1, generally grouping accordimgesistance to foliar wiltThe

suggested genotypes i n e@RkRBOFI1OFTués taenrd adrMea:x i1f)o
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3) 6BHN105306; 4) OCRA666 and O6BHN10546; 5) 6

79986, O6Cheong Ga-04l06T 6an @& n@eHIaPRSARST

2.4: Discussiomand Conclusions

| assesseBW resistance in tomat@otstock genotypes in field and greenhouse
sdtings, as well as investigatéte modulating effects of healed graft union, NC region Rs
isolates, and cold shock stress on tomato resistance levels. In adgitiovide the first

known study comparing vasiar browning éthe stem to foliar wiltingn tomato.

2.4.1: Rootstock Resistance when Grafteor Inoculated with NC Rs Isolates

A previous reporfRivard etal., 20123 ugg e st e d0410hTad naRYSTe X pr e s ¢
differential resistance response to BW based upon geogtapligg moderate resistance in
theMountain region counties (Henderson Co. and Jackson Coljigimdesistance in the
Coastal Plains region counties (Sampson Co., which borders Pender Co.). Vafiatio
resistance based upon regional strains of Rs is well documefagdiard, 1991; Hong et al.,
2012; Lebeau et al2011; Scott et al., 2005; Wang et al., 2013; Zehr, 19Massess this
hypothesis in all the genotypéke greenhouse study compared BW resistance levels to two
Rs tomato isolates from theseregionsSuscepti bl e control O6FI orid
disease incidence and severity in both field and greenhouse studies, as expected, reaching
incidence levels consistent with moderately high disease pressure (abt®opih the field

and very high disease pressure in the greenhouse (100%). Surpr@irRg80#105T 6 wa s
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found to have the second highest incidence and severity in both studies, which is generally in
conflict with other repo04185Tédnd DPoBepandy )| alse
moderately to highly resistant to BiMcAvoy et al., 2012; Rivard et al., 2012)ly results
indicate that this genotgpis highly susceptible to BW strains from both regiond©f and
should not be recommended for use in NC fields with a known histohg afisease.

No differential resistance response could be statistically verified in the greenhouse for
any genotype. This would indicate that local endemic populations of Rs in NC are not
expected to wilt these genotypes differently between regions. Psevmank observed a
potential differentih  r esi st ance +0£1859Tdn s en ftrhowieshéu®@Tgi on s
be noted that in those studies, this rootstock was only assessed with a commercial scion
grafted onto d never the genotype near seltgrafted, as in this studgRivard et al., 2012)
It is not expected that the presence of a susceptible commercial scion would modulate
resistance expression of atstock towards greater resistance to foliar.\@h the other
hand, t is possible that other factors of the Gta Plains regiorontributed tadhe
differences they observedt is true thamy results observed a large difference in the mean
wil tingo4aobT® RSad8s wel | as those difierkbacesavereno7 9976, b
significant. Greater statistical power in future assessments may demonstrate significant
differences in resistance by Rs isolate

Additionally, it was -0#205Fd stwmen yalnloo we e d
leaves, exhibéd a strange disorder that caused hyper leaf senescence of bottom and middle
canopies working toward the apdseginning at the tip of the terminal leaflet and progressing

towards the bud suspect that this is a genetic disorder since it was presdhplards
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under all conditions observed, including from multiple batches of seetif® dreenhouse
study, it was rare to observe more than two or three fully expanded leaves on the plants at
any one time. Field study plants, with a greater access to, watdtion, and sunlight,

showed more leaf retention, bk plantsstill looked substantially poorer thame other
genotypes (Data not shown).

In the Jackson Co. studiywastesting the hypothesis that the presence of a healed
graft wound would incrase susceptibility of the plant to infection by Respite the high
degree of statistical overlap, some biologically meaningful information was apparent. An
interaction between genotype and replication was observed, indicating that Rs presence in the
field was captured by experimental placement, but remained aggregated in relation to
symptom expression during the stugr the effect of grafting, | wasot able to identify a
significant difference in wilting between noand selgrafted plotssuggestinghat risk of
infection through arial graft union is loWther studies also observed that grafting does not
significantlyincrease susceptibility to B\Wreeman et al., 2011; McAvoy et al., 2012;

Rivard et al., 2012; Rivard and Louws, 20Q8)hough this is the first study that compares
non and selgrafted treatments fall rootstocks. These previous studies have only made
that comparison with the swegatible control, which normally reaches betweefl@0%

losses anyways. In those situations, a lack of resistance genetics are likely to have a much
greater effect on wiltingatherthan a healed graftound. It is unfortunate that the summer

of 2013 was sch an dnormal year for a study of this kind. Additional verification is needed
beforeit canbereliably concludd if graft wounds do increase BW susceptibilitynot The

observation that oMaxifortd had siygeasorf i cant |
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matches withmy observations that it was the first line to wilt in the season, even if it was
eventually outpaced by the susceptible con&kdtitionally, the effect of grafting may have
amplified that pattern (Figure 2.4). It should be notedttiainteraction of genotype and
grafting treatment was not found to be significant in the model, thus the interaction of
grafting with oOoMaxXMaai f@rit® met noon&hwsvinv ¢ o
BW, which the greenhouse study seemsgetiafy, but it is known to be a highly vigorous,
multi-stemmed, indeterminatootstock. If infection occurrddter in the seson after
6 Maxi f or t ldecomé veehestablisheal,dhe sheer vigor of the line may give it the
appearance of reduced sysitiaility to BW by simply being able to cope longertiwihe
presence of Rs in the vasculature

It was found that O6BHN10536 and OBHN105456
di sease incidence in both studies. I n the gr
s gnificantly different from the susceptible
susceptible control but had signifiGantly gr
106-T 6This level of BW susceptibilitys greater than previously reported fromrivon
Virginia and Florida(Freeman et al., 2011; McAvoy et al., 20123Iso observed a higher
l evel of wilting in O0CRA6606 t h(@hellemmatsl, previ ou
1994; Rivard and Louws, 20Q8)

Based uponhese studiegootstockghat should beecommended for BW disease
resistance i n-ONIO6Two,ulodHabwea i6RS/T99 706, OHawai i
Gang6, which is in agreement with other regi

lines(McAvoy et al., 2012; Rivard et al., 2012; Scott et al., 2088itionally, these
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genotypes are expected to perform well in contact with both Western and Eastern NC strains

of Rs and with a grafted tomato management system.

24.2 Influences of Environmental Conditions on Bacterial Wilt

| wasinterested to assetise effect of environmental influensen BW. In the
Jackson Co. study, the high degree of within genotype disease resistance variation made
meaningful statisticalcomar i son very challenging, with on
significantly greater mean daily AUDPC in the field study, and only in the early sea86n (0O
dap) interval (Only in the selfrafted treatment, depending on if grgfpe was nestedithin
genotypeor each graftype was analyzed separatglylthough more meaningful contrasts
were possible in the greenhouse study, large within genotype BW resistance variation was
still observed. As noted previously, it is well known that even small changes in
environmental conditions can play significant roles in expression of foliar wilting, especially
soil temperature, soil moisture, and air temperafoesta, 1978; Gallegly and Walker,
1949; Hayward, 1991; Kelman, 1953; Mew and Ho, 1977; Scott et al.,.Zl0@b)yeduced
average temperature and waterlogged soil conditions likely suppressed the expression of
overall wilt symptoms in the Jackson Co. stuldyvas prevously noted that due to the
recad rainfall during the summer season, the average temperature was reduce€d By 2
comparison of spring and summer studies in Guadaloupe also obserf@dedRcion in
mean daytime temperature, which was linked to suppression of BW sym{Rdorst al.,
1996) Additionally, the reliance on natural inoculum likely contributed to the sporadic
distribution ofobservabldBW in the field, which may not have been as troublesome in a

more normal year when incidence of susceptible controls have historically been reported to
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be higher(Rivard et al., 2012)and byother unpublished BW screeniegperiencesand
production history of those regions of the tomato fieddd in the study

Another curios pattern from the Jackson Co. study e most of the wilt
incidence occurred during observations in the week followiegtudy irrigation disconnect.

It was observed that during that week there was some lull in the rain intensity and breaks in
the cloud layer allowing much more light into the field, along with increasing the air
temperature noticeahlfter that, the resvf the season was more heavy rain nearly on a

daily basis, particularly in the afternoons when BW symptoms were mostly likely to be
observedDialog with field manager)Thus, the environmental conditions were less

conducive to observing disease prograssimst of the season, likely leading to a reduction

in observed wilt that may have been observed in a more average season following that period
of increase. The fact that the susceptible control continued to increase in incidence over the
entire season, veneas even moderately resistant lines did not, reinforces this view and
discourages the possibility of observed wilting around the water disconnect to simply be an
indication of some drought stress yielding false positive wilt incidence.

The unexpected presence of the second phase of newly wilted plants observed at 29
dpi may indicate that cold shock stress, and perhaps other environmental stress factors, may
be leveraged in BW screening studies to improve genotype mean separation,rand imp
reliability of greenhouse results to field environments. The low temperatures reached are not
conducive to tomato or pathogen growth, and are well below the known soil temperature
threshold for observing wilting symptorfidayward, 1991; Scherf et al., 2010; Swanson et

al., 2005; Vaughan, 1944; Zehr, 197Aditionally, cold shock stress effects were most
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pronounced in thenost resistant lines, but that may simply be due to the fact that all of the
plants were still alive at that point, compared to the intermediately and highly susceptible
lines. It is interesting to note the patterns of variation of cold shock stressaibgeeach
genotype, with some | ines seeming to be rath
OCRA666) versus t he s i(MewhbandHd }77hoted dt lsastamet 6 B HN
tomato genotype that appearedde fairly unaffected by increases in soil temperature. Cold
shock effects on BW are not expected in field production systems, but may be important in
winter greenhouse production systems. It would be very interesting to see if other shock
stress factorsuch as heat or drought might increase BW incidence when applied in a
controlled manner. Of course, since these are results of only one study so far, caution in
generalization of results is wise. Followup studies are needed to compare controlled low
tempeature exposure in susceptible, moderately resistant, and highly resistant genotypes.
Within the greenhouse studipe pairwise comparisons between the first epidemic
AUDPCs and the total period revealed a greater degree of similarity between the genotypes
in the early epidemic phase than after the cold shock event (g and B). This
suggests that the cold shock event and subsequent additional wilting actually improved the
ability to separate the mean daily AUDPC values of the genotypes betwdwrghtiye
susceptible and the highly resistant lingsspite an overall increaseviiit severity
following the cold shock event, particularly in the highly resistant genotypes. In retrospect,
the timing of the low temperature stress could not have beenidesl, since the
progression of bacterial wilt incidence had plateaued two observationgereviously,

suggesting that low temperature shock sthegsa causative effect on the second wilting
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epidemic.(Carmeilleet al., 2006)eported that wilting symptoms progressed rapidly among
greenhouse seedlings witkFB&ully expanded leaves until 15 dpi, after which it stabilized by
22-23 dpi. Unfortunately, they did not present disease progression over time dats, so i
unclear if the authors were indicating tkia¢ population reached a linear rate of wilt
incidence or &xhibited a horizontgdlateauof disease progression, suwas observed in
my greenhouse study. Many other greenhouse and controlled experimetiteported the
progression of BW overtime have used either much younger plantscoa dgect stem
inoculation method rather than a soil soBlkat being the case, while the specific day
intervals may not be relatableroy work, a plateau effect iBW development in the
populations has begeviously observe(Dalsing and Allen, 2014; Wang et al., 2000)
Resistant lines in field assessments have shown a plateauing effect in someneases w
disease progression over time has been rep@vted and Ho, 1977; Rivard et al., 2012)
(Mew and Ho, 1976dbserved a low positive correlation between BWstsance
assessments between young tomato plants and plants at flowering stage. In the greenhouse
study, plants were older and first flowering was observed about 26 plgints that were
nearly four months old.

While it is impossible to demonstrate thpesific effect the cold shock stress had on
the hostpathogen interaction in this study, several hypotheses could be generated. First, the
most likely hypothesis is that the cold shock, which was primarily a foliar effect due to
overnight heating of the ob zone, weakened the host such that the disease equilibrium
between host defenses and pathogen attacks was altered in favof\gaRer, 1965)wrote

a nice review of how changes in temperature, age, and sotlumgotsan affect host resistance
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levels in a variety of plarfpathogen interactions less likely alternative hypothesis is that
the wilting was due to expression profile changes within the bacteria which led to either
decreased detection by the hostncreased virulence. While radeRs is not considered to

be virulent at temperatures as low as’@8other strains like rac&hbiovar 2 are virulent at

such temperatures, with the increase in virulence seeming to be linked to specific host
pathogen interactionia planta which include low temperature expression of unique
effectors(Bocsanczy et al., 2011; Bocsanczy et al., 2012; Bocsanczy et al., 2014; Jacobs et
al., 2012; Milling et al., 2009; Swanson et al., 20@5yughit is also reported that low
temperature fluctuations typical of temperate climates negatively affected survival of Rs in
tomato and other speci€Scherf et al., 2010)Vithin both hypotheses, this change in d&se
equilibrium might occur in previously colonized stems or at the point of Rs penetration of the
roots. The literature would generally suggest the fofimeersion of latent infectioh$o be
most likely(McAvoy et al., 2012; Milling et al., 2009; Prior et al., 1996; Scott et al., 2005;
Swanson et al., 2005)hile the curiously similar intervals between inoculation and cold
shock stres with their respectiveurges in new wilting may suggest taeer, that the second
epidemic was related to a surge in secondary infecfidhird hypothesis that might explain
my observations is that the low temperature stress was inconsequentiaie abderved
second epidemic would have occurred anyways, which would carry some startling
implications about host resistance mechanisms;featkiogen interactions, awd/secondary
infection patterns, but such a pattern has not been reported to my égeuidee to the
difficulty of replicating such a cold shock assexperienced, it is difficult to make

definitive conclusions about the modulating effect suchesstmighthave on the BW
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pathosystem. Regardless, it should be noted that controlledngeBt assays are often
conduded around 2@5 dpi, which | waplanning to do also, especially after the initial
observation of cold stresffects in the experiment. Hagploceeded with experiment

cleanup at that time, the second surge of new wiltingadvoever have been observed.

2.4.3: Vascular Browning as a Significant Predictor of Foliar Wilt

The presence of vascular browning of the stem is a common symptom associated with
BW, and has classically been treated as one of several diagnostic assestmiditg
pathogengHayward, 1991; Kelman, 1953; Winstead and Walker, 1954)ing the enbf-
study latent infection tests, | observed a high level of variatieagcular browning in the
tomato stem crossections, as well as low to moderate levels of it in many plants that had
never exhibited wilting symptoms during the entire study. So, | developed a severity scale to
assess this variatiomo the knowledge ahe authorthis work is the first case where
genotypic variation of vascular browning has been assessed or used to helpvaretion
of foliar wilting.

Vascular browning scale scores of stem cigEgtions were calculated at the end of
the study, sice they are destructive measurements. The severity score values of each plant
were included into the general mixed model as a secondary level of analysis. Vascular
browning scores fit best as a covariate rather than as a second response variablehalong wit
daily AUDPC.The addition of the greenhouse study vascular browning scores to the mixed
model significantly increasettie explanatory poweof the mode(R? = 0.703 bedre; =

0.952 after) and reduced thpreadf residual plotsThe kase model residuater
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intermediate genotypes were spread just over + 2 mean daily AUDPC, but inclusion of

vascular browning scores reduced that spread by half to + 1 mean daily AUDPC, except for
O0BHN9986. Additionally, the basep@mdwhen r esi d
genotypes were sorted by LSMean daily AUDPC, with intermediately resistant lines showing

the greatest within genotype variation. Inclusionhefvascular browning scores markedly

corrected this pattern of parabolic variation (FigRud®; compare C with D).

Endof-study vascular browning is a significant predictor of total period daily
AUDPC, andmy analyss suggest that this is via the resistance level of the genotype. In
some sense, vascular browning may be a somewhat redundantendatisease, yet the
association between vascular browning and leaf wilt AUDPC appears to be driven by the
resistance level of the genotysnce the raw scores remained significantly predictive of the
model residuals where AUDPC and vascular browniegeviboth response variables (Data
not shown)

Wilting is generally thought to be simply related to high densities of bacteria blocking
water flow in vessel elemenislayward, 1991; Kelman, 13% The importance of bacterial
concentrations and spread in the stem in relation to host resistance has been documented
(Grimault and Prior, 1993; Grimault et al., 1994@jher reports haveoted that foliar
wilting is related to spread of Rs up the stem, seemingly irrespective of host resistance, and
that the spread is a function of temperatheor et al., 1996)It would be very interesting to
asses$oliar wilting and vascular browning levels with inoculum load in order to determine
the interactiong{Winstead and Walker, 1954gported that vascular browning is generally a

symptom of multiple fungal and badtd pathogens irrespective of host, and suggested it
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was related to high levels of pectin methylesterase activity, though the enzymes were not
expected to be a critical factor involved in pathogen establish(ehtnan, 1953noted

that foliar symptom development is more rapid the younger a plant is, and that vascular
browning can be observed as early as 48 hours after inoculation, although tHearmnees
sure to change between stem puncture or soil dreonchlation methods.

It remains unclear if foliar wilting and vascular degredation are simply two
independent symptoms of Relonization, or if they are related in a causative marires.
nature of thigelationshipwill dictact whether or novascular browing should only be
assessed as a dependent variable,aafysis as a covariate nested within genotype is
biologically accurateThe general pattern is that an increase in AUDPC is related to an
increase in severity of vascular browningth the greagst variation occurring in lines that
are moderately resistamtdid observe, however, that the mean and spread of vascular
browning was not the same for all genotypes, with even the most resistant genotypes
toleratinglight to moderaterascular browningwhile showing very little foliar wiltingln
fact, no foliar wilt was observed in plants witbhne tolight vascular browningseverity
score of 1) (Data not shown). Curioushhte r esi st ant O Hawai i 79976
vascular brownig, but wastie fourth most resistant, while most of the plants of the top three
most resistan04l@gedvot pLbeohgRSEANgO6, and OHawe
moderate to heavy vascular browniisgverity score of-3).

Is it possible that foliar wilting iat least partly the result gascular breakdown
rather than simply xylem vessels becoming clogged by high numbers of R4 aeksf

water is the clear source of the turgor loss, but it is not iflééruption in water movement
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is due tovesselocclusion or degredation of the vasculature, since the foundational studies
have only been able to demonstrate that water movement is disrupted only in tissues
containing RgKelman, 1953)If wilting was only due tosascular occlusion, ihaybe
expected that wilt would be observed prior to vascular degredation, since the pathogen
replicates rapidly and mass produces exopolysaccharide | upon penetration and colonization
of the vascular cambiuifDenny et al., 1998; McGarvey et al., 1999; Schell, 2000)s may
be,unless spread of the pathogen up the 8tshmown to be important for foliar wilt

symptom expressiofPrior et al., 1996 is linked to vascular degredatioor the pathogen
biology predicates both growth and tissue disruption simultanedustyanswer may be that
vascular degredatias linked to pathogen spread in the stem, sincehidimben reported to
be fairly independent of transpiration rate and water uptake in the(@utse, 1941,

Kelman, 1953)

Another potentially important question is vascular browning causég the direct
activity of Rs, or is it a byproduct either a successful or failémst resistance mechanisms
(i.e. a vascular hypersensitive reaction of sa@islity or inability to repair vascular tissues
fast enough, ety? It isknown that resistace is related to producticand selprotectionof
reactive oxygen speci€éROS)(Mandal et al., 2011)ignin biosynthesig¢lshihara et al.,
2012) possiblycallose depositiofBeckman, 200Q)and constriction of bacteria to primary
xylem tissueglshihara et al., 2012}f the plant ROS scavaging or cellular reinforcement
systemsare disrupted by bacterial effectansnot stimulated due to failure to detect fen
cellular damage of the host will res(Bharma et al., 20123uch as vascular browning, in

which case resistaneeould be related to functioning cellular repair systewlsich has been
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reportedMandal et al., 2011)rhe ability to precondition (prime) tomato immune responses
with preinoculation treatments of silicon, cbgan, oBacillusspp. suggests that the rate and
strength of immune stimulation is key to successful defense agai(iStdge and Wyda,

2007; Ghareeb et al., 2011a; Hyakumachi et al., 2013; Takahashi et al.,|2@hi4$)
hypotheticalcase, resistanagould equakreduced vascular browniragnd reduced pathogen
spread, but may or may not prevent foliar wilting unless pathogen pamglaie also

restricted Alternatively, if resistance were related to a hypersensitive readtmoxidative

burst in the vascular tissues, pathogen movement would be restricted and small areas of
localized cell death would be observable as vascularbngwThus, resistance would equal
some vascular browning and constricted Rs spread in the stem. This is likely what the host is
trying to do, albeit unsuccessfully, since Rs goes to great lengths to protect itself from a
highly oxidative environmenh planta(ColburnClifford et al., 2010; Flore€ruz and Allen,
2009; FloresCruz and Allen, 2011; Mandal et al., 201These hpotheses require further
testingin order todetermine the true relationships between foliar wilt, pathogen
concentration, pathogen spreadhe stemand vascular degredation in tomdtarther
elucidation of these biological relationships will providieacer direction for how to

incorporate vascular browning assessments into predictive models for tomato resistance to
BW. Assessing these factors at multiple time points at multiple stem heights in several

genotypes will help elucidate these relationships.
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CHAPTER 2: TABLES AND FIGURES

Table 2.1. Genotypic and phenotypic information on tomato lines
Genotypic and phenotypic information onthe tomato lines used irthe field and/or greenhouse studies for resistance
to the bacterial wilt causal agent,Ralstania solanacearum(Rs).

Breeding NC- NC-Coastal Rs

Type; Mountain Plains Rs  Resistance Other Developer or Seed
Synonym Usage Habit Rs Strain Strain Source  Other Resistancetnformation Source
Hawaii 7997 HI7997; Ha799Rootstock OP; SD MR-R R PI 127805A N/A Univ. FL
Bacterial Spot
resistance X.

campestrispv.

Hawaii 7998 HI7998; Ha799FRootstock OP; D R R PI 127805A N/A vesicatorig Univ. FL

Fol: 1, 2, For, RKN
Cheong Gan¢ChGng Rootstock  N/A R R N/A ToMV Seminis

Pt, Fol: 1, 2, RKN,
RST-04-106-"DP106 Rootstock N/A R R N/A ToMV DP Seeds
BHN 998 N/A Rootstock  N/A MR MR N/A N/A BHN Seeds
BHN 1053  N/A Rootstock  N/A MR-MS MR N/A N/A BHN Seeds
BHN 1054 N/A Rootstock  N/A MR-MS MR N/A N/A BHN Seeds

Univ. FL; INRA,

CRAG66 N/A Rootstock OP;ID MR-HR MR-HR Unknown N/A Guadaloupe

Pt, Fol: 1, 2, For, V Highly vigorou: Paramount Seeds;

Maxifort Maxi Rootstock F1H; | S S None RKN, ToMv growth Johnny's Select Seq
Pt, Fol: 1, 2, For, V Defoliating
RST-04-105-"DP105 Rootstock  N/A; | S MS-S N/A RKN disorder DP Seeds
75 days to
Florida 47 FL47 Scion FIH;D S S None Aal, Fol: 1,2, Ss, Vdhaturity Seedway
Notes: |- Indeterminate  D- Determinate R- Resistant S- Susceptible MR- Moderately resistant MS- Moderately susceptible
SD- Semi determinate OP- Open pollinated F1H- F1 hybrid N/A- Information is NOT available Rs- Ralstonia solanacearum

105



Table 22. Experimental design fothefield and greenhouse

Field Study
Jackson Co., 2013

Genotype
FL47
CRAG66
Cheong Gang
Maxifort
BHN1053
BHN1054
DP105

DP106

HI7997
HI7998

Plant numbers for the Jackson Co., NC 2013 fieldand Wake Co., NC 201314 greenhouse studies

Non-graft
plants/plot *

Greenhouse Study
Wake Co., 2013-14

Genotype
FLA7
CRAG66
Cheong Gang
Maxifort
BHN998
BHN1053
BHN1054
DP105

DP106
HI7997
HI17998

Isolate Jc
plants/rep *

DN DN DNDDNDDNDNDDNDNDDNDDN

Notes:

* 4 replications for Jackson Co., 3 replications for greenhouse, of plot
**Due to unexpected losses during grafting procedure

Total Self-
graft

Total Non-
graft

Self-graft
plants/plot *

Isolate P

plants/rep * |[Total Jc |Total P
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Figure 2.1. Bacterial wilt disease irthe Jackson Co. 2013 study.
The Jackson Co. 2013 study of bacterial wiltRalstonia solanacearumdisease incidence and least squares mean

(LSMean) daily area under disease pressure curves (AUDPCSs) ffwur replications of both non-grafted and self

grafted plots over multiple time intervals. Mean bacterial wilt incidence of ten tomato genotypes for A) negrafted
treatments and C) seHlgrafted treatments (Note: Selgrafted N/A series had no plots due tgrafting failure for
79980) .
35, and 35 to 91 days after planting (dap) of B) negrafted plots and D) selfgrafted plots. Error bars within
LSMean AUDPC (B and D) are 95% confidence intervals for comparison withireachseries, and genotypes with
same letters (D) are not significantly differentwithin each series
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Figure 2.2. Correlation analysis for bacterial wilt in Jackson Co. 2013 Study

Jackson Co. 2013 field study correlation analyses for bacterial wilRalstonia solanacearumarea under disease
progress curves (AUDPCs) calculated from diseasecidence per plot. Pearson correlations for comparison of three
different daily AUDPC scores: 691, 035, and 3591 days after planting (A, B, and C). Lines depict range of 95%
prediction interval. D) Summary table of each AUDPC interval correlation forPearson and Spearman calculation
methods and statistical significance level. A, B, and C related to the respective charts in this panel. For each
comparison, n = 72 plots.
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Figure 2.3. Bacterial wilt in Jackson Co. 2013 studyssessed over three time intervals.

The Jackson Co. 2013 study of bacterial wiltRalstonia solanacearumleast squares mean (LSMean) daily area

under disease pressure curves (AUDPCs) for four replications of ten tomato genotypes. Daily LSMean AUDPC

values comparing three calculation interval series: 0 to 91, 0 to 35, and 35 to 91 days after planting (dap). Error bars

are 95% confidence intervals for comparison within series. Both-91 dap and 3591 dap series showed no significant

differences between gertgpes within the respective series, and genotypes with same letters feBB dap are not
significantly different, based upon Tukeybs mean compari so
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Figure 2.4. Comparison ofthe effect of grafting on genotypes in Jackson Co. 2013 study.

The Jackson Co. 2013 study of bacterial wiltRalstonia solanacearumleast squares mean (LSMean) daily area

under disease pressure curves (AUDPCs) for four replications of ten tomato genotypes dbservation period of 3-35

days after planting (dap). Daily LSMean AUDPC values for each negrafted and selfgrafted genotype are

compared. Error bars are 95% confidence intervals for comparison within series. Columns with the same height

solid line under the horizontal scale are not significantly different (dashed line represents excluded columns), based
upon Tukeyb6s mean comparison test (U = 0.05). O6Hawai

grafted plants in healing process, mad is marked with N/A.
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Figure 2.5. Bacterial wilt incidence in thevinter 20132014 greenhouse study

Greenhouse 20134 study of bacterial wilt incidence Ralstonia solanacearum(Rs) in eleven tomato genotypes and
two geographtally distinct tomato Rs isolates with three replications per isolate. Each series represettis total
incidence of foliar wilting for both Rs isolates and all replications.
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Figure 2.6. Overall bacterial wiltincidence inthe greenhouse study highlightinghe effect of cold shock stress

Disease incidence of bacterial wiltRalstonia solanacearuinasmodulated by mid-experiment low temperature stock
stress to greenhouse tomatgeThe experiment wasperformed in a heated glasshouse from Dec., 2013 to Feb. 2014. 8
weekold tomato plants (mixedgenotype$ were inoculated with 10 mL of 3.05 x 109 cfu/mL of isolate Jc or 1.90 x 109
cfu/mL of isolate P. Due to severe cold weather event, temperatures inside greenhousgpged to low of 8.9 oC two
nights in a row (21-22 dpi). Visible low temperature stress symptoms observed on 23 dpi, b plants recovered.
Plants were scored for wilt severity using a-® scale, with 0 being healthy and 5 being permanently wilted and
decaying. Vertical bars denote fertilization event (1/2 label rate; 2@0-20) and date of observed low temperature
stress symptoms. Diamonds represetthe percent wilt of all inoculated plants (n = 132) at each observation time

point where severity score > OTriangles representthe percent of inoculated plants that have reached severity score
of 4 or 5, which is defined as having reached permanent wilting point. Circles represeitite percent of plants with
scores > 0 at each time point, given the previous qied score = 0. Dashed line representhe percent of plants with
scores = 0, given the previous period score > 0. Brackets dentite similarity of range between inoculation and low
temperature stress events with beginning of new phase of wilt incidena®) First consistent period of increase in
wilting incidence followed bya plateau of no new wilting; the first epidemic phase. B) Second consistent period of
increase in wilting incidence followed bya plateau of no new wilting;the second epidemic phase&Second phase is
comprised of moderately to highly resistant lines.
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Figure 2.7. Representative bacterial wilt progression affected by cold shock stress.

Progression of bacterial wilt (Ralstonia solanacearum(Rs) mean disease inderepresentative of three patterns
modulated by temperature. Plants were scored for wilt severity using &b scale, with 0 being healthy and 5 being
permanently wilted and decaying, and disease index was calculated for each. Mean disease index lines septehe
mean of three replications. Each line represents the mean disease index of each genotype within Rs isolate treatment
over time. For sake of clarity, standard error bars not included but have significant overlap between Jc and P

isolates of each geotype. Vertical bar represents date of observed low temperature stress symptoms.
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Figure 2.8. Genotype resistance to bacterial wilt ihe greenhousestudy assessed over two time intervals.

The greenhouse 20134 study ofbacterial wilt (Ralstonia solanacearumleast squares mean (LSMean) daily area
under disease pressure curves (AUDPCs) for three replications comparing eleven tomato genotypes. Daily LSMean
AUDPC values for total observation period of 0 to 42 and period df to 21 days post inoculation (dpi). LSMean
separation of mean daily AUDPCs for A) total period and B) O to 21 dpi by genotype. Columns with the same height
solid line are not significantly different (dashed line represents excluded columns), based uponkle y 6 s me an
comparison test (U = 0.05).
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Figure 2.9. Genotype resistance to two contrasting isolatefafstonia solanacearunmn the greenhouse study.

The greenhouse 20134 study of bacterial wilt (Ralstonia solanacearun(Rs) least squares mean (LSMean) daily

area under disease pressure curves (AUDPCs) for three replications comparing eleven tomato genotypes within two
Rs isolates from tomato; Jc and P were collected from stems of wilting plants from Jackson County and Pender
County, NC, respectively. Species was determined by colony morphology on sesslective media and Rspecific
ELISA. Daily LSMean AUDPC values for total observation period of 0 to 42 days post inoculation (dpi). Columns
with the same height solid line are npsignificantly different (dashed line represents excluded columns), based upon
Tukeyds mean comparison test (U = 0.05).

115



100% Distribution of Conditional Residuals for AUDPC_total

. DP106 @90
90% ® 108
ChGng
80% 21 I
- HI7998
@ 0%
< HI7997
=] 14
9 6%
= BHN998
c . -
g o u CRAG6 E
Ee FELE hd
o 40% W BHN1054 =
=
B a0y WBHN1053
a
44
20% B Maxi
Lo mDP105 T
mFL47 29
0% se
0 1 2 3 4 5 T T T T T T T T T T T
Scale of Stem Vascular Browning (1.27 cm above crown) oo e s 8 ) o s
genotype:

Distribution of stemhealthbot by genotype Distribution of Conditional Residuals for AUDPC_total
T T ‘
44 " -
39 L gl
u 09
24

N

stemhealthbot

Residual

genotype genotype?

Figure 2.10. Assessment of vascular browning @matostems inthe greenhouse study.

The greenhouse 20134 study analyse of endof-study vascular browning scores in tomato genotypes inoculated

with bacterial wilt ( Ralstonia solanacearum(Rs). Plant stem crossections were rated for amount of vascular

browning at 1.27 cm above soil lin@ising a 0 to 5 severity scale, where 0 = no visible vascular browning and 5 = stem
dead and hollow. Rs presence in stems were confirmed by blotting cressctioned stems on sersielective media,
assessing for growth of Rs on media, and periodic Rpecific ELISA.i Genot ype 20 axies are BW resi
of the study genotypes based upon previous LSMean AUDPC, where 1 is most susceptible and 11 is least susceptible.
A) Distribution area of vascular browning scores within each genotype as a function okepcentage of total scores (n =
132). B) Boxand-whisker plots showing distribution of vascular browning (stemhealthbot) by genotype. Diamonds
within boxes represent mean of scores by genotype. C) Bard-whisker plots depicting distributions of mixed model
analysis of variance predicting total period daily area under disease pressure curves (AUDPCs) grouped by genotype
and sorted by largest least squares mean (LSMean) (1) to smallest (11). Scale of residual is standard deviations from
the mean (diamonds wihin boxes). D) Same model residual outputs as C, but after inclusion of vascular browning
scores nested within genotype. Red dots (C and D) are considered by model as outlier values, which are identified.
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Figure 2.11. Assessment of stem vascular browning for prediction of foliar wilting lengtype inthe greenhousestudy.
The greenhouse 20134 study regression analysis of endf-study vascular browning scores in tomato genotypes
inoculated with bacterial wilt ( Ralstonia solanacearum(Rs) to predict daily area under disease pressure curve
(AUDPC) values from observed leaf wilting over period of 1 to 42 days post inoculation (dpi), grouped by genotype.
Plant stem crosssections were rated foamount of vascular browning at 1.27 cm above soil line usinga 0 to 5
severity scale, where 0 = no visible vascular browning and 5 = stem dead and hollow. Rs presence in stems were
confirmed by blotting crosssectioned stems on senrsielective media, asssing for growth of Rs on media, and
periodic Rs-specific ELISA. AUDPC values were calculated from foliar wilting severity scale of 0 to 5, where 0 =
healthy; no wilt and 5 = whole planting wilting, drying, and decaying. Vascular browning scores (stemhehlot)
regression predictions grouped by genotype of A) daily AUDPC values and B) mixed model analysis of variance
predictions. C) Distribution of mean vascular browning indexes and index standard deviations when genotypes are
sorted largest to smallest byheir respective LSMean daily AUDPC values. Error bars are standard deviations
between three replications. D) Distribution of mixed model slope coefficients for each genotype regression equation
using of vascular browning to predict daily AUDPC. Error bars are model root mean square errors for each slope.
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CHAPTER 3: MICROBE -ASSOCIATED MOLECULAR PATTERN TRIGGERED

IMMUNITY AND ITS RELATIONSHIP TO BACTERIAL WILT OF TOMATO

Abstract

The plant immune systemascomplex series of dynamic interactions analogous of an
arms race between host pattern recognition receptors (PRRs) detecting conserved
microbe/pathogefassociated molecular patterns (MAMPs/PAMPS), pathogen avoidance of
PRR detection, pathoggroduced #ectors for disruption of hoshachinery and signaling
mechaisms, and host MAMPand effectoitriggered immunity responses (MTI and ETI,
respectively. The economically important tomatS8dlanum lycopersicuin.) is attacked by
the soitborne bacterial ghogenRalstonia solanacearuifiRs), causing bacterial wilt (BW)
once host roots and vasculature are penetrated and colonized. During BW pathogenesis,
increases in reactive oxygen species (ROS) production is observed, which may be related to
the similarly dserved rise of ROS production upon MAMP detection in platase,
MAMPs were usedo artificially stimulate ROS production in tomato leaf disks, which was
measured by a luminol and peroxiddmsesed assay, in order to investigate the relationships
betweerMTI-related ROS production and resistance to BW of tonfdteROS responses
in eleven tomato genotypes in field and greenhouse conditierescharacterized
investigating the specific effects of genotype, gtabe, and inoculation with two North
Carolna tomato isolates of Rs on production curve magnitude and spread over time when
elicited by four MAMP peptides, including the Rpecific conserved sequence of the

bacterial flagellin (Rs Flg22Additionally, these resultarere compared witthe BW
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resstance levels of the genotypes in each stlidyas observed #ithe ROS curve
characteristics varied significantly between tomato genotypes, that the presence of a healed
graft wound significantly increased peak magnitude, and that inoculation wititciRased

ROS uniformity between genotypes and drastically modulated curve peak time, duration, and
total ROS productiorAdditionally, elicitation with a transpositional mutant form of the

general flagellin sequence (Pa Flg22) was still able to elicit RO&uction comparatively to
another conserved flagellin region (FIg8) and cold shock protein (Csp22). Finaityas
observedhat tomato genotype resistance to BW is not related to ROS stimulation with any
of the four MAMPs tested, and that Rs Flg22ssentially not detected by eleven genotypes

of tomato. This work is the firstrepdrto t h e a ut hiovestgatingkMilbelatece d g e
ROS production curve characterization and modulations by genotype, grafting, and
inoculation with Rs, providing fowdational information and research questions for future

investigations.

3.1: Introduction

Plants have a complex system of extnad intercellular receptor channels for the
detection of microbial, damagelated, and self/neself componentéBoller and Felix,
2009) Plant detection of microbes occurs through the interaction of specific host pattern
recognition receptors (PRRs) with microbial components known as microbe/pathogen
associated molecular patterns (MAMPAMPS), which are generally conserved among
microbial species and critical for fithe@oller and Felix, 2009; Postel and Kemmerling,

2009) MAMPs were first discovered in investigatiorfshostpathogen interactions, but are
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now considered to be a firBhe detection of any microb@ance et al., 200OMAMPs have
been identified in fungi, yeast, oomycetes, brown algae, and both gram positive ativeneg
bacteria, some of which are recognized by many plant families and others only by a few
(Postel and Kemmerling, 2003 ost detection of MAMPs leads to signaling cascades that
transitorily adapt plant phenotgp to cope with the presence of the microbe, causing
immunity to colonization, which has become known as MAM&gered immunity (MTI;

also PTl is an older ternfMonaghan and Zipfel, 2012J his system of perception forms the
broadspectrum foundation of the plant immune system, which has shown many similarities
to innate immunity in animals, however the plant immune system is not adaptive and is not
based upon specialized immune cellsnaanimals(Jones and Dangl, 2006; Monaghan and
Zipfel, 2012; Postel and Kemmerling, 2009; Vance et al., 2@&)pled with MTI is the
presece of another layer of the plant immune system that leads to host immunity. This layer
involves specific detectors for the presence, or effects, of specific miprotdaced

components intended to aid in host colonization (effectors), becoming knoweesreff
triggered immunity (ETI(Dangl and Jones, 2001; Jones and Dangl, 2006; Monaghan and
Zipfel, 2012) The degree of receptor and signaling cascade overtapd® MTIl and ETI is

not well understood, leading some to suggest they may or may not be separate(Spstesns
and Dangl, 2006; Thomma et al., 201Cpmbined, MTI and ETI provideraulti-layed

system of defense responseminst invadingnicrobes. The ability of an organism to evade,
survive, or suppress these systems is what determines if it can be a successful plant pathogen
or not(Jones and Dangl, 2006; Zipfel and Robatzek, 2(R&haps th best evidence fahe

importance of MTI to plant immune responses is the fact that pathogenic microbes must
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targetand disrupthe hostPRRs otthe downstreansignalingcomponats of MTI in order to
be fully virulent(Gohre and Robatzek, 2008; Hann et al., 2010)

Although many of the components and interactions of these signaling cascades
remain unclear, many PRRs involivin the initial detection have been characteri&auller
and Felix, 2009; Zipfel and Robatzek, 2018)imulation of PRRs is associated with many
biochemical and transcriptional changes, siech ransitory burst of reactive oxygen species
(ROS) that includes hydrogen peroxide@) (Nicaise et al., 2009; Sharma et al., 2012;
Tena et al., 2011ROS are prduced by normal plant metabolic processes, but are
excessively produced under various environmental stress conditions, including pathogen
colonization(Bailey-Serres and Mittler, 2; Sharma et al., 2012n fact, MAMP-induced
ROS production is a characteristic response aspect of Bbller and Felix, 2009)ROS can
be quite damaging to cellular components, thus plants and microbes@ROS
scavenging antioxidant compounds and enzymes, including peroxidase in plants, to mitigate
cellular damage. ROS production in plants is used for direct defense against invading
microbes and as signals for plant processes such as response to esntiabstimuli,
growth, and programmed cell death. A key aspect of this system is the balance between
production of these toxic compounds and mitigation akiBgiley-Serres and Miler, 2006;
Sharma et al., 2012)

The first bacterial MAMP identified as a trigger of plant MTI was bacterial flagellin,
a key component of swimming motility. A small,-agnino acid Nterminal region of the
protein was identified as a major elicitdrwhat is now known as MTI, and that it is

conserved across madiversespecies of bacterigelix et al., 1999)The sequence from
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Pseudomonas aeruginobas become known as Flg22, and was shown to elicit broad
spectrum resistance to bd®seudomonas syringg®. TomatoDC3000 andBotrytis cinerea
(Zipfel, 2009) Since then, other bacterial MAMPs have been discoverddding a 22
amino acid RNAbinding region of bacterial cold shock protein (Csp@2)ix and Boller,
2003)and another portion of the bacterial flagellin Rseudomonas syringge. tomatonot
far from Flg22 that i28-amino acids long (FIgi28) (Cai et al., 2011)

Further investigation of FIg22 demonstrated that it was detec#mdopsisby the
membranespanning FLAGELLIN SENSING Il (FLS2) protein, which was charazestiby
havingaleaucinerich repeat domain and receptor kinase actii@yinchilla et al., 2006)
FLS2 is expresseid plantain places of common bacterial entrance in shoots and roots, such
as stomatal opengs, hydathodes, and lateral ro@eck et al., 2014)Homologs of FLS2
have been discovered in toma&o(anum lycopersicuniRobatzek et al., 2007and other
speciegBoller and Felix, 2009and the interaction of FIg22 and FLS2 show some distinct
differences between tomato afAthbidopsis Additionally, mutations in key positions of
Flg22 are known to effect plant perceptioastically(Felix et al., 1999)Mutations in key
positions of Csp22 are also known to have this effeslix and Boller, 2003)FIgll-28 is
detected by some Solanaceous species, but nataiydopsis unless mutations alter the
sequencé€Clarke et al., 2013)Additionally, FLS2, which detects FIg22, is not the receptor
for FIgll-28, sincgomato plants with that gene silenced have an unaltered response, and
Nicotiana benthamiantansformed with FLS2 does not gain detection abalftilgll-28
(Clarke et al., 2013)Csp22 detection is only known toooe in some Solanaceous species

thus far including tomatdFelix and Boller, 2003; Postel and Kemmerling, 2009)
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The studies on bacterial MAMPs have been performed in relation to several mhporta
foliar bacterial pathogens of tomato and other crop species, namely the Pseudomonades and
the Xathomonade<ai et al., 2011; Clarke et al., 2013; Felix et al., 1988)sbnia
solanacearunsmith (Rs) is a sciborne bacterial pathogen of tomato, and was classified as a
Pseudomonad for many decatbe$ore being reclassified into a new gef@enin and
Denny, 2012; Remenant et al., 2010; Schell, 2000; Smith, 1B86% the causal agent of
bacterial wilt (BW) of tomato, a devastating disease not only of tomato, but over 200 plant
species in over 50 different plant faresiin tropical to warm temperate regions with high
rainfall (Buddenhagen and Kelman, 1964; Hartraad Elphinstone, 1994; Hayward, 1964;
Hayward, 1991; Moorman, 2014; Olson, 2Q@acterial wilt invades host through wounds
and openings in the roots around sites of secondary root emergence, calenimest
vasculature, and produces large amoohextracellular polysaccharides, leading to
permanent wilhg of the hos{Schell, 2000) Tomato resistance to BW quantitative and
polygenic with general and straigpecific quantitative trait loci for resistaniceown
(Acosta et al., 1964; Carmeille et al., 2006; Jyothi et al., 2012; Lebeau et al., 2011; Mangin et
al., 1999; Sharma et al., 2006; Thoquet et al., 1996a; Thoquet et al., 1996b; Wang et al.,
1996; Wang et al., 2000; Wang et al., 20EBeeding for larg-fruited tomato varieties with
resistance to BW has proved essentially unfruitful over the last several decades due to tight
genetic associations between small fruit size and resist8oo# et al., 2005)Graftingof
BW susceptible largéuited tomato varieties onto BW resistant rootstocks has emerged as a
viable management strategy for BW infested fields, especially in the Southeastern USA

where freshmarket production of largkuited tomatovarieties predominas(Freeman et
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al., 2011; Louws et al., 2010; McAvoy et al., 2012; Rivard et al., 2012; Rivard and Louws,
2008)

Twitching and swimmmg motility has been demonstrated to be critical for Rs
virulence via natural root penetratidoyt not for direct inoculation of tomato sterg&chell,
2000; TansKersten et al., 2001¥suggesng that it plays an important role prior to stem
penetration when the bacteria are moving through root tissues in low concentrations. Stem
penetration anglascularcolonization generally occurs about 4 to 5 days post inoculation
(Schell, 2000)Additionally, it is known that Rs encounters a R@$ environment during
invasion of the planiColburnClifford and Allen, 2010; ColburClifford et al., 2010;
FloresCruz and Allen, 2009; FloreSruz and Allen, 2011)and that tomato produces ROS
upon inoculation with Rd@shihara et al., 2012; Mandal et al., 201Additionally, boiled
extracts of Rs have been shown to stimulate host defenses in a protective manner, and that
the primary eliciting factor il\rabidopsisis a proteinacous compound, reported as between
5t0 10 kDa(Pfund et al., 20049r > 10 kDa(Takabatake and Mukaihara, 2011)

The Rsspecific epitope of FIg22 was characterizexin strain K60and compared to
the effects thatdiled extracts of Rs and Rs aflagellate mutants hafrabidopsisseedling
growth(Pfund et al., 2004)t wasconcluded thathe Rs-specificflagellin was not the major
defenseeliciting factor detected b&rabidopsisor Nicotiana benthamianasince treatments
with it did not lead to restricted seedling growtlis was surprising since flagellin from a
wide range of bacterial species had been implicated as the major elicitor of the oxidative
burst(Felix et al., 1999)to which the researchers noted that the differences in recognition

systems betweeftrabidopsisand tomato, as well as the medium of detection assessment
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(seeding growth vs. cell culture ROS productjomay be responsible for this discrepancy of

results, since the authors did not test tomato in their YRitknd et al., 2004)As previously

noted, differences in flagellin perception are now known between Arabidastsraato

(Clarke et al., 2013among other characterized MAMRPRostel and Kemmerling, 2009)
Therefore] set out to test a variety of tomato genotypes with varying l@fels

resistance to BW for the ability to detect thedpecific FIg22 (Rs Flg22) peptide sequence

by measuring the associated oxidative burst. As previously demongfatedet al., 1999)

stimulating tomato leaf diskaith the conserved region of bacterial flagellin triggers a burst

of ROS that can be quantified using a luminescence assay with luminol and peroxidase from

Horseradish (HRP). Thukset out to characterize this oxidative burst in tomato elicited by

Rs Fh22, FIglt28, Csp22, and a mutant form of FIg22 (Pa Flg22). Along with khednted

to assess the diversity of response in multiple tomato varieties in multiple growing conditions

in the presence of BW pressure to assess the potential of usingeMEtd ROS assessment

to facilitate advanced screening and selection of bacterial wilt resistant varieties in the

breeding pipeline. Within this objectivieywanted to compare ROS production variation

before and after inoculation with two geographically dedtiC isolates of Rs. Additionally,

| assessed the effect that a healed graft wound would have on the production of ROS in

tomato.

3.2: Materials and Methods
Tomato plants from the same field and greenhouse studies described in Chapter 2

were used in this work. Briefly, one commonly used ldrgged commercial variety with
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known susceptibility to BW (6Floridae 476) an
sources were assessed for resistance to BW and for variation in ROS production when
stimulated by four different MAMP peptides. BW resistance variation is reported in Chapter
2.
The field study was performed during the summer of 2013 in a Western INC fie
under natural inoculum pressure from the endemic population of Rs (source of Rs tomato
isolate Jc). Study plants were transplantetthédield on June 28. Due to seed source
problems at the time, OBHN998adandsalfgrafedt i ncl u
treatments werassessed in a nested splivt block design with four replications where
grafttype was nested as blocks within genotype plots. Due to unexpected losses during the
grafting process, noseffr af t ed OHawai i 9&® 97160 doted, saHraev ap li 7
nongrafted plots. Thergfting process and BW assessment methodologies are previously
described in Chapter 2.
The greenhouse study was performed during the winter of 20113 a heated
glasshouse environment with plants potie 24-cell plastic trays in sciless media. All
eleven genotypes were assessed in a randomaregdleteblock design with three
replications by two NC Rs isolates from tomato (Jc and B)eddocking factos. Atrtificial
inoculation using the root cand soil drench method was performed. Rs isolate information,
as well as BWnoculation andassessment methodologies are previously described in Chapter

2.

126



3.2.1: MAMP Assay Design

For the Jackson Co. field study, two plants from the middle of each plot were
sampled during the day, and two leaf disks were taken from each plant per plate. All nested
plots were sampled. One peptide was applied per plate, and identical plates fapsigeh p
were sampled concurrently. Four wells were left blank as a no tissue control. First sampling
of study plants occurred 243 days after planting (dap) and second sampling occurr&d 29
dap. Due to disease concerns stated in Chaptiee 2econd peod of sampling was
disrupted]eaving an incomplete datas@&hus, theifst periodof sampling only is reported

Similarly for the greenhouse study, two leaf disks were cut from each plant in the
study, with one peptidieeatmentper plate. All replicatns were sampled, includitige
negative control. Four wells were left blaals beforeas no tissue controls. Thest
sampling of plants occurred@days before inoculation, and second sampling occurfed 1
days post inoculation (dpi). Both periode aeported here.

Four short peptide sequences previously identified as MAMPs were synthesized
(EZBiolabs, Carmel, IN) and their ability to elitic ROS production was tested: Cold shock
protein (Csp22), 22and 28amino acid lengths of bacterial flagellimim Pseudomonas
aeruginosaPa Flg22 and FIgi£8), and bacterial flagellin frofRalstonia solanacearum
(Table3.1). The Pa Flg22 sequence used was a mutant epitope from what is commonly used
(Felix et al., 1999)where ke first 6 amino acids on the-tdrminus were translocated to the

C-terminus, retaining their internal order and orientation.
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3.2.2: MAMP Assay Protocol

In order to quantify MTI in each tomato genotypartificially stimulated and
measured the burst bkO, from tomato leaf disks using a luminol and HRP luminescence
reaction adapted from previous studieslix et al., 1999; Keppler et al., 1989; Llogtlal.,
2014; Veluchamy et al., 2014) mm round leaf disks were cut from the second or third leaf
from the apical meristem and placed rigideup in white, 9éwell plates (Lumitrac 200; 96
well plates with 392 uL total well volume; Greirgliyle with flat bottoms and chimney well;
Phenix Research Produc@andler, NG filled with 200 uL dBO; one leaf disk per well.
Leaflet midveins were purposefully avoided, and sampling pattern preferred apical leaflet.
Once plates were filled, they were covevath aluminum wrap and incubated for-28
hours at room temperature.

After theincubationperiod thewater was removed by pipette and 100 uL of reaction
mix was added. Each reaction mix was mg@dm frozen aliquots of each component stored
in -20°C immediately prior to application. 24 uL of 17 ug/uL luminol (SigAddrich, no.
A8511; dissolved in DMSO), 24 ul of 10 ug/uL HRP (Type-X] SigmaAldrich, no.P6782
dissolved in di20), and 12 uL of MAMP peptide (Synthesized by EZBiolab; dissolved in
dH,0O) were pipetted into 12 mL of @B in a lightproof tube and mixed by rapid inversion.
MAMP peptide aliquot concentrations were either 100 nM (R2§ll Pa Flg22, anBs
Flg22) or 500 nM (Csp22) for final reaction concentrations of 0.1 and 0.5 nM, respectively.
The eaction mix was prepared under low, indirect lighting sino@rol is light sensitive,
and applied to each well either by midtiannel pipette (Jackson Gdudy) or by automatic

injection (greenhouse study). The platas then placed intineluminometer. Luminescence
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was immediately measured by either a GloMax 96 Microplate Luminometer (Promega,
Madison, WI; used for Jackson Co. 2013 field samples) gnar§y2 Multrmode
Microplate Reader (Biotek, Winooski, VT, with automatic injection system; used for
greenhouse 20184 samples). Measurements of relative light output (RLUs) were taken

every two minutes for 31 cycles (Synergy2) or every four minutesSaycles (GloMax).

3.2.3: Data Analyses

Data was processed using Excel 2007 (Microsoft, Redmond, WA) and SAS version
9.4 (2013) (SAS, Cary, NC). Background luminescence was calculated from blank wells and
removed from final values. Any well that exhilditeo reaction (No distinct pattern compared
to background luminescence) was considered a null reaction and not included in plant
averages. Mean RLU progression over time was used to assess modulations of curve patterns
(peak height, peak time, curve shabg)genotype, treatments (gra§e or Rs isolate), and
sampling times. Total, average, and maximum RLU values were calculated for statistical
comparisons.

For the Jackson Co. study, nested plot averages were used for comparison, and were
calculated as #thmean of the two plants, generating 72 average plot data series per peptide
for statistical comparisons. Two plot values were excluded from analyses due to being
extreme outliers. For the greenhouse study, genotype averages per plant were used,
calculatedas the mean of the two plants, generating 154 plant data series per peptide. Two

plant values were removed from analyses due to being extreme outliers.
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Statistical comparisons were made using Pearson Correlation (r) and general linear
models. The same geral linear models used in the field study in Chapter 2 to assess
variation of area under disease pressure curves were used to assess the variation of total and
maximum RLUSs. Similarly, for the greenhouse study total and maximum RLUSs, the Chapter
2 linearmodel was modified into a repeated measures ANOVA in order to compare the

variation of the two complete sampling events {Rred posinoculation).

3.3: Results

| set out to assess variationNtAMP -elicited ROS production fronbtomatoleaf
disks Overal, | foundthat elicitation with FIgH28 gave the strongest overall ROS
production in both studies, followed by Pa Flg22, then C¢pRRiIre3.3). Rs Flg22 peptide
elicitedlittle-to-no response in comparisdnterestingly, FIgh28 exhibited not only #n
largest overall maximum in both studies, but also elicited the slowest decline in ROS
production. The time from elicitation to the average curve maximum for each peptide in the
Jackson Co. field study was 16, 8, 8, andifutes post elicitatiofor Figll-28, Pa Flg22,
Csp22, and Rs Flg22, respectively. Peak time in the greenhouse study is discussed below.
Curve raw values are not comparable between studies because luminometers used for
measurements were not the same.

| assessed light output using thesparate metriéstotal, mean, and maximuimbut
found thatwithin each peptidgotal and mean RLU had a highly significant complete
correlation = 0.981.0 in every case; p < 0.0001 for all) with each other, whereas each to

maximum had aomewhatower, though still highly significant, correlation£ 0.7-0.9; p <
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0.0001) (Jackson Co. data shown as representative example) Aableoncluded that
total and average are redundant measures and total RLU was a more biologically meaningful
term.Thus, only total and maximum RLUSs are reported Heaso often found highly
significant (p < 0.001) correlations, albeit lower, within each metric between Csp22, Flgll
28, and Pa FIg22 in the greenhouse study (T&b)e and between Csp22 and FgB,
Csp22 and Pa Flg22, and FI@i8 and Rs FIg22 in the Jackson Co. study (Taulg
Significant correlations with Rs FIg22 were sporadic.

In each studyi, observed two plots (grlantg that were extreme outliers. The
greenhouse study outliers were subséd, being more than 80 standard deviations from the
mean of the rest of the plants. These were removed from the analyses. In the Jackson Co.
study, the outliers were still large (> 5 standard deviations away from the mean of the other
plots), but the déct of those outliers on the ANOVA models was presented for comparison
(Table32, AAI-QwWt ov)s.. IRt was observed that removal
the predictability of the model and the ability to detect significant variation. Spessfitts

are reporteutft@ormmdaély. t he i

3.3.1: Effects of Genotype on ROS Production

The effect of genotype was found to be a significant predictor of ROS for Csp22,
Flgll-28, and Pa FIg22 in both studies, and a significant predictor of R felg22 in the
greenhouse study only (Tabl@é2 and3.3). Overall,l did observe a large amount of
variation within genotypes for MTilelated ROS productiofhat being the caskwasstill

able to observe significant differences between genogp@seatmentsn both studiesl
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observedthahes uscepti bl e contr ol (6Fl orida 4706) ge
peptides. In the Jackson Co. study (Figeife left) | observed thathe genotype comparisons
betweertotal and maximum RLUs were siliar within each peptidebut werenot identical
More reordering was present between peptides
0 ROF105T6 were high ROS producers, whereas O0F
79986 were | ow RO28pr odHaeoeai $. 7TRBO7O0FwWgs a hi
had a significantly higher maximum than the other genotypes. The rest of the genotypes were
not significantly diff er enldl06Td mareddachMax ihfeor.
were high ROS producersyéthe others were similar to each other. No differences were
observed for Rs FIg22.

The greenhouse study (FiguB2) exhibited similar trends as the Jackson Co. study,
and differences between genotypes were observed. For Csp22, no differences between
gerotypes were observed for total, but maximum did show significant differences, with
OMaxi f 004105T6GRSMd O6Hawaii 799806 being gener .
others were rather similar. For FIf18 , -04R@&T 6 and O Maxi fortdé wer e
hi gher ROS producers and t he0O440556, wéBEHN$ O 8 6
and ®ORBEIT6 were higher ROS producers, but wel
0Cheong Gangd04i106TO tlmacl|l t heé RISITg h e snificamla x i mum a
di fferent from all the other genotypes. For

ROS producers and were significantly differe
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3.3.2: Effects of Healed Graft Wound on ROS Production
In the Jackson Co. studyon and selgrafted blocksverenestedwithin genotype
plots | observed that ROS production wagnificantlymodulaed upwarddy the effect of
grafting for allpeptidesexcept FIgh28 (Table3.2). The effect was noticeably clearer after
theremoval of two extreme outliersobserved that grafting only increased the height of the
curve, but did not modulate either duration, peak time, or time of initiation (F3glraght
side; Figure8.4 and3.5). Significantincreassin ROS due to gréihg in both total and
maximum ROS productiowere also observed For Csp22,-044@BRA666, ORS

0 R DF106T dadthe greatest increases in total and maximum ROS production. For Flgll

28, the effect of grafting was not found to be statisticallyisipni c a n t . For Pa Flg
and ORIBSTO exhibit the most increase due to
ORSTIOMTd exhibited the greatest increase of |

3.3.3 Effects of Inoculation on ROS Production

In order toassess the effects of Rs inoculation on the curve characteristics of MAMP
triggered ROS productiothegreenhouse study plants were measured before and after the
inoculation event anBOS production values wecempared using repeated measures
ANOVA. | found that the effect of inoculation was a significant modulating factor of total
ROSproduction withall MAMPs exept Pa Flg22, and of maximum wii MAMPs except
Csp22 (Tabl&.3). The ANOVA prediction radels exhibited an overall decrease in
significanceand explanatory power post inoculation for maximum ROS produstitbrall

peptides, as well as footal ROS production when treated wighgll-28 and Rs Flg22.
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Curiously, Csp22 and Pa FIg22 total ROS production models increased in explanatory power
after inoculation. Genotype was found to be a significant between factor effect for both total
and maximum ROS in all four peptides, although genotype only modulated total ROS
productionfor FIgll-28, Pa Flg22, and Rs Flg22 between pred postinoculation. he
effect of inoculation was quite pronounced in the effect of genotype, where differences in
ROS were less apparent after inoculation, particularly for total production when elicited with
Flgll-28, Pa FIg22, and Rs FIg22 (Figu2). Total ROS productioaxhibited an overall
reduction after inoculation, but maximum ROS was unchanged or even enhanced.

| also observed that several characteristics of the ROS production curves were
modulated byheinoculation event (Figurd.6, A-D). Mean RLUover time curves for each
peptide showed that the pasbculation decay in ROS production ppstakwas faster,
curve peak became more pointed, antrzereached maximum sooner in time by about 2, 16,
and 8 minutesfter elicitationfor Csp22, FIgH28,and Pa FIg22, respectively. Rs Flg22
exhibited an overall flattening decrease of what little ROS production was observed prior to
inoculation. Overall, no affect by Rs isolate was observed, except in the interaction of plants
inoculated with isolate P, wheplants stimulated with FIgR8 saw a significant increase in
maximum ROS production (FiguB6, EF). These patterns remained consistent across

every genotype measured (Fig@r@).

3.3.4 Relationship between Bacterial Wilt Resistance and ROS
In order to determine the mionship between MTielated ROS productioand BW

resistance, total and maximum RLUSs for each peptide were compared with the area under
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disease pressure curvdwes (Chapter 2) for eaghiot (plant)from the respective studies.

No significant correlation was detected between any peptide at either sampling time with

foliar wilting from the greenhouse study (TaBlé). The saméack of correlatiorwas found

for every peptide in the Jackson Co. study. Additionally, comparisonsast R@S by

genotype within each peptide frequently found no significant differences between susceptible
control andgenotypes that expressed high BW resistaaltieough susceptible control was

generally always in the lower half tife means for ROS prodimt (Figures3.1 and3.2). In

fact, the highl y048065& epnnd bd Mdaxiifnerst @ R8dr e of
highest means in the Jackson Co. study (Figureand the greenhouse study (FigBi2),

respectively, whereas highly resistant lines wten found with low mean ROS.

3.4: Discussion andConclusions

| have investigated characteristics of the tomato production of ROS when leaf cores
are elicited by four MAMP peptides in eleven tomato genotypes with varying resistance
levels to BW in two contrasting environmentprovide foundational information on the
comparative behavior of Mirelated ROS production over time using several visual and
statistical metrics, demonstrating that tomato genotypes show significant variation in total
and maximum ROS production. This result is in agreement with other stathesring
levelsMTI-related RO$roductionin heirloom tomatoes arf8rassica rapgLloyd et al.,
2014; Veluchamy et al., 2014)observed significant correlations between the same
measures dlifferent peptides, along with some specific variation in perception of MAMP

peptides by genotype, suggesting that elicitation of a strong response to one peptide is likely
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to relate to a strong response in another, but should not be presumed. Thishe fist

reportto my knowledgeinvestigatingfactors modulatingiTI-related ROS production curve
characteristics in tomato plants. Other studies in humans and other animals have shown that
immunity-related ROS production is modulated by type and cdratgon of herbal plant
lysatesfMahomoodally et al., 2012ndSalmonellaserovargHe et al., 2012)An increase

in thiamine was found to stimulate host ROS production systnd help overcome
suppression ofrabidopsisROS response yclerotinia sclerotiorunfJun et al., 2013)n

citrus, elevated levels of oxidative stress were observed during soil flooding, and an
oxidative burst wasbserved upon drainageossain et al., 2009The timéine of ROS
production following leaf woundingn Medicago truncatuldSoares et al., 20119 not

consistent with whatobserved in the assay following MAMP stimulation, nor between
several days after inoculatioh should be noted that the study did not use MAMP

stimulation of ROS production nor was ROS assessed using a peroxidase reactionlmethod.
found that presenaa a graft wound is associated with increased levels of ROS production,
and that the inoculation process for BW (root cut and soil drench with high concentration of
bacterial suspension) appears to be responsible for dramatic changes in ROS prodikction pea
and longevitycharacteristicd also found thatreatments withRs isolats only affected

maximum ROS production when stimulated with g8 following inoculation. It would be
interesting to see if this pattern could be duplicated using a wider oaRgeraces and

localized strains, since such variation is known to affect host resistance levels
(Chandrashekara et al., 2012; Grimault and Prior, 1994b; Hayward, 1991; Kelman, 1953;

Naidoo et al., 2011; Scott et al., 2005; Zehr, 1970)
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The fact that Pa FIg22 had the second largest elicitation overall in both studies is
surprising, especially considering the substantial sequence changes compared to the
commonly used FIg22. Single amino acid changes in key positions were shown to
dramaticdly reduce or eliminate tomato perception of FIgE2Ilix et al., 1999)Yet, my
results would indicate that transposition of the first six amino acids, while retaining sequence
identityand orderdid not eliminate hogierception. This may indicate that amino acid
identity is more important to flagellin perception than specific positions within the conserved
region.

A confusing aspect of particularly the greenhouse experiment is the presence of
significant replicatioreffects in many of the peptide responses. Part of this pattern is likely
influenced by the sampling procedure, especially in the greenhouse. In order to facilitate
comparisons between each peptide, reaction plates for all four peptides were sampled in
pardlel, and due to the physical constraints of the assay, only one replication (Jc and P
treatments combined) could be sampled on the same day. Since it is not known what factors
may influence ROS production in this assay, it is possible thatoddgy varations in
temperature, light intensity, humidity, etc. may play a modulating role in preconditioning
tomato ROS production systems. Predisposing environmental effects on plant host responses
are not unreasonable, and are known to occur in even soraeatasjen interactions
(Foster and Walker, 1947; Gallegly and Walker, 1949; Kendrick and Walker,. 19&i@)I
have provided evidence that simply the presence of achgedét wound appears to
precondition or fAprimeo plant systems to pro

perspective, the ability of other chemistries and everpabhogenic microorganisms to
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precondition host resistance responses to Rs is becevelhdocumente@Algam etal.,

2013; Diogo and Wydra, 2007; Ghareeb et al., 2011a; Ghareeb et al., 2011b; Hyakumachi et

al., 2013; Kiirika and Wydra, 2012; Kiirika et al., 2013; Takahashi et al., 2014; Yi et al.,

2008) It would be very interesting to compare the effects ofdlsystems and chemistries

on this MTtrelated oxidative burst with these MAMP peptides to assess the effects on curve

magnitude, peak time, endurance, etcl,lzsve done here with grafting and inoculation.
Previous studies have demonstrated that a confieaduare related to stimulation with

MAMPs is a rapid burst of RO@Boller and Felix, 2009; Cai et al., 201%kl# et al., 1999;

Felix and Boller, 2003; Lloyd et al., 2014; Veluchamy et al., 20i4ield and greenhouse

studies] confirmed this phenomenon for Csp22, FHg8, and Pa FIg22 in eleven tomato

genotypes with a range of characteristics and gebatikgrounds, but not for Rs Flg22.

Although a small amount of ROS production was observed in some tomato genotypes

elicited by Rs Flg22n the greenhouse, the patterns were not confirmed in the field study.

Additionally, the patterns and magnitude of theponse were not comparatdesither Pa

Flg22 or FIgIt28. These results, along with the highly irregular pattern of elicitation between

studies and genotypeaehighly suggestive that the Rpecificconserved region of the

bacterial flagellin is noan effective elicitor otherapid transienROSproductionin tomato.

This may be due to anability of tomato todetect the Rs epitope of the conserved region of

bacterial flagellin or thatanysuchdetectionis not with PRRs that effectiwektimulae a

rapid burst of ROS productioin view of other work done with the RBpecific flagellin in

ArabidopsisandNicotiana benthamianéPfund et al., 2004; Takabatake and Mukaihara,

2011) and in Ight of the knowledge that flagellin perception occurs in other species of
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Solanaceae and Brassicacédeyd et al., 2014; Postel and Kemmerling, 2Q08Y results
reinforce the hypothesisat the amino acid sequence differences found in thepBdfic

flagellin molecule may be a key factor allowing Rs to infect such a wide range of hosts. It is
well supported that hosts detect Rs, produce an oxidative burst with ROS, and that Rs has
severamechanisms to defend itself from ROS dam@yewn and Allen, 2004; Colbufn
Clifford et al., 2010; Flore€ruz and Allen, 2009; FloreSruz and Allen, 2011; Jacobs,

2013; Kiba et al., 2003; Milling et al., 2011; Nazeem et al., 2011; Yim et al., 201t3})

does not ppear to be related to detection of bacterial flagellin in either tomato or
Arabidopsig(Pfund et al., 2004 suggesting that part of the reason Rs may be such an
effective pathogen is not simply due to the ability to suppress host defenses with effectors,
but also avoidance of flagellin detection by host until it penetrates the xylem vessels, where it
then shed the flagellin and becomes ramotile (Schell, 2000; Tan&ersten et al., 2001)

The importance of this conclusion is amplified by the recent determination that plants
specifically positionte flagellindetecting PRR FLS2 in regions where bacterial pathogens
generally enter the hofBeck et al., 2014)

In assessing the relationship between MAM&uced ROS production and resistance
to BW, I wasunableto demonstrate a link between the two plant responses. The lack of
correlation betweeMTI-relatedROS production and foliar wilting would seem to indicate
that the early oxidative burst is not directly related to host resistance mecharhsisiIsROS
production, as stimulated by the MAMPs Csp22, FRfl Pa Flg22, and Rs Flg22, is not a
predictor of resistance to this pathogen. The relationship between stimulation of ROS by MTI

and BW disease resistance remains uncléas. lack of relationship is cunis, considering
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how well documented ROS production is for BW resistaasgreviously notedt may be

that the mechanisms involved in host resistareequally triggered by this initial burst of
ROS productionn resistant and susceptible genotypedhatthe defense signaling uses

other receptordetecting other elicitorand/oralternativesignaling pathwaysIhe still

unknown elicitor in boiled Rs extracts may provide the link of this relatior{§tiymd et al.,
2004; Takabatake and Mukaihara, 201fljvould be interesting to now assess this MTI
related ROS production system using the boiled extract of Rs and see if any significant
correlations are discoveret seemslear fromthesestudes howeverthatneitherflagellin

nor cold slock proteirelicitation of this rapid burst of ROS production in tomato is related to

BW resistasnce.
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CHAPTER 3: TABLES AND FIGURES

Table 31. MAMP peptide information.
Microbe-associated molecular pattern peptide sequences used for artificial stimulation of reactive oxygen species
production, along with relevant source information and sequence comparisonghe FlIg22 sequencas included to
highlight differences inthe mutant epitope Pa FIg22. e previously reportedFlagellin 22 consensusequence is
included for reference to denote highl ifi i

conserved regions where R. solanacearsp
|Length  |Protein Source |Organism Source

Cold Shock Protein (CYRjicrococcus lysodeikticus |Felix and Boller, 2003

Flagellin (FilC) Pseudomonas syringdel |Cai et al., 2011

Amino Acid Sequence
AVGTVKWFNAEKGFGHDEPD
ESTNILQRMRELAVQSRNBEHENSD

Csp22*
Flgll-28 *

Pa FIg22 ~|SRINSAKDDAAGL@RLSTG Flagellin (FilC) Pseudomonas aeruginosa |This study

Rs FIg22 |QRLSTGMRVNSAQDDAAAYASA Flagellin (FilC) Ralstonia solanacearuid60 |Pfund et al., 2004
Flg22 QRLSTGSRINSAKDDAAGLQIA Flagellin (FilC) Pseudomonas aeruginosa |Felix et al., 1999
Flagellin 23 H-lagellin (FilC) Eubacteria Felix et al., 1999

*At time of manuscript composition, sequence discrepancies at position 21 and 23 for Csp22 and Flgll-28 were discovered between source sequence
in this study, respectively. Bolded position used is a D and S; reported is G and A, for Csp22 and Flgll-28, respectively.

~Sequence used is a transpositon mutant epitope based on Felix et al., 1999. First six amino acids (Bold Italics) were transferred from the N-terminu
terminus, retaining internal order and orientation.

Table 32. Analysis of variance of MAMPellicited ROS production fromhe Jackson Co.study.

Combined results of ANOVAs predicting total and maximum relative light units (RLUS) stimulated by four separate
MAMP peptides for the Jackson Co. 2013 field study. RLU values are based upon photon messuents from 96

well plates filled with 2 mm leaf disks in the presence of luminol, horse radish peroxidase, and specific MAMP
peptide (Csp22, Flglt28, Pa FIg22, or Rs Flg22). Table values areyalues of each respective-fest, except for
adjusted R-square rows. Significance levels are noted based upon number of degrees of freedom (DF). Genotype is
comprised of 10 genotypes with varying levels of known resistance to bacterial wilt (BW), and grdffpe compares
non- and selfgrafted plants. Two plot meanswere identified as extreme outliers over multiple peptides, and were
removed from the analysis (BHN1054, seljraft, rep 3; CRA66, selfgraft, rep 4). Total all and Total i Out allow
comparison of models with or without these two plot outliers, respectivel
ANOVA P-values ~ Csp22

Model Effects Total All Total -Oul  Max All

Flgll-28
Total -Out  Max All

Max -Out  Total All Max -Out

Adjusted R-square

Genotype*Replication

Model Effects
Adjusted R-square

0.4779

0.1765 NS

Total All
0.6703

0.6270

0.0586 NS

Pa
Total -Oul
0.7038

0.3318

0.2848 Ng

0.6449

0.6067

0.0185 =

0.7317

Total All

0.4689

0.0557 NS

Rs Flg22

Total -Out
0.2289

0.5252

Model 0.0121 +| 0.0012 =| 0.0703Ng 0.0019 =| 0.0582Ng 0.0186 *| 0.0056 +| 0.0030 *
Genotype 0.0005+ | <.0001=| 0.0162 *[ <.0001=| 0.0121 [ 0.0025 =| 0.0006+| 0.0002+
Replication 0.5278 Ny 0.3404nNg 0.2862Ng 0.0666Nd 0.4449ng 0.0847ng 0.1827Ng 0.0414 +
Graft-Type(Genotype) 0.0217 +| 0.0134 +| 0.0700Ng 0.0139 #| 0.2775Ng 0.3647nNg 0.2140nNg 0.3111nNg

0.0164 *

Max All
0.3045

Model 0.0002+ | 0.0002+ | 0.0004~+ [ <.0001+| 0.2410Ng 0.1801ng 0.0904ng 0.0935n4
Genotype <.0001 | <.0001~ | <.0001= [ <.0001~| 0.0805Ng 0.2518ng 0.0125 *| 0.0604ng
Replication 0.0316 *| 0.0064 ~| 0.0061 =[ 0.0003| 0.4340Ng 0.2833ng 0.5734ng 0.5068 ng
Graft-Type(Genotype) 0.0070 =| 0.0174 +| 0.0038 =[ 0.0065 =| 0.0772ng 0.0359 *| 0.0582ng 0.0423 *
Genotype*Replication 0.0048 =| 0.0052 =| 0.0222 *| 0.0074 =] 0.6803ng 0.5324Ng 0.4285ng 0.4161 N

0.5826

0.0175 =

0.3173

Notes: ~ P-values calculated from model F-values. Adjusted R-square is actual value, not

*, ** s Gignificant at M = 0.05, 0.01, and 0.001, respectively. NS is not significant.
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Table 33. Analysis of variance of MAMPellicited ROS production fronthe greenhouse study.

Combined results of repeated measures ANOVAs predicting total and maximum relative light units (RLUS)
stimulated by four separate MAMP peptides forthe greenhouse study. RLU values are based upon photon
measurements from 96well plates filled with 2 mm leaf disks in the presence of luminol, horse radish peroxidase,
and specific MAMP peptide (Csp22, FIglt28, Pa FIg22, or Rs Flg22). Tablealues are pvalues of each respectiveF
test, except for adjusted Rsquare rows. Significance levels are noted based upon number of degrees of freedom (DF).
Genotype is comprised of 11 genotypes with varying levels of known resistance to bacterial wAYY), and treatment
compares blocking factor of two NC Rs isolates used for comparative inoculation. Two plant means were identified
as extreme outliers over multiple peptides, and were removed from the analysis (BHN1054, isolate Jc, rep 1, plant 2;
Hawaii 7998, isolate P, rep 1, plant 2 ). Total Pre and Total Post allow comparison of repeated measures outputs for
each peptide pre and postinoculation; respectively. - A - -

ANOVA P-values ~ Csp22 Flgll-28

Model Effects DF Total Pre Total Pos Max Pre Max Post Total Pre Total Post Max Pre Max Post
Adjusted R-square --1 0.1994 0.3054 0.3621 0.2706 0.3686 0.4561 0.4095 0.2200

Model 659 0.0548Ng 0.0064 *| 0.0014 ~| 0.0142 *| 0.0012 =| <.0001+| 0.0003*| 0.0384 *
Rs Isolate (Trt) 1] 0.8288Ng 0.6621ng 0.6182Ng 0.2332N9 0.9495nNg 0.1534nNg 0.5813ng  0.0021 =
Replication (Rep) 2| 0.0419+ | 0.0002= [ 0.052Ng 0.062N9 <.0001=+| 0.0002+| <.0001+* 0.018 =
Trt*Rep 2] 0.0861Nng 0.876Ng 0.0552ng 0.819Ng 0.3407Ng <.0001+| 0.2579Ng 0.1859 N
Genotype 10 0.0746Ng 0.0981 N9 <.0001+ | 0.0157 =] <.0001+ 0.319Ng <.0001=| 0.1111 N9
Trt*Genotype 10 0.2181ng 0.1381ng 0.0534nNg 0.5709Nng 0.9998ng 0.0012 = 0.998Ng  0.183 N9
Genotype*Rep(Trt) 40 0.1476ng 0.0277 | 0.1124ng 0.0174 =] 0.1219ng 0.0068 =| 0.1096Ng 0.2201 N

Pa Flg22 Rs Flg22

Model Effects DF Total Pre Total Pos Max Pre Max Post Total Pre Total Post Max Pre Max Post
Adjusted R-square --1 0.4538 0.3467 0.4826 0.1841 0.2494 0.1209 0.3041 0.0345

Model 69 <.0001+ | 0.0022 =| <.0001=| 0.0702ng 0.022 +*| 0.1677Ng 0.0066 =| 0.3923 NS
Rs Isolate (Trt) 1] 0.6891ng 0.198 N9 0.9388Nd 0.8359Nd 0.381ng 0.5277Ng 0.4157Ng 0.4765N{
Replication (Rep) 2| <.0001= | 0.0122 *| <.0001=| 0.0413 *| 0.4101ng 0.8821Nng 0.7397Ng 0.1169 NS
Trt*Rep 2| 0.5695ng 0.0338 *| 0.1424ng 0.0319 +| 0.024 *| 0.6256Ng 0.0105 *| 0.0464 *
Genotype 10 0.0054 =| 0.1525N9 <.0001= | 0.0992ngd 0.0015+| 0.0334 =| 0.0031 =| 0.3846 N{
Trt*Genotype 10 0.9358Ng 0.0148 +[ 0.9957nNg 0.5483Nn9 0.2736Ng 0.0027 | 0.0923Nng 0.1788 NS
Genotype*Rep(Trt) 401 0.6856 N9 0.0152 | 0.7711ng 0.1173ng 0.1852ng 0.864Ng 0.0465 | 0.7529 Ng

Repeated Measures Effects Csp22 = Csp22 Figll-28 Flgll-28 PaFlg22 PaFIg22 RsFlg22 RsFlg22
Between: DF Total Total Total Max Total Max

Rs Isolate (Trt) 1 0.6983Ng 0.2295Ng 0.3671Ng 0.3124Ng 0.8408ng 0.3281ng  0.262 Ns
Replication (Rep) 2] 0.0116 *| 0.212Nng 0.0074 =| 0.0002=+| <.0001~ [ 0.0101 *| 0.4589Ng 0.5176 NS
Trt*Rep 2] 0.1139ng 0.177nd 0.0247 [ 0.4113Nnd 0.8233Ng 0.2639ng 0.0351 *| 0.2866 Ng
Genotype 10| 0.0294 +| <.0001~+| 0.0043 =| <.0001~+| 0.0073 =| 0.0021 =| 0.0023 =| 0.0055 *
Trt*Genotype 101 0.3728Ng 0.134ngd 0.1968Ng 0.3368Ng 0.3792ng  0.8043Nng  0.181 NS 0.08 N

Genotype*Rep(Trt) 4(1 0.0639Ny 0.0177 +| 0.0441 =| 0.2665N4 0.3604Ny 0.2273Nng 0.1754nNg  0.393 Ng

Sampling Time 0.3686Ng <.0001=+| 0.0006~| 0.1025Ng <.0001=+| <.0001= [ <.0001+*
Time*Trt 1] 0.9862Ng 0.6533ng 0.4191ng 0.016 + 0.671ngd 0.8681N9 0.481Ng 0.8914 NS
Time*Rep 2| 0.0114 +*| 0.0174 *| <.0001= | 0.0066 =| <.0001= | <.0001#+| 0.4032Ng 0.2208 NS
Time*Trt*Rep 2] 0.1842nNg 0.2039Nng 0.0036 «| 0.104ng 0.0491 [ 0.0036 =| 0.0247 *| 0.0024 *
Time*Genotype 100 0.222 N9 0.1667Nd 0.0002+ [ 0.4833nNd 0.042 +| 0.1108nNg 0.0014 = 0.114 Nd
Time*Trt*Genotype 10 0.0898ng 0.2396Ng 0.3327nNg 0.3829Nd 0.4241ng 0.4927ny 0.2415Ng 0.1776 N

Time*Genotype*Rep(Trt) 40 0.1719ng 0.1151ng 0.0481 +| 0.1295Nnd 0.1991ng 0.154Nd 0.2695ng  0.107 Ng
Notes: ~ P-values calculated from model F-values. Adjusted R-square is actual value, not
*, *% %k Gignificant at h = 0.05, 0.01, and 0.001, respectively. NS is not significant.
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Table 34. Correlation analysis of ROS production comparing pél# in the Jackson Co. study.
Pearson correlations forthe Jackson Co. study relating tomato leaf disk production of reactive oxygen species (ROS)
curve characteristics (total, average, and maximum production) in all combinations. ROS was measured using a
luminol and peroxidasebased assay where tomato leaf diskgoduced ROS over time when elicited with one of four
peptides (Csp22, FIglt28, Pa Flg22, and Rs Flg22) and relative light output was measured every 4 minutes for 56
minutes. Significance levels are indicated.

Response Csp22_Csp22_ Csp22_Flgll_28 Flgll_28 Flgll_28 Pa_FIg22 Pa_Flg22 Pa_Flg22 Rs_Flg22 Rs_Flg22 Rs_Flg22

Csp22_Totall]
Csp22_Avgl
Csp22_max1
Flgll_28 Total
Flgll_28 Avg]
Flgll_28 max1
Pa_Flg22_Tota|
Pa_Flg22_Avg|
Pa_Flg22_max
Rs_Flg22_Tota|
Rs_Flg22_Avg|

Rs_Flg22_max

Totall

0.99999
NS
0.82504

ook

0.30642

s

0.32568

o

0.32106

o

0.46047]

0.50147

ook

0.37736
0.21371]
NS
0.21935
NS
0.31863

o

Avgl maxl Totall

0.99999

s

1

0.82415

ok

0.30516

*

0.32437

ok

0.31942

ok

0.46098

sk

0.50191

ook

0.37765
0.21419
NS
0.21982
NS
0.31909

ok

0.82504
0.82415
NS
1

0.40353

ok

0.42855

ok

0.51133

ok

0.25839

*

0.29853
0.22434
NS
0.07618
NS
0.08569
NS
0.15507

NS

0.30642

ok

0.30516

*

0.40353

ok

1

0.99488

ok

0.93752
0.12494
NS
0.16784
NS
0.08321
NS
0.24017

*

0.2429

*

0.28036

*

Avgl
0.32568

e

0.32437

x

0.42855

ok

0.99488

ok

1

0.93718
0.12831
NS
0.178
NS
0.08298
NS
0.24317

*

0.24995

*

0.28633

*

max1
0.32106

ok

0.31942

ok

0.51133

ok

0.93752

ok

0.93718

ok

1

0.08197
NS
0.12065
NS
0.07484
NS
0.11748
NS
0.12289
NS
0.17367
NS

Totall
0.46047

e

0.46098

e

0.25839
0.12494
NS
0.12831
NS
0.08197
NS
1

0.98724

ook

0.96819
0.16107
NS
0.16109
NS
0.15674

NS

Avgl
0.50147

e

0.50191

ok

0.29853
0.16784
NS
0.178
NS
0.12065
NS
0.98724

s

1

0.93425
0.18689
NS
0.19102
NS
0.18966
NS

max1
0.37736

ok

0.37765
0.22434
NS
0.08321
NS
0.08298
NS
0.07484
NS
0.96819

ook

0.93425

ok

1

0.07438
NS
0.07115
NS
0.06494
NS

Totall
0.21371
NS
0.21419
NS
0.07618
NS
0.24017

*

0.24317
0.11748
NS
0.16107
NS
0.18689
NS
0.07438
NS
1

0.99791

ok

0.95983

e

Avgl
0.21935
NS
0.21982
NS
0.08569
NS
0.2429

*

0.24995
0.12289
NS
0.16109
NS
0.19102
NS
0.07115
NS
0.99791

sk

1

0.95687

o

max1
0.31863

e

0.31909
0.15507
NS
0.28036

*

0.28633
0.17367
NS
0.15674
NS
0.18966
NS
0.06494
NS
0.95983

o

0.95687

o

1

Notes:: Pearson correlation (r)

*, wx ek Significant at h = 0.05, 0.01

, and 0.001, respectively. NS is not significant.
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Table 35. Correlation analysis of ROS production comparing peptidetiire greenhouse study.

Pearson correlations forthe greenhouse study relating tomato leaf disk production of reactive oxygen species (ROS)
curve characteristics (total and maximum production) inall combinations. ROS was measured using a luminol and
peroxidasebased assay where tomato leaf disks produced ROS over time when elicited with one of four peptides
(Csp22, Flgll-28, Pa FIg22, and Rs Flg22) and relative light output was measured every hotes for 62 minutes.

Significance levels are indicated.
Response Totall_ Total2_ Maxl_ Max2_ Totall_ Total2_ Maxl_ Max2_ Totall_ Total2_ Maxl_ Max2_ Totall_ Total2_ Maxl_ Max2_
Csp22 Csp22 Csp22 Csp22 Flg 2€ Flgll_2€ Flgll_2€ Pa_Flg2: Pa_FIg2 Pa_Flg2 Pa_Flg2: Rs_Flg2 Rs_Flg2 Rs_Flg2 Rs_Flg2|
1 0.10025| 0.82119 0.12535 0.52867 0.49275| 0.05165| 0.30516 [ 0.10752| 0.29907 | 0.20202 | 0.3347 | 0.06941| 0.28474( -0.02283]
NS = = e NS = e o = s

0.10025 1 -0.0007| 0.88337| -0.02535 0.38196| -0.07062 0.42061| -0.23883| 0.50187 | -0.19969| 0.43483 | 0.20206| 0.34749( 0.07739| 0.03928

Totall_Csp22|

Total2_Csp22|

NS NS o NS NS e @ g o NS NS
Max1 Csp22 0.82119(-0.00074 1 [0.11401 0.45137|-0.06334 0.54506| 0.04784| 0.39071| 0.02709 | 0.49544 | 0.15506 | 0.26217| 0.02092( 0.22876| -0.06618
L (e e NS NS s NS i NS s NS i NS d NS el NS
Max2 Csp22 0.12535( 0.88337|0.1140Y 1 0.04588| 0.24413| 0.05047| 0.40946| -0.12635( 0.40481 | -0.06586| 0.41802 ( 0.27356| 0.25212| 0.17524| 0.06726
XA NS a0 NS NS e NS = NS e NS o e e o NS
Totall Flgll 2 0.52867|-0.02535 0.45137 0.04588 1 -0.1077q 0.92295| 0.04763| 0.43941 | 0.09185| 0.37839| 0.21084 | 0.37723| 0.0338 | 0.32061| -0.0747
otall_Higll_ e NS £ NS NS s NS € NS w o s NS @ NS
Total2 Flgll 2 -0.03119 0.38196| -0.0633( 0.24413 -0.1077q 1 -0.1254| 0.69149| -0.18568| 0.44403 | -0.16804| 0.29796 | -0.01606| 0.23031 ( -0.06202| -0.0254
© A NS e NS - NS NS e * o NS e NS ** NS NS
Maxd Flgll 24 0.49275| -0.07062 0.54506 0.05047| 0.92295| -0.1254 1 0.08796| 0.45898 | 0.02436 ( 0.49004 | 0.16815 | 0.36703| -0.0005 | 0.35722| -0.11936
ax_Flgll_ e NS = NS e NS NS e NS o NS m NS e NS
Max2 Flgll 24 0.05165| 0.42061) 0.04784 0.40946) 0.04763| 0.69149| 0.08796 1 -0.08445| 0.36163 | -0.00817| 0.4061 | 0.15796| 0.12137| 0.04148| 0.01609
AL NS e NS b NS o NS NS o NS e NS NS NS NS
Totall Pa FI 0.30516( -0.23883 0.39071f -0.1264| 0.43941| -0.18564 0.45898| -0.08445 i -0.08432| 0.90956 | 0.02597 | 0.13659( 0.00811| 0.13679| -0.00337|
otall_Fa rloq . @ e NS e & e NS NS e NS NS NS NS NS

Total2_Pa_Flg] 0.10752| 0.50187|0.02709 0.40481) 0.09185| 0.44403| 0.02436| 0.36163| -0.08432 1 -0.05731| 0.81882| 0.15451| 0.24663| 0.0244 | -0.01957|

NS o NS NS NS oo NS NS o NS NS NS
Max1 Pa Flg2) 0.29907(-0.19969 0.49544 -0.0659| 0.37839( -0.16804 0.49004|-0.00817 0.90956 | -0.05731 1 0.09728 | 0.11139| -0.00138) 0.12349( -0.03532)
_Pa_rlg o * - NS = NS s NS o NS NS NS NS NS NS
Max2 Pa Flg2) 0.20202| 0.43483 0.15506 0.41802 0.21084( 0.29796| 0.16815| 0.4061 | 0.02597 | 0.81882| 0.09728 1 0.12928| 0.11757| 0.00886 | -0.04868]
axz_Pa_Flg « e NS - * e NS £ NS L NS NS NS NS NS
Totall Rs FI 0.3347 | 0.20206|0.26217) 0.27356 0.37723|-0.0160§ 0.36703| 0.15796( 0.13659 | 0.15451| 0.11139| 0.12928 1 0.15892| 0.81947| -0.02822
RSP0 * hd = = NS @ NS NS NS NS NS NS o NS
Total2 Rs FI 0.06941| 0.34749|0.02092 0.25212 0.0338 | 0.23031( -0.0005| 0.12137| 0.00811 | 0.24663 | -0.00138( 0.11757 [ 0.15892 1 0.01802| 0.31758
CEIZ RS AL ™ g o NS = NS = NS NS NS ** NS NS NS NS e
Max1 Rs Flg2 0.28474| 0.07739|0.22876 0.17524f 0.32061-0.06207 0.35722| 0.04148| 0.13679| 0.0244 | 0.12349| 0.00886 | 0.81947( 0.01802 1 -0.10758
axl_Rs_Fg o NS o * i NS g NS NS NS NS NS e NS NS
> - -0.02283 0.03928( -0.0662| 0.06726| -0.0747| -0.0254| -0.1193§ 0.01609| -0.00337| -0.01957| -0.03532| -0.04868| -0.02822| 0.31758| -0.10758] 1
Max2_Rs_Flg NS NS NS NS NS NS NS NS NS NS NS NS NS o NS
Notes:? Pearson correlation ( *, ** = Gignificant at M = 0.05, 0.01, and 0.001, respectively. NS is not significant.
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Table 36. Correlation analysis of ROS production wittihe Jackson Co. study
Pearson correlations relating tomato leaf disk production of reactive oxygen speci@®0OS) curve characteristics

(total and maximum production) for the Jackson Co. and greenhouse studies. Both studies compare curve
characteristics to plant area under disease progress curves (AUDPC) and genotype. Greenhouse study also compares
with pre- and postinoculation, Rs isolate, and replication whilehe Jackson Co. study also compares with graftype

(non- or self-graft). ROS was measured using a luminol and peroxidadeased assay where tomato leaf disks

produced ROS over time when elicited with onef four peptides (Csp22, FIglt28, Pa Fig22, and Rs Flg22) and

relative light output was measured every 2 minutes for 62 minutes. Significance levels are indicated.

Response: AUDPC Rs Isolate Genotype Replication
Greenhouse 1-43dpi 1-21 dpi
Totall Csp22 | -0.03693Ng -0.04200Nnd -0.02322Ns 0.11727Ng -0.18847 ~
Total2_Csp22 | -0.16280Ng -0.10697Ng -0.04296Ns 0.09729 N4 0.06071 Ng
Max1_Csp22 0.08760Ng 0.05304Ng -0.04099Ng  -0.10283Nd -0.15080 Ns
Max2_Csp22 -0.00535Ng 0.02908Nd -0.10117nd -0.07595nN4 -0.01351 Ns
Totall Flgll 28] 0.03833ng 0.02227Nd  0.01298Ns 0.06449 Nd -0.39908 *+
Total2_Flgll_28| -0.08806Nng 0.02018ng 0.08935Nd  -0.00618Ns 0.22913 =
Maxl Flgll_28 | 0.15248ng 0.12299nNg  0.04435Nd  -0.11927Ns -0.40469
Max2_Flgll_28 | -0.09376Ng -0.01927nd  0.23151 =| -0.03448Ns -0.01801 nNs
Totall Pa FIg42 0.02948ng -0.02032nNd  0.02739Nd  -0.07322N9 -0.32769
Total2 Pa FIgZ42-0.05666Ng 0.00944ngd 0.08457Ng  0.01530Ns 0.13255 Ng
Maxl Pa Flg23 0.10592ng 0.04190ngd 0.00144Nnd  -0.19062Ns -0.33734
Max2_ Pa Flg23 -0.03869Ng -0.02575Nd -0.00619N 0.01402 N4 -0.05628 Ns
Totall Rs_FIg42-0.01153ng -0.00754Ng -0.06082Nd  -0.02875Ns -0.06770 NS
Total2_Rs_FIg42-0.08939ng -0.10802Ng  -0.04780Ns 0.12546 g 0.02637 N{
Max1l_Rs_Flg22 0.04070Ng 0.04082Nd -0.04788Nnd  -0.10268NS -0.04715 Ns
Max2_Rs_Flg22 -0.07527ng -0.06827Nd -0.06636N9 0.10440N4 0.15526 Ng

Response: Genotype  Graft-Type
Jackson Co. 35-91 dap
Csp22_Totall 0.04688Ng -0.01110Ng  0.05032 N4 0.05124 ng 0.21971 N{
Csp22_Avgl 0.04677Ng -0.01220Ng  0.05030Ng  0.05105nN4 0.21954 N{
Csp22_max1 -0.06740Ng 0.05566Ng -0.07574nNg  -0.05303Nd 0.22625 Ng
Flgll_28 Totall| -0.09768Ng 0.02398Ng -0.10493Ng 0.05954 Nd 0.13845 Nd
Flgll_28 Avgl | -0.09204ng 0.03369Ng -0.09982Ng 0.05930N¢4 0.13435 N{
Flgll_28 max1| -0.07731ng 0.08922Nng -0.08909Ng 0.06476 Ng 0.10644 N{
Pa_Flg22 Totall 0.15531Ng 0.17675N§ 0.14837Nd -0.21756N9 0.21844 Nd
Pa_Flg22 Avgl 0.18082ng 0.20036N§ 0.17320Nd  -0.20249N9 0.20181 N{
Pa FIg22 max] 0.15472ng 0.20710nNg  0.14514Nd  -0.25536Ns 0.22577 N9
Rs_Flg22_Totall-0.06162Ng -0.20185Ng -0.04753Ng 0.17791Ng 0.09281 Nd
Rs_Flg22_Avg] -0.05160Ng -0.19220N§ -0.03781Ng 0.16343 N4 0.08440 N{
Rs_Flg22 _max] -0.08016Ng -0.19884Ng -0.06731Ng 0.25106 + 0.11974 Ng
Notes: Values are Pearson correlation (r)
* % *xx Gignificant at h = 0.05, 0.01, and 0.001, respectively. NS is not signif
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Figure 3.1. Comparisons of ROSnpduction by genotype and grafype inthe Jackson Caostudy.

Panel comparisons of least square means frothe Jackson Co. 2013 field study for total and maximum RLUSs for
each of four MAMP peptides by genotype. Lefihand column panels (A, C, E, G, I, K, M;and O) are between
genotype comparisons, and rightand column panels (B, D, F, H, J, L, N, and P) are graftype within genotype
comparisons. Row pairs (A and B, C and D, etc.) are the specific curve descriptor within its respective MAMP.
Tukey adjustment was used for pairwise comparisons, and error bars are the associated 95% confidence intervals
for each mean. Columns with the same height solid line are not significantly different from each other. Numbers on
bars designate significantly different meansinable to be visualized by line comparisons. Due to unexpected losses
during grafting process, no plots of selgrafted Hawaii 7997 or Hawaii 7998 were planted; absence is noted by N/A.
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Figure 3.2. Comparison of ROS productiomodulated by inoculationwith Rsn the greenhouse study.

Comparisons of Pre and Postinoculation with Ralstonia solanacearunfeast square mean RLUs fronthe

greenhouse 20134 study for four MAMP peptides and 11 genotypes. Panels compare total (A, C, E, and G) and
maximum (B, D, F, and H) mean RLUs by genotype for both time points for each MAMP peptide. Repeated
measures ANOVA with a Tukey adjustment was sed for pair-wise comparisons, and error bars are 95% confidence
intervals within each series. Columns in each series with the respective same height solid line are not significantly
different from each other.
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Figure 3.3. Comparison of average ROS production curves betwenfield and greenhouse studies usifaur peptides.
Overall mean relative light units (RLUs) over time measured from tomato leaf disks stimulated with fouMAMP
peptides (Csp22, FIglt28, Pa FIg22, Rs Flg22) fothe Jackson Co. 2013 field study (A) anthe greenhouse 20134
study (B). Tomato leaf disks from each study were placed in 98ell plates, incubated overnight in distilled water,
and then treated with a solution of luminol, HRP, and MAMP peptide. Plates were immediately placed in
luminometer in order to capture photon emissions from luminescence reaction. Each well was measured every 4

minutes (Jackson Co.) or 2 minutes (Greenhouse). Scales are not comparable since experiments were performed on
separate machines.
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Figure 34. Effect of grafting on average ROS production curves.

Panel of overall mean RLUs forthe Jackson Co. 2013 study comparing effect of grafting treatment on ROS
production over time, as measured by luminol and HRbased assay. ROS produatin was stimulated by the MAMP
peptides Csp22 (A), FIglt28 (B), Pa FIg22 (C) and Rs Flg22 (D).
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Figure 3.5. ROS production for each genotype comparing four peptides trekffect of grafting.

Mean RLUs for the Jackson Co. 2013 study comparing effect of grafting treatment on ROS production over time, as

measured by luminol and HRRbased assay. ROS production was stimulated by the MAMP peptides Csp22 (blue

diamonds), Flgll-28 (red squares), Pa FIg22 (green triadgs) and Rs FIg22 (purple stars). Plots were either nen

grafted (AAO in name; A, C,gEafGedl| (ABKO Mp ®ame&; BNIdDR)Fpor|
Each row pair (A and B, C and D, etc.) is the same genotype. Due to unexpected loslsgig grafting process, no

plots of seltgrafted Hawaii 7997 or Hawaii 7998 were planted. Only curves from negrafted treatment of those lines

are presented (Q and R).
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Figure 3.6. Effect of inoculation on ROS production curves and peak maximum.

Panel of overall mean RLUs forthe greenhouse 20134 study comparing ROS production over time for pre and
postinoculation sampling points, as measured by luminol and HR#ased assay. ROS production was stimulated by
the MAMP peptides Csp22 (A), Flgl+28 (B), Pa Fig22 (C), and Rs Flg2d)). Blocking factor of treatment with Rs
tomato isolates Jc and P is compared over peand postinoculation (E). Bar graph depicts Tukey adjusted least
squares means from repeated measures ANOVA of mean maximum RLUSs for FlgPi8 in Rs treatment blocks bedre

and after inoculation (F). Error bars are 95% confidence intervals, and bars with same letter are not significantly
different, within each series.
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Figure 3.7. ROS production for each genotype comparifaur peptides andhe effect ofinoculation with Ralstonia
solanacearum

Mean RLUs for the greenhouse 20134 study comparing mean ROS production over time for before and after

inoculation, as measured by luminol and HRPbased assay. ROS production was stulated by the MAMP peptides

Csp22 (blue diamonds), FIgit28 (red squares), Pa Flg22 (green triangles) and Rs FIg22 (purple stars). Panels

compare preinoculation (A, C, E, G, I, K, M, O, Q, S, and U) or postinoculation (B, D, F, H, J, L, N, P, R, T, anaV)

curve profiles. Each row pair (A and B, C and D, etc.) is the same genotype.
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