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ABSTRACT

False smut of rice, caused bgtilaginoidea virens (Cooke) Takahashi (Teleomorph:
Villosiclava virens), has become a common disease in most major muemg regions
throughout the world. Considerable confusion exisgarding the infection process and the
disease cycle. Therefore, a clearer understarafipgthogenesis caused Ugtilaginoidea
virensis critical for future efforts to develop genetimdachemical tools to manage false smut in
Arkansas and other regions of the world. The divgaal of this research was to clarify the
infection process underlying false smut, with engihan comparing and contrasting the
histological basis of root and foliar infection8herefore, a green fluorescent protein (GFP)-
expressingJ. virens strain was developed to address a critical neddsiological investigations
of the infection process as well as future invegtans in functional genomics. Transformants
of U. virens constitutively expressed GFP at high levels througlall developmental stages and
tissues, were stable after repeated sub-cultuaing were also confirmed to be pathogenic.
Thus, the GFP-expressing strain was used in rabtrdlorescence inoculations of rice, and
infectious development was analyzed via confocarosicopy. For comparative purposes, all
root inoculation experiments were performed in [pa@ravith a GFP-expressing strain of
Magnaporthe oryzae, a known root-infecting pathogen of rice. Injeas of the flag leaf sheath
at booting consistently led to the formation of gpballs in a small number of infected plants.
Confocal microscopy showed no evidence of systemfigction in these experiments, but rather
infection was consistent with the fungus gainingess through the gap in the lemma as reported
elsewhere. In root inoculationd, virens failed to penetrate the epidermis, wherglasryzae

frequently colonized roots extensively. Taken tbge these results indicated that systemic



infection of rice during false smut is not likety originate from root infection, and the limited
evidence for systemic infection calls into questidmether it is a component of the false smut

disease cycle.
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Chapter I: AN OVERVIEW OF FALSE SMUT OF RICE

INTRODUCTION
False smut: A historical overview

False smut of rice, caused Ugtilaginoidea virens (Cooke) Takahashi (Teleomorph:
Villosiclava virens), has become a common disease in most major vy regions
throughout the world, including China, India, Japamd the Southeastern U.S. The disease was
known in ancient times in China (Ou, 1972), but West described in the scientific literature in
1878 by the noted plant pathologist M. C. Cookedkap 1878). The pathogen causing false
smut was first described from the Indian city afufielveli (known as Tinnevelly under British
rule) as a true smut, under the nddstlago virens (Cooke, 1878). A few years later, the same
organism was described in Japan and nahiléetia oryzae (Patouillard, 1887). In following
years, the fungus was successfully cultured ifigiei media; macro- and microscopic analyses
led to the reassignment of the fungus to the Ascmtay with the new designation of
Ustilagenoidea oryzae (Brefeld, 1895). One year later, Takahashi degephthe fungus
Ustilagenoidea virens (Takahaski, 1896), which is the accepted namer®anamorphic state
today. The sexual stage (teleomorph) of the fungassfirst observed in 1934 and assigned to
the genu<laviceps. However, upon re-examination of various morpgadal and biological
characteristics, Tanaka et al. (2008) concludetth®ateleomorph was wholly inconsistent with
any subgroup oflaviceps, and thus proposed the new teleomorphic g&filissiclava and the

simultaneous renaming @ilaviceps virens to Villosiclava virens (Tanaka et al., 2008).

Early Chinese writings document an ancient, poggilé-historic, belief that the presence

of false smut in rice was a predictor of a goodpgyear, likely because environmental conditions
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favoring the disease, particularly high rainfatk associated with optimal rice production (Ou,
1985). Until recent decades, false smut was censitito be a disease of minor concern due to
the relatively low incidence and severity in mosags. As quoted by Butler in 1918, “Even if
treatment [for false smut] were known, it wouldreedy be worth the trouble of carrying out in
most cases seen” (Butler, 1918). Scattered outbneeriodically occurred in the first half of the
20" century, however, including Japan in the earlyds9\kai, 1974), the Philippines in 1918
(Reinkin, 1918), and Burma in 1935 (Seth, 1945)e €xact point at which false smut rapidly
increased in incidence and severity is difficulptopoint, but the disease had become cause for
much greater concern in Asia by the 1980s. To, daie of the most severe outbreaks of false
smut occurred in Japan in 1988 (Yaegashi et aB9)19In the U.S., false smut was known to be
present in Louisiana since the early 1900s, butawdisease of minor concern until outbreaks
were reported in the late 1990s (Rush et al., 206@)se smut was first reported to be present in
Arkansas in 1997 (Cartwright and Lee, 2001), anibis presumed to be present throughout all
of the rice production areas in the state. Totlge smut has become a serious rice disease
throughout Asia and the Southeastern U.S. (Brobkt,2010; Mew et al., 2004). The
ascendance of false smut is not fully understoatintay result from usage of susceptible rice
varieties, heavy nitrogen fertilizer applicatioasd possibly even climate changpat favors the

disease (Fu et al., 2012).

The causal organism

U. virens, the causal agent of false smut, belongs to thisidh Ascomycota, subdivision

Pezizomycotina, and class Sordariomycetes. Thguiigrows slowly on many defined agar



Figurel. Phenotype ol. virens grownin vitro 14 days after inoculation. A. PDA medium
uniformly inoculated withJ. virens strain R-2. B. Flocculent mycelia on the surfate
medium. C. Conidia df. virens.



media, with a radial growth rate of 1 cm or lessyeek. Colony morphology during growth on
defined agar media is generally circular, often esmat irregular, with an even/entire margin.
Colony color varies from white to greenish yelldargely depending on the growth medium
(Fig. 1) (Sharma and Joshi, 1975). In culture ftimgus often produces sclerotia as well as
asexual spores (conidia). Immature sclerotia amnepact and round, eventually appearing
orange-yellow and ultimately olive-green and powdsure to the formation of conidia on the
surface (Sharma and Joshi, 1975). Conidia aredjlpispherical to elliptical, olivaceous, and
approximately 3.0-5.5 um x 5.5-6.0 um in size (Rijg(Singh and Gangopadhyay, 1981; Ou,
1985). Mature conidia are globose to irreguladyrrded and ornamented with prominent spines
approximately 200-500 nm in length (Kim and PafQ?). Immature conidia are orange-
yellow in color, and often become olive-green tadkl upon maturation. Upon germination,
conidia form septate germ tubes, which form combares bearing large amounts of conidia

(Singh and Gangopadhyay, 1981).

General environmental parameters affecting the tir@fJ. virens have been
established. Not surprisingly, nutrient and siggduntions are more favorable for the
germination olJ. virens conidia than water. The fungus grows well &{@28&lightly at 12C
and is strongly inhibited at 36. The optimum pH range for growth is 6.02 to 6 At growth

is essentially inhibited at pH extremes of 2.77 ar@id (Ou, 1985).

Ustilaginoidea virens is a cosmopolitan plant pathogen, capable of tinfgaaumerous
members of the Poaceae. In addition to infecticg (Oryzae sativa L.), U. virens has been
reported to infect numerous weed species assoamatkdice fields, includind=chinochloa
crus-galli (barnyard grass) a ubiquitous, endemic pest thmowigAsia and Africa and an

invasive species in North Ameridamperata cylindrical (cogon grass), a common weed on



irrigation canals throughout Asia and Africa; ddidjitaria marginata, a species of crabgrass
common throughout much of the world (Shetty andttgh&985; Atia, 2004). The fungus can
also infect corn4ea mays L.) (Haskell and Diehl, 1929). Typically, the fyurs infects tassels,
replacing flowers with galls similar in appearamgepore balls formed during infection of rice
(White, 1999). In 2000, false smut of corn waseawsted in Mississippi in 2.5% of 1,280
commercial and inbred corn hybrids at a low levedeverity; however, infection of corn is not

commonly observed in the U.S. (Abbas et al., 2002).

Symptoms of false smut

Macroscopically, the hallmark symptom of false sisuhe formation of spore balls in
infected panicles (Fig. 2). Spore balls initiddggcome visible two to three weeks after infected
rice plants reach the flowering stage of developm&fature spore balls, which essentially
replace infected rice grains, are distinctivelybglee and velvety (Fig. 2). Often, only a few
spikelets are affected in each inflorescence, affhdhe incidence in a given inflorescence can
be high depending on cultivar susceptibility, eammental conditions, and inoculum load.
Moreover, the number of plants displaying symptaifglse smut in fields can vary widely;

visual symptoms can be restricted to a few plamtsan be widespread and severe.

The structure of spore balls formed Wyvirens was thoroughly described over a century
ago (Butler, 1918). Structurally, spore balls eamian inner core (sclerotium), in which a
distinctive, white pseudoparenchyma replaces tamgnr developing ovaries. A mass of radial
hyphae that forms near the surface of the sclerobaars conidia laterally or terminally. Within

this mass of hyphae, mature conidia are formedrpesgvely from the surface inwards; thus, the



Figure 2. Rice panicle infected by. virens. Inset pictures (dotted lines) highlight sporésha
produced on infected spikelets.



outer layers of spore balls frequently consist gfeen/olive-black layer of mature conidia,
whereas inner layers contain orange-yellow, imneatanidia, followed by an innermost layer

of colorless, nascent conidia.

Environmental conditions favoring infection

Environmental conditions strongly affect the depahent of false smut. The disease is
more severe in high humidity (> 90 %), temperatinesveen 25 and 30°C (Chen et al., 1994;
Yashoda et al., 2000), frequent periods of raid, ldigh soil nitrogen levels resulting from
rotation with soybean and/or high nitrogen fer@limputs (Lee and Gunnell, 1992).
Furthermore, late planting also contributes toiticzeease in the degree of rice false smut

incidence and severity (Singh and Khan, 1989).

I nfection process

Over the past 100 years, a consensus has emeggedirg certain components of the
infection process underlying false smut that cubtes in the formation of spore balls. It has
long been known thad. virens specifically targets ovary tissues and often reggahe
developing grain (Butler, 1918). Early histolodistudies provided evidence for two distinct
forms of infection (Raychaudhuri, 1946). In onersario, infection occurs early in flower
development, resulting in the complete destruatibtne developing embryo and engulfment of
the style, stigma, and anthers in the spore ballélientually forms. In this type of infectioneth

fungus transforms the ovary into a mass of tightbyen hyaline hyphae, and then grows



laterally, eventually bursting through the glunssties (Butler, 1918). A second type of
infection was postulated to occur when the gramasure or nearly so, and occurs when spores
deposited on glume tissues germinate, penetratertimaa and palea, and colonize the
endosperm tissue of the grain (Raychaudhuri, 1B468wick, 1950). As in the other type of
infection reported, the final outcome is a sporétbat replaces the grain. Recently, however, a
group in China dissected over 1,000 false smusladltifferent developmental stages and found,
without exception, six anthers to be present withancore, which was interpreted to mean that
infection occurred before anthesis and the antlvers subsequently enveloped by spore ball
formation (Tang et al., 2012). Insight into thé&rtion process was recently provided by
experiments in which conidia &f. virens were inoculated into rice sheaths during bootaryl

the pathogen was demonstrated to invade spikéletagh the apical gap between the lemma

and palea (Ashizawa et al., 2012).

I mpact of false smut on rice production

The replacement of grain with spore balldJolirens has a negative impact on yield.
Historically, yield reductions due to false smutrevaeegligible in most conditions. However, in
recent decades, increasing incidence and sevéri&se smut has led to specific examples of
the disease significantly impacting yield. Formpde, false smut in India has been reported to
cause yield losses ranging from 0 to 75% (Agrawdl ¥erma, 1978; Singh and Dube, 1978;
Dhindsa et al., 1991). In the U.S., false smutilsregarded to have a relatively small impact on
yield (Groth and Hollier, 2010). However, chrokegels of false smut commonly seen in

Arkansas since the late 1990s probably have anamtified negative impact on yield due to



direct loss of grain due to spore ball formatiorcreased chaffiness, and a likely reduction in

1000-grain weight commonly associated with theasgChib et al., 1992).

The negative impacts of false smut on harvestei graality are significant and widely
acknowledged. Toxicity associated with false smas demonstrated as early as 1915, when
Suwa reported on acute toxicoses induced in rabfigs ingestion of aqueous extracts of spore
balls (Suwa, 1915). In 1992, the chemical strieggwf mycotoxin analogs associated with false
smut were elucidated (Fig. 3) (Koiso et al., 1992pllectively designated ustiloxins, the
compounds are cyclic peptides containing 13-memibgs that are closely related in structure
and biological activity to phomopsin A, a mycotoxiroduced byhomopsis leptostromiformis
(Culvenor et al., 1977) and possibly otRomopsis species.U. virens is known to produce at
least six structurally distinct ustiloxin analogeg$ignated ustiloxin A-F), of which ustiloxin A is
the most toxic (Joullié et al., 2011) and abundamtbduced during pathogenesis (Shan et al.,
2012). Ustiloxin A is a potent inhibitor of mitasin eukaryotic cells, and functions by inhibiting
the assembly of the,-tubulin dimer into microtubules (Luduena et aP94). Ustiloxin A is
toxic to plants and animals, and thus is designasdaoth a phytotoxin and a mycotoxin (Koiso
et al., 1992). The full spectrum of toxicoses iceliin humans and animals by ingestion of
ustiloxin A is not known, although liver and kidndgmage have been confirmed in mice after
consumption of the mycotoxin (Nakamura et al., 99%urrently, although the presence of
ustiloxins in harvested rice grain is not subjecadvisory or action limits by the U.S. Food and
Drug Administration, an increasing awareness ofagative impacts of false smut on grain
quality has been observed in the U.S. rice milang processing industry (R. Cartwright,

personal communication).
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Management of false smut

False smut has become endemic nearly everywherésrgrown in the world, and thus
the management principle of exclusion has limitelityi Of three major strategies for disease
management — genetic resistance, chemical coatrdlcultural control — only the latter two
have produced limited measures of success regatfignganagement of false smut. Regarding
genetic resistance, most, if not all, rice varettemmonly planted in the Southeastern U.S. are
susceptible to false smut. Genetic resistancdées reported to exist in select germplasm (Li
et al., 2008; S. Brookgersonal communication) but is not yet introgressed into commercially
viable hybrids for U.S. production systems. Chehaontrol, i.e. fungicide application, can be
effective but is often not economically viable. rexample, copper oxychloride has been
reported to reduce the incidence and severitylséfamut when applied immediately before
heading, with mixed results on improving yields (iKaiyan and Rao, 1976; Ahonsi and Adeoti,
2003). In one study, applications of mancozela@ndazole and benomyl reduced disease
incidence with no effect on yield, whereas appiaat of iprodione had no significant effect on
the disease (Ahonsi and Adeoti, 2003). From atjmacstandpoint, symptoms of false smut are
not visible until grain fill, at which time fungide applications are ineffective. Current chemical
control recommendations in Arkansas focus on agutive application of a propiconazole
fungicide during the booting stages of rice to dtameously prevent kernel smut and suppress
false smut. When this recommendation is followsi65% reductions in false smut balls have
been observed in harvested rice grain, but impagield appears to be limited (Cartwright et
al., 2000a; Cartwright et al., 2000b; Hopkins et2003). Cultural control options may provide
the most immediate and cost-effective remedy flsefamut. Recently, field experiments in
Arkansas indicated that reductions in false smuewdserved as a result of continuous rice

cropping (88% reduction), conservation tillage (68duction) and moderate nitrogen fertility
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rates (34% reduction) (Brooks et al., 2009). Mesrofurrow irrigation as opposed to flood
irrigation was highly effective at disease reduct{Brooks et al., 2010). In Arkansas, furrow
irrigation may cause other production problems thatveigh the benefits of false smut control,
such as reduced yields, increased weed controtsnpnd increased risk of other diseases,
particularly rice blast. However, cropping schedutillage practices, and maintenance of

fertility rates are often reasonable parametergifowers to adjust, if necessary or desirable.

The disease cycle of false smut: confusion, contradiction, and uncertainty

There is considerable confusion and uncertaintgnéigg the disease cycle of false smut.
The prevailing hypothesis regarding infection igttthe pathogen exclusively infects rice florets
via conidia dispersed by wind currents and/or salash at the time of before flowering (Fig. 4).
In support of this hypothesis, foliar inoculatiasfyice plants at the booting stage of
development have reliably produced symptoms foeisdvresearch groups in greenhouse
conditions (Kulkarni and Moniz, 1975; Zhou et 2003; Ashizawa and Kataoka, 2005; Tang et
al., 2012). Additionally, aerial monitoring &k virens spores above a rice field throughout the
growing season revealed a maximum incidence ofdtiwgiuring a four-week period
corresponding to heading (Sreeramulu and Vitta66)9 However, it is conceivable that foliar
inoculation is excessively artificial and thus ggaepresents disease etiology in field
conditions, or that a combination of root and folidections play a role in the disease cycle of

false smut.
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Eventually the grain or
floral parts are replaced
by a spore ball

Conidia are produced on
the surface of spore ball

The spores either infect the
developing spikelets at the
flowering stage or the mature
grain later in the season

The spores are blown in
the air and infect the

panicles of other plants

Figure4. Hypothesized disease cycleldfvirens upon infection by airborne conidia. Adapted
from: http://www.knowledgebanks.irri.org.
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Because of the similarity between symptoms offalmut with symptoms of true smuts,
and initial confusion as to whethier virens was taxonomically a true smut, an alternative
hypothesis thalt. virens causes systemic infections has been exploredviar 100 years
(Butler, 1918). The pathogen has been reportesdeoninter as either spore balls or sclerotia in
soil for at least two seasons without its host (aed Gunnell, 1992; Anders et al., 2010),
although conidia ol. virens become inviable much more quickly in soil (Butl£g18).
Therefore, one hypothesis is that the pathogenngaat roots of rice plants to cause a systemic
infection (Fig. 5). In this scenario, the pathogepredicted to colonize vascular and/or
meristematic tissues, and subsequently colonizedeakieloping inflorescence from the ear
primordium. The earliest experiments in suppotthef hypothesis were performed by Ikegami,
who reported thdt. virens spores can germinate on epidermal cells of theopailes of rice
seedlings in greenhouse conditions, and hyphaequbstly invaded intercellular spaces and
reached the meristematic tissues of rice plang®ine cases (lkegami, 1963). In addition,
microconidia ofU. virens on infected rice seeds can germinate on and pgssiuade roots of
rice seedlings (Schroud afn@Beest2005). Furthermore, a high percentage of asymatic
rice plants tested positive for the presence.ofirens when evaluated with a nested PCR assay
targeting the rDNA region of the pathogen (Ditmarel TeBeest, 2005; TeBeest et al., 2010),
and the same nested PCR assay indicated the peesithe pathogen in plants before booting
(Ashizawa and Kataoka, 2005). In contrast to hiyjsothesis, however, controlled (greenhouse)
experiments in which rice roots were inoculatechwdt virens have never been reported to
produce foliar symptoms such as spore balls, despteated attempts (Butler, 1918; Kulkarni
and Moniz, 1975; D. TeBeegtersonal communication), and Ikegami never observed the

presence of. virensin the ear primordium, which would presumably eguired for
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Figure5. Hypothesized disease cycleldfvirens by soilborne, systemic infection. Model
adapted from Ikegami, 1963, and TeBeest et al.Q2®hoto courtesy of
http://science.howstuffworks.com.
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systemically-initiated colonization of the infloeeice. Furthermore, nested PCR assays are
notoriously problematic in detection assays, paldidy because they are highly susceptible to
false positive results due to PCR contaminationlackl of specificity (Belak and Thoren, 2001).
Perhaps most convincingly, in a recent histologgamination, pedicels beneath false smut
balls and stems of naturally severely infected gasiwere analyzed with light microscopy and
transmission electron microscopy; no hyphae optittogen were observed, which suggests that
most if not all false smut balls arise from aemdéctions at the rice booting stage (Tang et al.,

2012).

In practice, the limited and often contradictorgckiptions of the disease cycle and
epidemiology of false smut presents a tremendoaberige for the development and

implementation of control strategies for this imjpot disease.

False smut resear ch in the era of molecular plant pathology

U. virens has not enjoyed the rapid expansion of molecelsources witnessed for other
fungal pathogens, such Basarium verticillioides andMagnaporthe oryzae. However, false
smut research has benefitted from molecular advaects in three major areas. First, molecular
detection assays have been developetfeirens based on polymerase chain reaction (PCR)
technologies. First, conventional PCR assays weveloped to amplify ribosomal DNA
(rDNA) repeats in the genome Of virens utilizing direct amplification (Zhou et al., 2008hd
nested PCR (Ashizawa and Kataoka, 2005). Subsdyguameal-time PCR detection assay
utilizing a TagMan probe was developed from rDNAwences oU. virens (Ashizawa et al.,

2010). The development of a TagMan detection asgagsents a significant advancement over
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the previously published assays that relied on entienal PCR. The added specificity and
sensitivity of real-time PCR has significant adaygs over a conventional, direct detection
assay as described by Zhou et al. (2003), andthP€I® assays are notoriously susceptible to
contamination. However, increased confidence msisigity and specificity of PCR-based
assays would result from using a TagMan approatharget non-rDNA sequence, which is

frequently difficult to differentiate from otherrigi.

A second area of molecular-based research is tredafament of genetic transformation
systems folJ. virens. Transformation is the process through whichletakes up and expresses
exogenous DNA. A stable transformation event imgslthe integration of the exogenous DNA
into the genome of the organism, thus making ittélele. Several approaches for transformation
have proven effective for various taxa of filameargdungi. Electroporation, the process in
which a strong electric pulse is applied to an oiga in order to transiently increase membrane
permeability, has been commonly used to facilitetesformation of bacteria, yet is less
commonly used for fungi due to low yields and ubkdransformants (Utermark and
Karlovsky, 2008). A second transformation strategp increase the permeability of fungal
membranes with polyethylene glycol (PEG). In fynigis approach generally requires
enzymatic digestion of cell walls to release prédefs, which are then exposed to exogenous
DNA in the presence of PEG, and are subsequentiyadl to regenerate into a viable thallus.
The generation of protoplasts is often a majoraistto this approach, since cell wall digestion
parameters must often be determined empiricallyndividual species, or even individual
strains of a given species (Fincham, 1989). Antaxdil drawback is the low rate of successful
transformants obtained for many species of fungidfram, 1989; Utermark and Karlovsky,

2008). In a third approachAgrobacterium tumefaciens, the cause of crown gall disease in
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plants, can be engineered to transform foreign D& fungi, essentially utilizing the same
mechanism through which galls (tumors) are induogaants (de Groot, 1998; Mullins et al.,
2001; Zhang et al., 2006). At the time this thessearch began in 2009, only one report of
genetic transformation &d. virens had been published, in whiégrobacterium was utilized
(Zhang et al., 2006). However, this report waa Dhinese-language journal and most of the
strains & constructs were not easily accessibteenJ.S. and many Western nations. Since that
time, reports of transformation bk virens via electroporation and PEG have been published
(Tanaka et al., 2011; Ashizawa et al., 2012). Kéedess, each protocol published to date has
advantages and disadvantages when compared toapiveraches, and thus a “universal”

strategy to transforrd. virens has not emerged.

A third emerging molecular focus . virens research is comparative and functional
genomics. A major hindrance to this effort is khek of publicly available genomic sequence
for the pathogen. As of October 2012, searchéiseoNational Center for Biotechnology
Information (NCBI) sequence database (http://wwiimim.nih.gov) reveal 149 publicly
available DNA sequences fok. virens, and zero expressed sequence tags (ESTs). @fthe
DNA sequences, few are unique: the vast majorgycanserved bar-coding sequences for
taxonomic identification of various strainsdf virens, predominantly rDNA regions. Draft
sequences of the genomes of an Arkansas isolata @hthese isolate have been obtained (T.
Mitchell, personal communication), but as of today, a draft genome sequenc&ferrensis not
available in the public domain. Thus, progressgnderstanding the molecular basis of
pathogenesis has been slow. To date, only ong saglbeen published in which a functional
genomics approach was utilized to characterizel@gopanicity-associated genelinvirens, a

PMK1-like mitogen-associated protein (MAP) kinagb&ng et al., 2006).
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Pressing needsin false smut research

Currently, the confusion over the disease cyclepase of the single biggest obstacles
to developing effective management for false snWithout this information, it is very difficult
to develop effective chemical control, or to eficily identify sources of genetic resistance other
than in field trials relying on natural inoculurithus, a detailed histological investigation
documenting the infection process would be of goeaiefit to the false smut research
community. However, limitations with conventiotigiht microscopy often lead to ambiguity in
interpretations of micrographs. Thus, a molecatgsroach to histology (e.g., a genetically
modified strain of the pathogen expressing a sjgeftiforescent reporter) would be of great
value. Before this approach can be taken, howeverhust, efficient, and simple genetic

transformation protocol is required for the pathmge

19



PROJECT RATIONALE AND LONG-TERM GOALS

Currently, confusion about the false smut disegsteaneans that satisfactory methods to
control this disease are unavailable. Therefodea@rer understanding of pathogenesis caused
by Ustilaginoidea virens is critical for future efforts to develop genetiedachemical tools to
manage false smut in Arkansas and other regiotigeoiorld. The overall goal of this research
was to clarify the infection process underlyingséamut, with emphasis on comparing and
contrasting the histological basis of root andafbinfections. This project was designed to
provide new molecular protocols to the broader res=arch community as well as a more

detailed understanding of false smut etiology.

OBJECTIVES

The specific objectives of this research were to:

1. Devise a robust transformation protocol@ownirens and create an infectious strain

expressing green fluorescent protein (GFP).

2. Compare and contrast disease development Viecaiar histopathology (confocal

microscopy) in root inoculations vs. foliar inoctidens of rice plants.

Chapter 2 of this thesis describes the experinpartermed to address the first objective,
whereas Chapter 3 describes experiments perforonadidress the second objective. Chapter 4
provides an integrated summary of all of the redeaas well as perspectives on future research

directions that would build upon the current result
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Chapter 11: TRANSFORMATION OF THE FALSE SMUT PATHOGEN

SYNOPSIS

False smut of rice, caused Ugtilaginoidea virens (Cooke) Takahashi (Teleomorph:
Villosiclava virens) has become a common disease in most major roseng regions
throughout the world. Considerable confusion exisgarding the infection process and the
disease cycle. Therefore, the generation of angitaerescent protein (GFP)-expresslog
virens strain would address a critical need in histolabinvestigations of the infection process
as well as future investigations in functional gecs. Here, three methodologies were
evaluated for transformation b virens. electroporation, polyethelyene glycol (PEG)-nagell
transformation, anégrobacterium-mediated transformation. Electroporation did yietd
transformants, despite adjusting parameters suspa@s concentration, cuvette gap width, and
electroporation voltage. For PEG-mediated tramsé&tion, a protocol was devised to produce
abundant amounts of protoplasts, but transformaate not obtained after repeated
transformation attempts, despite adjusting parammeiech as protoplast concentration,
incubation time in PEG, and DNA concentration. itd#tely, Agrobacterium-mediated
transformation proved successful, and a protoaairémsformation was developed.
Transformants o). virens constitutively expressed GFP at high levels througfall
developmental stages and tissues. GFP-expredsaigssofU. virens were stable after repeated
sub-culturing, and were also confirmed to be pathag since false smut balls were formed in
repeated tests of inflorescence inoculations anplants in the greenhouse. Moreover, the

production of ustiloxin A was confirmed in the GERpressing strain.
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INTRODUCTION

The fungudJstilaginoidea virens (Cooke) Takahashi (TeleomorpViilosiclava virens; is
the causal agent of rice false smut, a common sksefrice reported to affect virtually all rice-
growing regions throughout the world (Gupta and @€, 1986; Tanaka et al., 2008). The
disease culminates in the formation of spore lh#s replace individual rice grains on infected
panicles. In addition to concerns about yield lessmised by. virens, the fungus also produces
ustiloxin mycotoxins, anti-mitotic tetrapeptidesntaining a 13-membered ring with an ether
linkage, that are harmful to humans and animalsgdet al., 1992). The incidence of false
smut has increased dramatically throughout mudhefvorld’s rice growing regions in recent
decades, and has become a disease of increasiogreda growers in Arkansas since the late

1990s.

The disease cycle of false smut has not beenrfediglved. Specifically, it is not clear
whether a systemic phase of the disease, initlatedot infection, plays a role in the rice false
smut disease cycle as is the case for many ofdleestnuts. Because of this confusion,
management guidelines and effective chemical ctatoo false smut in rice have been stymied.
To address this problem, a strainbfvirens expressing a fluorescent reporter is needed to
visualize the interactions between the fungus #tast, specifically in the context of soilborne
vs. airborne sources of inoculum. Green fluorespestein (GFP), first isolated from the
jellyfish Aequorea victoria, fluoresces under blue light without substratesadactors. Thus, the
GFP gene has been cloned and widely used as dgepswell as a vital marker in prokaryotic
and eukaryotic cells (Chalfie et al., 1994). Hoem\the native GFP gene frofvictoria does
not express well in many filamentous fungi (Maoakt 1998) due to codon bias; therefore,

optimization of the codon usage of the GFP genengasssary to enhance GFP expression in
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plants, many animals, and fungi (Sheen et al., 1P@&g et al., 1996). Specifically, a of GFP
variant known as “superfolder” GFP (sGFP) was dgwedl with a serine to threonine
substitution at amino acid 65, which enhanced GRPession and improved spectral properties
such that the gene could be used widely in mangmyokes, including fungi (Chiu et al., 1996;
Spellig et al., 1996). For example, the sGFP desebeen used with great success in
filamentous plant pathogenic fungi, including spsarfAspergillus (Rajasekaran et al., 2008),
Cochliobolus (Maor et al., 1998)Mycosphaerella (Skinner et al., 1998 Magnaporthe (Kershaw
et al., 1998; Liu and Kolattukudy, 1999; Camposi&u and Segundo, 2009Y,ichoderma

(Bae and Knudson, 200haeomoniella (Landi et al., 2012), an@olletotrichum (Dumas et al.,
1999; Horowitz et al., 2002).

Several approaches for transformation have proffentee for flamentous fungi.
Electroporation, the process in which a strongtatepulse is applied to an organism in order to
transiently increase membrane permeability, hastlvantages of being rapid and inexpensive,
yet has the drawbacks of a relatively low efficigirt many fungi and a tendency for
transformants to be unstable (probably due to acedi efficiency of integration of exogenous
DNA into the genome) (Utermark and Karlovsky, 2008yansforming fungi with polyethylene
glycol (PEG)-mediated approaches is typically neffeeient than electroporation and generally
yields a higher percentage of stable transformémitsgenerally requires enzymatic digestion of
cell walls to release protoplasts, a costly aneétsansuming process, and protoplasts of some
fungi are less amenable to transformation thanrsthim a third approackigrobacterium
tumefaciens can be harnessed to transform foreign DNA into fuessentially utilizing the same
mechanism through which galls (tumors) are induogaants (de Groot, 1998; Mullins et al.,

2001; Zhang et al., 2006)grobacterium-mediated transformation is a fast and easy way to
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transfer foreign DNA into fungal cells becausels# teduction of factors reducing the efficiency
of transformation and the increased stability ahsfformants (de Groot, 1998; Mullins et al.,
2001; Zhang et al., 2006). Many species of platih@genic fungi have been transformed with
Agraobacterium, includingMagnaporthe oryzae (Rho et al., 2001; Khang et al., 2005; Campos-
Soriano and Segundo, 200Bysarium oxysporum (Mullins et al., 2001; Mullins and Kang,
2001),Botrytis cinerea (Rolland et al., 2003),eptosphaeria maculans (Gardiner and Howlett,
2004), andverticilliumdahlia (Dobinson et al., 2003). Transformationlfvirens with
Agrobacterium has been reported in a Chinese-language journah@hbt al., 2006), but the
plasmids and strains are not easily accessibleeittS. Because the efficiency of each
technique is dependant on the fungal strain beungjed and the GFP expression constructs
being used, additional transformation protocols Mdoe of wide benefit to the false smut

research community.

The objective of this research was to devise asotvansformation protocol fdJ. virens
and create an infectious strain expressing sGFPthi$ end, attempts were made to transform
U. virens via electroporation, PEG-mediated transformatsod withAgrobacterium.

Expression and stability of sGFP was evaluate@liecsed transformants, which were then

assayed for pathogenesis in greenhouse experiments.

MATERIALSAND METHODS

Fungal strain and growth conditions

Ustilaginoidea virens wild-type strain R-2, stored in 30% glycerol &°C, is a part of
the fungal collection in the Bluhm lab at the Unisigy of Arkansas. This strain was originally
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isolated from spore balls collected from Arkansasii@y, Arkansas in 2009. The fungus was
routinely maintained on 0.2X strength potato deséragar (0.2X PDA) in a 12-hour photocycle
at 28C. To provide sufficient conidia for transformatiexperiments and to provide inoculum
for liquid cultures, conidia were first collectedi three-week-old 0.2X PDA cultures 0f
virens by adding sterile distilled-deionized water (1 malXhe plate surface and gently scraping
mycelia with a sterile L-spreader. The suspensadre®nidia were transferred to 15-ml conical
tubes and concentrations were adjusted to £sfdres per ml as determined by counting
conidia with a hemocytometer. Then, conidia (1wa)e transferred to a 250 ml sterile flask
containing 50 ml of YEPD liquid broth medium (perig yeast extract, 10g peptone, and 30g
dextrose) at Z& with rotary shaking at 170 RPM. After incubatfon seven days, conidia
were collected by filtering flasks’ contents thrbwua sterile spectramesh filter and centrifuging
the filtrate for 10 min at% and 32206« g. The filtrate was washed twice with distilledt@ra
and centrifugation was repeated as described abbeg@rovide sufficient tissue for enzymatic
digestion of cell walls, as required to releasdqplastsU. virens was grown in YEPD liquid
broth medium. Erlenmeyer flasks (250 ml) contagnfEPD (50 ml) were inoculated with 40

conidia ofU. virens and were incubated at ZBwith shaking (200 RPM) for 24-72 hours.

Agrobacterium strain and growth conditions

Agrobacterium tumefaciens strain AGL1 stored in 30% glycerol at “8Dis part of the
permanent bacterial collection in the Bluhm lalthat University of Arkansas. Originally, this
strain was kindly provided by Dr. Steven Marek, Bement of Entomology and Plant

Pathology, Oklahoma State University, Stillwateklaboma. Agrobacterium tumefaciens strain
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AGL1 containing vector pBHt2-sGFP was streakedfimrh the stock and incubated on a Petri
dish containing LB solid medium (per L: 10 g Na@dg Tryptone, 5 g Yeast extract and 20 g
agar) supplemented with carbenicillin (50 pg/mihd&aycin (50 pg/ml) at 2€ for three days to

obtain a single, isolated colony.

Transformation vector

Transformation vector pBHt2-sGFP used in this nedewas kindly provided by Dr.
Thomas Mitchell, Department of Plant Pathology, @&tate University, Columbus OH. This
vector contains the sGFP gene with expression mtyetheAspergillus nidulans Pgpd promoter
to provide a visual reporter, as well as the hygramresistance gene (hph) with expression
driven by the trpC promoter (Horowitz et al., 2062&menidou et al., 2006) to provide a
selectable marker. This plasmid is a binary veanginally derived from pBHt2, which was
created by cloning the hygromycin resistance ctssetscribed above into pCAMBIA 1300
(CAMBIA, Canberra, Australia) after removal of teeistinghph cassette driven by the

Cauliflower mosaic virus 35S (CaMV35S) promoter (Mullins et al., 2001).

Identification of a suitable sdlectable marker for transformation of U. virens and

deter mination of akill curve

A conidial suspension of 1x 16pores per ml as determined with a hemocytometsr wa
obtained as described above. Then, conidia (20@erke plated on 0.2X PDA amended with O,

25, 50, 75, 100, or 150 pg/ml hygromycin B. Aféewven days of incubation at°25in a 12-
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hour photocycle, the colonies that emerged werateau The lowest concentration of
hygromycin B at which the growth bfstilaginoidea virens wild-type strain R-2 was completely
inhibited over the seven-day period was determaretiutilized for selection of transformants in
subsequent experiments. These experiments welia@ped three times with three replications
per experiment to determine the proper concentratidyygromycin B for efficient selection of

transformants.

Electroporation of U. virens

Conidia for electroporation were obtained as dbsdrabove, with concentrations
varying from 16 - 1¢°. For electroporation, conidia bf virens (40 pl) were transferred into a 2
ml sterile Eppendorf tube containing 1pg of linansformation vector pBHt2-sGFP (generated
by enzymatic digestion consisting of: 10 pl of weqBHt2-sGFP, 5 ul of Bglll, 10 pl of buffer
3 (New England Biolabs), and 75 pl of®) overnight at 37C. This mixture was transferred to
a cold electroporation cuvette that was then intatan ice for five minutes before being
subjected to a high-voltage electric pulse in apdflorf 2510 series electroporator. After
inserting the electroporation cuvette into integdatuvette holder, the ‘Set Voltage’ key was
pressed to select a voltage range of 1.5kV to BV/5hen, the discharge of electricity was
initiated by pressing the ‘Pulse’ key twice. Afedectroporation was complete, electroporation
cuvette was removed from the machine, cold 1M $arfil ml) was instantly added to the
electroporation mixture, and then the cuvette dairtg the diluted conidia was incubated on ice
for 10 minutes. To plate the transformation, thepension of conidia was dispersed from the

electroporation cuvette into Petri dishes and sudge in molten YT medium (5G when
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poured; 10 ml per plate) amended with carbenic{llid ug/ml). The plates were incubated at
25°C overnight before being overlaid with 10mL of nepitY T medium amended with 75 pg/ml
of carbenicillin and 150 pg/ml of hygromycin B. aRis were then incubated af@5or four
weeks and were checked daily for the emergencggrbimycin-resistant colonies. These
experiments were repeated at least seven timesvaiibus empirical adjustments to voltage,

age and concentration of conidia, and DNA concéptra

PEG-mediated transfor mation of U. virens

To produce sufficient tissue for enzymatic digastielease of protoplasts, 50 ml of PDB
medium (per L: 24 g PDB powder; Difco) in a 250stdrile flask was inoculated with a 1 ml
suspension ofl. virens conidia (1 x 18spores per ml) collected from three-week-old 0.DAP
cultures. The flasks were incubated on a rotaakshat 170 RPM, 2&, for 5 days. After
incubation, the contents of each flask were pourtda 50 ml conical tube, and centrifuged for
5 min at 4C and 3220 . The supernatant was removed with a pipette fadissue was
washed with approximately 10 ml protoplasting bufie2 M MgSQ, 10 mM KH,PO,, pH 5.8)
by inverting the tube several times. After cention to discard the supernatant, the tissue
was transferred to a 125 ml sterile flask contajritb ml of protoplasting buffer (10 mg/ml
lysing enzyme (Sigma), 2 mg/ml driselase (Sigmiagl, 30 ul of-glucuronidase; filter
sterilized). This flask was then incubated ontampshaker at 80 RPM at ZBfor 10 hours.
After incubation, the solution was assessed witli@oscope to confirm the release of
protoplasts; a successful digest contained a nexatiprotoplasts, cellular debris, ungerminated

microconidia, and partially digested tissue. Aftenfirming digestion of cell walls and release
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of protoplasts, approximately 10 ml of the solutwas transferred to a 15 ml conical tube with a
pipette. Then, 4 ml of separation buffer A (0.63drbitol and 100mM Tris-Cl, pH 7.0) was
gently overlaid on the top of the digestion solntixy dripping slowly down the sidewall of the
tube, which was tilted at a 28ngle. To separate protoplasts from debris, roamrmlia and
partially digested mycelia, the tube was centrifligea clinical centrifuge at 3220g<at 4£C for

10 min; protoplasts accumulated as a visible, oJduthd at the interface of buffer A and the
digestion solution. The protoplasts were removethfthe interface with a sterile Pasteur
pipette and were transferred to a new 15 ml conuda#. Then, protoplasts were rinsed with
sterile separation buffer B (1.2 M Sorbitol andma®ITris-Cl, pH 7.5) and centrifuged at 3220 x
g at £C for 10 min; in these conditions, the protopldstaned a pellet at the bottom of the
centrifuge tube. After removing the supernatarafgplasts were resuspended in separation
buffer B and centrifuged as described above. Tipematant was discarded and the protoplasts
were finally suspended in re-suspension buffer (&abitol and 10mM Cag) and stored in 2

ml screw-top centrifuge tubes (100 uL per tubeB@tC for future experiments.

In transformation reactions, protoplasts (100vdje added to a sterile centrifuge tube (2
ml) containing 5 pg of the linearized transformatieector pBHt2-sGFP generated by incubation
of a mixture (10 pl of vector pBHt2-sGFP, 5 ul ajlB, 10 pl of Buffer 3, and 75 ul of D)
overnight at 37C. The contents of the tube were gently mixedthed the tube was incubated
on ice for 30 min. Then, 100 pl of PEG solutior2(l4 Sorbitol, 50 mM CaGJ 10mM Tris pH
8.0, 40% PEG 4000) was gently mixed with the priatsipsuspension containing pBHt2-sGFP
DNA and incubated at room temperature for 30 nimmediately following the 30 min
incubation, YT medium (per L: 1 g yeast extracg, ttyptone, and 10 g glucose) was added to

each tube such that sufficient airspace remainéacilitate homogenization (assessed visually
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by the appearance of a small bubble travellingssctbe tube when incubated on a rocking
shaker). Tubes at this stage were incubated at temperature with rocking for at least one
night to facilitate regeneration of cell walls bptoplasts. After visual confirmation that cell
walls were forming, tube contents were dispersaaltime center of 10 x 150 mm sterile plastic
Petri dishes and were then overlaid with 10 ml oftem (5GC) YT medium amended with
hygromycin B (100 pg/ml). These plates were intedbat 28C under a 12:12 hour light: dark

cycle and inspected each day for regeneration enwitly.

PEG-mediated transformation was repeated thresstimith parametric adjustments. In
the first experiment, the time of cell wall digestiand regeneration was 10 hours and overnight,
respectively. In the second experiment, the tionedfgestion was increased to 12 hours, with
two days for regeneration. In the third experiménasue was digested for 16 hours. All other

parameters were consistent throughout the threeremxents.

Agrobacterium-mediated transformation of U. virens

Agrobacterium tumefaciens strain AGL1 containing vector pBHt2-sGFP was reatéd
from a 30% glycerol stock stored at 280by streaking to isolation on a Petri dish coritajriB
agar medium (per L: 10 g NacCl, 10 g Tryptone, 5aat extract and 20 g agar) supplemented
with carbenicillin (50 pg/ml) kanamycin (50 pg/nak) 28C for 3 days. A single bacterial
colony was transferred into a 15 conical tube dairtg 10 ml of LB medium and incubated at
28°C on a rotary shaker at 250 RPM for three dayshtit visible opalescent growth appeared.
The ODypo0f the culture was measured periodically untiesiched a value of 0.2, and then

cultures were centrifuged at@, 3220 xg, for 10 min to collect the cell pellet. To indute

30



expression of virulence genesAgrobacterium tumerfaciens (thus increasing the efficiency of
transformation), pelleted cells were suspendetpnmobacterium-inducing minimal medium
(IMM, per L: 2.05 g KHPO,, 1.45 g KHPO, 0.5 g NHNOs 0.15 g NaCl, 0.0025 g Fe$0.01
g CaC} 0.25 g MgSQ, 0.9 g glucose, 5.33g MES;®1 5 ml glycerol, 20 pl Vogel trace
elements) supplemented with acetosyringone (2@ allM stock), carbenicillin (50 pg/ml),
and kanamycin (50 pg/ml). The @gof the resuspension was adjusted to a value oivdt2
liquid IMM, followed by overnight incubation at 28 on a rotary shaker at 250 RPM. The
following day, the Olgy of the culture was adjusted to 0.2 by dilutionhaliuid IMM and

stored at -AC for up to four days.

For transformation, conidia &f. virens were prepared as described above with the
concentration adjusted to 2.0 x°t@lls/ml. An induced\. tumefaciens culture (ORgo value of
0.2 in liquid IMM, as described above) was mixedhvd. virens microconidia (1:1/ v: v) ina 15

ml conical centrifuge tube. The mixture (200 pufsaequally dispersed on sterile filter paper

pieces (1 cm x 2 cm) overlaid on Petri dishes dgoimtg IMM amended with 1 M acetosyringone

(200 pl 1M stock), carbenicillin (50 pg/ml), andnigenycin (50 pg/ml). The plates were

incubated at Z€ in a 12:12 hour light: dark cycle for 4 days.

To select transformants, the filter papers wepgp#d and transferred to the selection

YPS amended with hygromycin B (100 pg/ml) and @efohe (50 pg/ml) with a sterile forceps.

The plates were incubated af@5under 12:12 hour light:dark cycle for at leasia4/s or until

visible colonies were present. Hygromycin-resistarionies were maintained in 24-well plates

containing 0.2x PDA amended with hygromycin B (1agml).
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Phenotypic evaluation of U. virenstransfor mants

One week old cultures of hygromycin-resistant caemnwere assessed for GFP
expression with the Dual Fluorescent Protein Flghh(NightSea). For microscopic analyses,
all tissues€.g., hyphae, conidia) of GFP-expressing isolates wassessed with confocal
microscopy (excitation wavelength: 488 nm). Tramsgstability was evaluated by assessing
levels of GFP expression after every week of reggbatib-culturing of transformants on 0.2X

PDA in the presence and absence of hygromycin B.

Pathogenicity assayswith U. virenstransformantson rice plants

Three rice cultivars commonly grown in Arkansad aported to be susceptible to false
smut (Wells, Jupiter, and Francis; seed kindly mted by Dr. James Correll) were used in this
study. Rice seeds were allowed to germinate owoiatrilter paper in Petri dishes at room
temperature and five of the most vigorous seedimg® transplanted to 7.5 cm square plastic
pots containing field soil. Six pots were placetbia large plastic tub and rice seedlings were
sub-flooded and fertilized with N-P-K (24-8-16) aawdl iron supplement (X-Xtra Iron 6-0-0; 9%
Fe and 6% N) every week until the booting stagadey greenhouse conditions {24 70% RH,
and 18 hour photocycle), the emerging tillers bplants were cut to maintain only the main

culm.

One week before heading, the leaf sheath of eeelplant was injected with 2 ml of
inoculum containingJ. virens conidia (1x18 spores/ml) collected from one-week-old 0.2X
PDA cultures of GFP-expressing strain UVLN. Thedualated plants were then covered with
plastic bags and placed under shade clothes igrd@nhouse for over one week before moving
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to an original place (€, 70% RH, and 18 h photocycle). After inoculatiptants were
evaluated daily for signs of the pathogen withBhl Fluorescent Protein Flashlight aspibre

balls were allowed to mature for 2-3 weeks aftérahobservation.

Extraction and analysis of ustiloxin A from U. virens sporeballs

Spore balls were collected in 2010 from growemslds in Arkansas and Desha Counties,
Arkansas, by Extension Plant Pathology facultytr&ction and analysis of ustiloxin A from
spore balls was adapted from the method publishdMiyazaki et al., 2009). Two grams of
false smut balls are placed in a 50 ml conical wdrgaining 20 ml of water. For smaller
samples, such as analysis of an individual spdigtha same ratio is maintained (1 ml water
used to extract 0.1 g of spore ball material). HEaxtraction was shaken mechanically for 1 hour
and then centrifuged at 3220y¥or 10 min. The supernatant was separated gtidin through
filter paper (Whatman No.1). Then, a 15 ml aliqabthe clarified supernatant was transferred
into a Sep-Pak Vac 35cc C18 cartridge preconditiomgh 3 ml of methanol followed by 3 ml
of water. After the clarified supernatant elutednpletely, the cartridge was washed with 3 ml
of water. The fraction containing ustiloxin A waeh eluted with 2 ml of 20% (v/v) methanol.
Finally, one ml of the eluted aliquot was transerto a 2 ml autosampler vial for HPLC.

Chromatographic isolation and spectrophotometradyesis of ustiloxin A was performed

essentially as described by Miyazaki et al. (200@f) ahigh—performance liquid
chromatography (HPLC) system with photo diode array detection at 220 nm
(Shimadzu, Columbia, MD, U.S.A.) and a 4.6-U ODS column (250 x 4.6 mm;

Phenomenex, Torrance, CA, U.S.A). Compounds were eluted with an isocratic
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gradient, a mobile phase consisting of water:methanol:phosgramid (400:100:1xnd a
flow rate of 1.0 ml/min. Inthe absence of a commercially available stahdhe

distinctive UV absorption spectrum of ustiloxin éigtinct peaks at 201 nm, 254 nm, and 290

nm) was used in conjunction with retention timedentify the molecule.

RESULTS

Hygromycin is a suitable selectable marker for transformant selection in U. virens

Kill curves were performed, in whidl. virens conidia were plated on PDA medium
containing varying concentrations of hygromycin Bxperiments focused on hygromycin B as a
selectable marker because it is useful in transdtion systems for other fungal species, and the
Bluhm lab has multiple plasmids available that @nfungal resistance to this antibiotic. Dilute
concentrations of spores were plated to allow datmns of percent survival rates, and data
represent the results from triplicate platingsrov&h ofU. virenswas uninhibited at 25 pg/ml,
partially inhibited at 50 pg/ml, and almost complgtinhibited at 75 pg/ml. However, growth
was completely inhibited at 100 pg/ml and 150 pgifflygromycin B, a result that was
consistent across multiple experiments. Thusgesii® pg/ml was the lowest concentration of
hygromycin B that consistently inhibited growthlfvirens, this concentration was used for
selection of transformants in all subsequent expants. These findings correspond closely with
recently-published results describing a hygromgkill curve in a Japanese isolateldfvirens

(Tanaka et al., 2011).
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Transformation of U. virens by electroporation

Electroporation (also known as electropermealttibp is the process of applying
electricity to solutions of cells or protoplastsnorease membrane solubility. The increase in
membrane solubility often facilitates the transfeexogenous DNA into cells, which can lead to
transient expression or stable integration intohth&t genome. Seven transformation
experiments were performed, in which several patarsevere adjusted, including electrode
gap, age of conidia, and concentration of conidlab(e 1). However, no transformants were
obtained in any of the experiments (Table 1). Tleilectroporation does not appear to provide

an easy or straightforward technique for transfdiomeof strain R-2 ofJ. virens.

Table 1. Electroporation parameters adjusted mmdformants obtained

Experiment Electrode Age of Concentration Electroporation Number  Number of
number gap (mm) conidia of conidia voltage (kV) of plates transformants

(days) evaluated obtained
1 1 7 10 1.5-1.75 10 0
2 1 7 10 1.5-1.75 10 0
3 1 5 16 1.5-1.75 10 0
4 1 5 16 1.5-1.75 10 0
5 1 5 16 1.5-1.75 10 0
6 2 5 16 1.5-1.75 10 0
7 2 5 16 1.5-1.75 10 0
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Polyethylene-glycol (PEG)-mediated transformation

In this approach, PEG increases membrane solubitid facilitates the uptake of
exogenous DNA. However, for PEG-mediated transétion to work, fungal cell walls must be
removed first to create protoplasts. Adaptatioa pfotoplasting protocol developed by the
Bluhm lab forFusarium verticillioides(Ridenour et al., 2012)was used to obtain protéglem
U. virens. Enzymatic digestion dfl. virens tissue was allowed to proceed for 10, 12, or 16
hours; all three of these conditions yielded 420G protoplasts per gram of tissue digested (Fig.
6). However, after three attempts of following firetocol published by Ridenour et al. (2012)
for PEG-mediated transformation of fungal protoflaso transformants were observed. Thus,
the time of regeneration was increased to 48 —or2shin subsequent experiments. However no

transformants were obtained under any conditiomgyukis approach.

Agrobacterium- mediated transfor mation

Agrobacterium tumefaciens is a plant pathogenic bacterium that causes tufgatbng)
in plants by transferring bacterial DNA into theshgenome. This unique ability has been
utilized in laboratory conditions to transform maspecies of plants and fungi for research
purposes. To appkgrobacterium-mediated transformation td. virens, A. tumefaciens strain
AGL1 (widely used for fungal transformation) wagdsn conjunction with a binary
transformation vector, pBHt2-sGFP, that contaigsmastitutive expression cassette for GFP in
fungi through the use of the trpC promoter fréspergillus. Transformation ol. virens with
A. tumefaciens was first attempted on conidia (2 x’Xpores) collected from five-day-old YEPD
liquid cultures. A total of 51 transformants thadre resistant to hygromycin and strongly

expressed GFP were obtained. Interestingly, ecarsd transformation with seven-day-old
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Figure6. Typical protoplasts df. virens obtained after 10-16 hours by enzymatic digestion
cell walls.
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conidia, only 16 transformants were obtained; whiee-day-old conidia were transformed, only
5 transformants were obtained. From these resuttsuld be inferred that age of conidia has a
substantial influence on the transformation efficigof U. virens when usingAgrobacterium-

mediated transformation.

Screening, selecting, and purifying transfor mants

After several successfillgrobacterium-mediated transformation experiments, thirty
transformants strongly expressing GFP were chasefuither analysis. Based on macroscopic
analysis with the Dual Fluorescent Protein Flastl{§ightSea, Bedford, MA), ten isolates were
chosen that exhibited substantially higher visaakls of GFP expression than observed for a
“typical” transformant. These 10 isolates werentemgle-spored and further evaluated for GFP
expression. All 10 isolates were visually indigtirshable from the wild type in growth and
development on 0.2X PDA, and showed high levelGBIP expression when evaluated with the
Dual Fluorescent Protein Flashlight or compoundriscence microscopy. No sectoring or any
visually obvious indicator of genomic instabilityas observed among these isolates. Ultimately,
one GFP-expressing strain (designated UVLN) wascsgad arbitrarily from this group for

further experimentation.

Evaluation of transgene expression and stability in U. virensstrain UVLN

GFP expression inld. virens transformant must be strong, constitutive, and laleran
the absence of antibiotic selection to be of maxmuility in histopathological experiments.
Consistent GFP expression in the absence of atableanarker (hygromycin B, in this study)
indicates stable integration of the plasmid int® genome, which is required to monitor
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expression of GFih planta. Thus, for strain UVLN, GFP expression was evi@davith

confocal microscopy throughout all stages of groartd development (e.g., hyphae and conidia
of various ages). Expression of GFP was strongcandistent throughout hyphae and conidia
(Fig. 7). Transgene stability was evaluated bessag levels of GFP expression after repeated
sub-culturing of transformants, including in thesaice of antibiotic selection. After being sub-
cultured 10 times on 0.2x PDA in the absence abantic selection, expression of GFP was
unchanged (Fig. 7), and thus the genomic integratidhe GFP-labeled strain UVLN bf.

virens was determined to stable.

Evaluation of pathogenicity of U. virensstrain UVLN

To determine whether strain UVLN retained pathag#n inoculations of the
inflorescence at booting were performed. This aggn was chosen because several groups
have reported the ability to reliably induce symnmpsoobserved in the field (e.g., sporeball
formation) in greenhouse conditions with this tagbe. In each experiment, six — ten individual
plants of cultivars Wells, Jupiter, and/or Frangere inoculated essentially as described by
(Zhou et al., 2003; Ashizawa et al., 2011) witlastiR-2 or UVLN. A small yet consistent
number of false smut balls were formed in infeaied panicles two to three weeks after
inoculation. A possibility to consider is that spdalls observed in the greenhouse could result
from systemic (seed-borne) infections, and thusidea false positive assessment of
pathogenicity. However, 100% of the spore ballswmied after inoculation with strain UVLN
displayed GFP expression, as visualized with thal Bluorescent Protein Flashlight (Fig. 8)

and confocal microscopy. These results confirn shrain UVLN has retained pathogenicity.
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Figure7. Constitutive GFP expressionlih virens strain UVLN. GFP expression was
consistently observed in conidia (A) and hyphaegi®r repeated sub-culturing.
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Figure 8. False smut spore balls (white arrows) producestiam UVLN ofU. virensin
greenhouse conditions.

41



However, the low number of spore balls obtainedfexperiment to experiment does not
provide enough statistical power to accurately essgether strain UVLN is equally as virulent

as its progenitor, wild-type strain R-2.

Evaluation of ustiloxin A biosynthesis by the GFP-expressing strain UVLN of U. virens

At least some strains &f. virens are known to produce ustiloxin mycotoxins (Miyazak
et al., 2009), although the extent to which ustilexpotentially contaminate Arkansas-grown
rice is not clear (Abbas et al., 2002). A commadrstandard is not available for any of the
ustiloxin analogs, and therefore chromatographatyaes can only provide a yes/no answer
regarding the presence of the toxin and a qualéassessment of the amount in one sample
compared to another. To assess whether ustilaxildde detected in spore balls collected in
Arkansas, the method of (Miyazaki et al., 2009) adapted for extraction and analysis via
HPLC-DAD. Ustiloxin A was detected in spore ba®duced in the greenhouse by strain
UVLN (Fig. 9A, B). Moreover, among the five samplef spore balls collected from Arkansas
County and Desha County, all five contained ustiiox as determined by the UV spectral
signature of the aqueous extracts (Fig. 9C, D)s Ththe first report of ustiloxin A in rice
infected byU. virensin Arkansas, and suggests that contaminationtibecause of a single,
isolated strain. Moreover, this finding demonssathat strain UVLN is fully pathogenic,
including production of ustiloxin A, which makesai excellent experimental model for future

molecular dissection of pathogenesis and mycotoegis inU. virens.
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Figure 9. HPLC analysis of ustiloxin A biosynthesis in falsmut balls. A. Chromatographic
separation of ustiloxin A (red dotted line) in gnbeuse produced spore balls framvirens
strain UVLN. B. UV spectral profile of ustiloxi in greenhouse produced spore balls from
strain UVLN. C. Chromatographic separation oflasin A (dotted red line) in field-collected
spore calls from Arkansas County, AR. D. UV spaqtrofile of ustiloxin A in in field-
collected spore balls.
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DISCUSSION

In this study, three distinct approaches for timmsation were evaluated li. virens:
electroporation, PEG-mediated protoplast transftionaandAgrobacterium-mediated
transformation. Despite repeated attempts andrezapadjustment of many parameters, only
Agrobacterium-mediated transformation was successful. Sincénitiation of the research
described in this thesis, successful transformaifdn. virens has been reported by
electroporation and PEG-mediated protoplast transdtion (Tanaka et al., 2011; Ashizawa et
al., 2012). A careful analysis of these protoceigals subtle differences in methodologies that
may explain the negative results presented intfi@sis. For example, the electroporation
protocol reported by Tanaka et al. (2011) utilieedentially the same buffers, DNA
concentrations, and electroporation voltages tleeviested in the experiments presented in this
thesis. An important difference, however, was@hd® expression vector. Tanaka et al. (2011)
used a 6.1 kb plasmid derived from pCB1004, a widskd fungal transformation vector
(Carroll et al., 1994) that is substantially smiattean pBHt2-sGFP. Irregardless, the
transformation efficiency via electroporation rejgedrby Tanaka et al. (2011) was 3.8 + 2.3
transformants/pg of plasmid DNA, which is nearlytarders of magnitude lower than what is
reported for electroporation in other fungi (Sarched Aguirre, 1996), and PEG-mediated
transformation of other many other fungal spedies €t al., 2001). When comparing the
recently-published protocol used for successful PEg8liated protoplast transformationldf
virens (Ashizawa et al., 2012) with the protocol describethis thesis, several potentially
significant differences stand out. First of allach shorter time of enzymatic digestion of cell
walls was utilized; 3.5 hours by Ashizawa et a012) compared to 10-16 hours in our

experiments. The longer period of digestion usealr experiments could have reduced the
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protoplasts’ amenability for transformation by deasing viability or allowing some level of cell
wall reformation to occur during the digestion st&§econdly, Ashizawa et al. (2012) used
plasmid pMK412 to convey hygromycin resistance emistitutive GFP expression (Watanabe
et al., 2007). Plasmid pMK412 is 7.1 kb in sizeaf@habe et al., 2007), which is considerably
smaller than pBHt2-sGFP (10 kb); smaller plasmieisegally have higher transformation
efficiencies. During the transformation step, Astwa et al. (2012) used a 60% PEG solution to
induce membrane solubility, as opposed to the 48% Bolution tested in this study. Itis
possible that the higher concentration of PEG dtealdy increases transformation efficiency.
Interestingly, Ashizawa et al. (2012) report usingery large amount of linearized plasmid in
transformation reactions (200 ug), yet only obtditieee transformants. The unusually low
transformation efficiency obtained by both Tanakale(2011) and Ashizawa et al. (2012)
suggests either that the transformation efficieiocyJ. virens is unusually low, or that there is
room for further optimization of both protocols relation to the experiments presented in this
thesis, if the low transformation efficiency obsavfor two other strains &f. virens is

indicative of most strains, it is possible that Wikl type used in this study (R-2) is simply

difficult to transform even under the most ideahdibions.

When the research presented in this thesis bégame was a single report in a Chinese-
language journal regardiggrobacterium-mediated transformation &f. virens. This situation
posed two significant problems for utilization b&tprotocol by the international false smut
research community: first, translation of theaetinto English caused some confusion about
the details of the protocol (B. Bluhmersonal communication), and second, neither the
Agrobacterium strain used nor the vector harboring GFP are gadailable in the U.S.

Therefore, we investigated transformatiorJofvirens with anAgrobacterium strain (AGL1) and
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GFP expression vector (pBHt2-sGFP) that are pybéichilable throughout most of the world.
This effort has resulted in the development oflialbée and robusfgrobacterium-mediated
transformation protocol fdd. virens. This approach will facilitate a variety of molgar

approaches for the increasing number of U.S. rekegoups studying false smut.

Pathogenicity assays confirmed that the GFP-eximgessrain UVLN is capable of
infecting rice and causing typical false smut syonp (e.g., emergence of spore balls on
infected heads). However, greenhouse inoculatitisU. virens are notoriously problematic,
and often result in a much lower incidence of disethan what is observed in field conditions
(D.O. TeBeestpersonal communication). In this study, we consistently observed spaiésb
formed by the GFP-expressing UVLN strain acrosgiplalexperiments, but the low incidence
of symptoms (1-3 spore balls formed among 20 iretedl plants, regardless of fungal strain or
rice cultivar) made it impossible to make meanihgtatistical comparisons between the GFP-
expressing strain UVLN and the wild-type strain Re2letermine if transformation conveyed a
loss of virulence. However, the spore balls obsémfter infection with strain UVLN were
morphologically indistinguishable from those formwmdstrain R-2 (other than the observation of
GFP when excited by blue light), and the simildib€é low) incidence of infection observed

between the two strains led us to conclude viridesas not significantly impacted.

The apparent ability of the Arkansas isolate R-Povirensto produce the mycotoxin,
ustiloxin A, along with the presence of ustiloxindatected in a small number of field-collected
spore balls from Arkansas, raises a serious cora®ta whether ustiloxins are contaminating
Arkansas-grown rice. Before this finding can bélmined, however, additional validation is
required. First, current published methodologgeddtect ustiloxin A (as used in this research

project) rely on HPLC-DAD, which isolates compouimashe aqueous extract of rice, and
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identifies them based on a UV spectral scan (2010-nm). While this provides strong
evidence for the presence of ustiloxin A in a si#iet it is not as definitive as making
comparisons against a purified ustiloxin A standaridich is not currently available from a
commercial vendor), or detecting the compound baseaccurate mass or masses of
fragmentation products (as provided by time-ofttighass spectrometry or tandem mass
spectrometry-mass spectrometry, respectively).aBse of the potential impact on the
Arkansas rice industry, a definitive identificatiohustiloxinA needs to be established to
provide the highest level of certainty the compoimpotentially present in rice grown within
the state. Earlier reports suggest that ustilomiag not be produced by Arkansas isolates of U.
virens, although an exhaustive study was not pexdr(Abbas et al., 2002). If the potential for
ustiloxins to be present in Arkansas does existidver, it will be important to determine the
frequency, distribution, and amounts of ustiloxinhat are found within fields affected by false

smut within Arkansas.

The results of this study demonstrate #grtobacterium tumefaciens provides a robust,
reliable, and simple way to transfotkdnvirens. This, in turn, opens many doors for future
molecular research into false smut. For examjgeobacterium-mediated transformation is a
powerful tool for molecular genetics and functiogahomics in plant pathogenic fungi; this
approach can be used for targeted gene disrupBorr§e genetics) as well random mutagenesis
to identify mutants impaired in pathogenesis (fadvgenetics). Most immediately, the creation
of a GFP-expressing, pathogenic strain will be inable in the histopathological dissection of

the infection process underlying soil borne ve@udorne infection of rice plants.
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Chapter [11: COMPARISON OF INFECTIOUSDEVELOPMENT IN ROOT VERSUS

INFLORESCENCE INOCULATIONS

SYNOPSIS

Ustilaginoidea virens (TeleomorphVillosiclava virens) causes false smut of rice, a
disease of widespread and growing concern througheuvorld’s rice producing regions.
There is considerable uncertainty regarding theefamut disease cycle, specifically whether or
not systemic infections initiated in young ricengkalead to meristematic infection and
subsequent colonization of inflorescence tissuieshis study, root and inflorescence
inoculations were performed with GFP-expressingistdVLN of U. virens, and infectious
development was analyzed via confocal microscdfiy. comparative purposes, all root
inoculation experiments were performed in paralléh a GFP-expressing strain of
Magnaporthe oryzae, a known root-infecting pathogen of rice. Injeas of the flag leaf sheath
at booting consistently led to the formation ofigpballs in a small number of infected plants.
Confocal microscopy showed no evidence of systemfigction in these experiments, but rather
infection was consistent with the fungus gainingess through the gap in the lemma as reported
elsewhere. In root inoculationd, virens failed to penetrate the epidermis, whenglasryzae
frequently colonized roots extensively. To detemnivhether previous reports of systemic
infection based on a nested-PCR assay could beapuesrdue to technical issues, the specificity
of the assay was tested against a variety of n@getarganisms. The assay consistently yielded

false positives for the presencelafvirens, which calls into question previous reports rejyon
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the technique and highlights the need for additiomalecular tools to study false smut. Taken
together, the results presented in this chaptecatel that systemic infection of rice during false
smut is not likely to originate from root infectioand the limited evidence for systemic infection

calls into question whether it is a component effddse smut disease cycle.

INTRODUCTION

Ustilaginoidea virens (Cooke) Takahashi (TeleomorpWillosiclava virens) is the causal
agent of false smut of rice, a common disease ist major rice- growing regions throughout
the world including China, India, Japan, and thatBeastern U.S (Ashizawa et al., 2010). The
disease was first reported in Arkansas in 1997.isndw presumed to be present throughout all
of the rice production areas of the state. Theadis is noted for the formation of spore balls,
masses of hyphae and spores that replace individeadrains on infected panicles. In addition
to yield loss, a major concern associated withefalaut is the accumulation of ustiloxin,
mycotoxins in spore balls, which are retained wgithin during harvesting and pose a significant

risk of entering the human food supply.

Unlike the “true” smut fungi that belong to the Bhesmycota (Order: Ustilaginaled).
virens belongs to the Ascomycota (Order: Hypocrealesgy#temic phase of infection is
common among the true smuts, with disease culmigati the production of masses of black,
powdery spores (teliospores) that often develggace of the grain in cereal crops or in place of
organs such as the anthers of some flowering plaftsong true smut diseases, the site of initial
infection varies considerably depending on the gathtem; systemic infections can be initiated

via infection of roots, stems, or foliar tissue,estas direct infection of inflorescences without
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systemic infection can occur as well. In false sofuice, the disease cycle has not been fully
resolved. Specifically, it is not clear whetheg tingus undergoes a systemic phase of infection,
or if direct infection of developing florets is tipeimary (or even exclusive) means through

which the disease is initiated.

Molecular tools for histopathological investigatiohthe false smut disease cycle would
greatly accelerate efforts to resolve uncertaiaggarding the infection process. To date, three
PCR-based protocols have been published for theeti@ ofU. virens (Zhou et al., 2003; Zhou
et al., 2008; Ashizawa et al., 2012), all of whiahget the rDNA sequences in the pathogen’s
genome. Several studies have relied on the neg&lapproach described by (Zhou et al.,
2003) to analyze the possibility of systemic ini@es (Ditmore and TeBeest, 2005; TeBeest et
al., 2010). However, the specificity of the nedRLR assay has only been tested against a

relatively limited number of organisms. Thus fertlevaluation of the technique is warranted

Magnaporthe oryzae B.C. Couch & L.M. Kohn (anamorpPRyricularia oryzae) causes
blast disease, one of the most widespread and @¢wgsdiseases affecting rice production
worldwide. Rice blast is most noted for the necrtdliar lesions associated with the disease,
which can cause severe reductions in photosyntbagiacity and premature plant death in
severe cases (Campos-Soriano and Segundo, 20@8»uingly, M. oryzae can also infect rice
roots, possibly causing systemic infections thaéinauate in foliar lesions (Sesma and Osbourn,
2004). Recently, progress has been made in uadgeliag howM. oryzae interacts with rice
roots, and evidence suggests that the fungus addptérophic infection strategy with roots
compared to hemibiotrophic infection of leaves (bt al., 2010). Since bolh. oryzae and

U. virens are Sordariomycete fungi, a comparison of howahe® pathogens interact with rice
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roots would provide an interesting perspective oteptially shared mechanisms of

pathogenesis.

Currently, satisfactory methods to manage falset smeuunavailable. Therefore, a clearer
understanding of pathogenesididilaginoidea virens is critical for future efforts to develop
genetic and chemical tools to manage false smiitkansas and other regions of the world. To
clarify the infection process underlying false smfitice, a GFP-expressing strain (UVLN)f
virens was inoculated on roots and foliar tissues of. ic&FP-expressing strain of
Magnaporthe oryzae, a known root-infecting pathogen of rice, was eixest in parallel so that
infectious development could be compared betweevib pathogens. Additionally, the
specificity of the nested PCR technique describe(Zbhou et al., 2003) was evaluated against

other fungi and non-inoculated rice plants.

MATERIALSAND METHODS

Fungal strainsand growth conditions

Wild type and GFP-expressitg virens strains (R-2 and UVLN, respectively) were
cultured on 0.2X PDA plates at ®Z5for 7-21 days in a 12:12 h light —dark cycle toguce
conidia. Conidia were collected froh virens cultures by adding sterile water (3 ml) and
scraping the culture surface with a sterile "L"esggter. The microconidia suspension was
transferred to a 15- ml conical tube and adjusteti¢ appropriate concentration with a
hemocytometer.

A GFP-expressing strain dagnaporthe oryzae derived from the rice-infecting wild-
type strain Guy 11 (kindly provided by Dr. Jin-Rofg Department of Botany and Plant
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Pathology, Purdue University, West Lafayette, Indjawas cultured on rice bran medium (1L:
16 g defatted rice bran and 20 g agar) 4€X6r 7-14 days in a 12:12 hour light:dark cycle.
Conidia were collected by adding 3 ml of steriled@vand scraping the culture surface with a
sterile "L" spreader. Conidia were counted andtdd to appropriate concentrations as

described above fdd. virens.

Rice plants and growth conditions

All experiments (greenhouse, growth chamber, abdriatory) were conducted in the
Rosen Center for Alternative Pest Control Researcthe University of Arkansas main campus.
Rice varieties Wells, Jupiter, and Francis weralusehis study. For inflorescence inoculation
experiments, rice seeds were germinated on mosteh&Vhatman filter paper in Petri dishes at
room temperature for one week. Five of the magdndus seedlings were transplanted to 7.5 cm
square plastic pots containing autoclaved fieltlawd six pots were placed into a large plastic
tub. Seedlings were sub-flooded irrigated and entdized with N-P-K (24-8-16) and an iron
supplement (X-Xtra Iron 6-0-0; 9% Fe and 6% N) gweeek until the booting stage. Rice
plants were grown in a greenhouse &240% relative humidity, with a 18:6 hour lighairé
photoperiod. The main culms were maintained uhélflowering stage by cutting all the
emerging tillers. Details of how rice seedlinggevgrown are included in following sections

describing inoculation techniques.

Confocal microscopy
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Observations of GFP expression by confocal lasmrgng microscopy were performed
with a Nikon Eclipse 90i microscope outfitted walD-eclipse C1 confocal system purchased by

the Arkansas P3 program and located in the Blulm la

I nflor escence inoculations with U. virens

The protocol for inoculating spikelets before bHomting stage as described by Zhou et al.
(2003) was adapted with minor changes. Brieflg,ldaf sheath of each rice plant was injected
with 2 ml of inoculum consisting of microconidia X110° spores/ml) of either the wild type or
strain UVLN. Injections of sterile distilled wateerved as a negative control. The inoculated
plants were then covered with plastic bags andeplander shade cloth in the greenhouse for
one week after inoculation to promote disease dgweént. After inoculation, plants were
evaluated daily for signs of the pathogen, spate balls were allowed to mature for 2 - 3 weeks
after initial observation. When harvesting inflscences containing spore balls, the rachis,
pedicel, and lemma in the vicinity of mature sploa#is were carefully dissected with a sterile
scalpel. Confocal microscopy was used to assesaxtent of fungal colonization of each tissue.
The experiment was repeated more than five tim#s thiee replications per rice cultivar in
order to obtain as many spore balls as possit#ach experiment (minimum of three). In each
experiment, the final number of infected plantslyred depended on the efficacy of greenhouse
inoculations. Data collected included: numberlahps infected, percent of infections that were
systemic (rachis and/or pedicel underlying spotkevis colonized), and descriptive, qualitative

comparisons of infection in each tissue type (repnéative confocal microscopy images).

Root-dip inoculationswith U. virensand M. oryzae
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Root-dip inoculations were performed by immersiogts of young, hydroponically-
grown rice plants or germinated rice seedlinggiore suspensions of either the GFP-expressing
U. virens strain (UVLN) or the GFP-expressiiy oryzae strain contained in a sterile Petri dish.
After inoculating for over 10 min, inoculated riseedlings were transferred to 7.5 cm square
plastic pots containing sterilefield soil. Plantsre tended in the greenhouse as described above
until termination of experiments (3, 7, or 11 dayA} each time interval, roots were cleaned by
gentle washing first in tap water and then in destiwater to dislodge all soil and debris. The
roots were then dissected with a sterile sharpebéamtl placed on glass slides under cover- slips.
Confocal microscopy was used to analyze the co#ioz of root tissues by the pathogens. The
experiment was conducted three times with fourtglamaluated per treatment. Data collected
included the number of plants infected, the peroémfections that was superficial vs. invasive
(i.e., the fungus penetrated the epidermis), asdrg#ive, qualitative comparisons of infection

(representative confocal microscopy images).

In vitro root inoculation assays

In this approach, cultures bf virens or M. oryzae were started on agar growth media in
a Petri dish. Once the fungal colony was estabtisburface-sterilized and germinated rice
seeds were placed in the plates, which were s@algarafilm, turned to a vertical orientation,
and incubated at 26 under a 12:12 hour light:dark cycle until terntioa (3, 7, and 11 days).
Roots of the young rice plants eventually encowatehe fungal mycelium, thus providing the
pathogens an opportunity to infect. At each tintenval, rice seedlings were removed from
Petri dishes and cleaned by washing in sterilizaternto eliminate all agar. The cleaned roots

of rice seedlings were dissected by a sterile shiage and placed on a glass slide containing a

54



drop of sterilized water under a cover slip. Caafanicroscopy was used to identify the
colonization of the pathogen in root tissues.

To assess the effects of root infection on plaaibility, 16-day-old rice seedlings
inoculated as described above were transplantédbtom square plastic pots containing sterile
field soil and sub-irrigated and fertilized with’K (24-8-16) and an iron supplement (X-Xtra
Iron 6-0-0; 9% Fe and 6% N). Plants were growgrgenhouse conditions as described above
and roots were collected at 4, 9, and 12 days; @étesplantation. At each time interval, roots
of rice seedlings were removed from their pots @edned by washing first in tap water and
then in distilled water to eliminate all soil aneldis. The cleaned roots of rice seedlings were
dissected by a sterile sharp blade and placedgtessa slide added one drop of sterilized water
under cover- slips. Confocal microscopy was usddéntify the colonization of the pathogen in
root tissues.

In vitro inoculations were conducted three times with fdants evaluated per each
treatment. Data collected included the numbedarfts infected, the percent of infections that
was superficial vs. invasive (i.e., the fungus hemcthe inner cortex), and descriptive,

qualitative comparisons of infection (represent&ttenfocal microscopy images).

Soil infestation assays

Rice seedlings were transplanted to 7.5 cm squlastic pots containing artificially
infested field soil as described above. Greenhoaaditions, fertilization, and irrigation was
performed as described above. They were grownrwudiérolled greenhouse conditions (€4
70% relative humidity, and 18 hour photoperiod)ilthe terminal experiments (3, 5, 7, and 11

days). At each time interval, rice seedling romé&se cleaned by washing in tap water followed
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by distilled water to eliminate soil and debrishelcleaned roots of rice seedlings were dissected
with a sterile sharp blade and placed on glassslishder cover-slips. Confocal microscopy was
used to identify the colonization of the pathogemadot tissues. The adjustment of parameters
included conidium concentration, germinating ricenfested soil vs. transplanting seedlings

into infested soil, and the time course of rootleggon after inoculation. The experiment was
conducted three times with four plants evaluatedepeh treatment. As above, data collected
included the number of plants infected, the peroémfections that was superficial vs. invasive
(the fungus penetrated the epidermis), and desajmualitative comparisons of infection

(representative confocal microscopy images).

Evaluation of nested PCR asatool for histological analyses

The nested PCR technique for the detectiod.afirens was used as described by Zhou
et al. (2003) without modification from the publeshprotocol. Purified genomic DNA from
Fusarium verticillioides, F. graminearum, andAlternaria alternata was prepared as described by
Sambrook et al., (1989). Rice plants ‘spiked’ withvirens were prepared by soaking seeds in a
conidial suspension for 1 hour before analysislanimg. PCR reactions were in a 1% agarose-
TAE gel containing GelSafe dye and were visualiaec UV transilluminator(Sambrook et al.,
1989). The analysis was repeated extensively, BMIA extracted from samples at least three

times, and multiple PCRs were performed on eaclple

RESULTS

Colonization of thericeinflorescence by U. virens after boot inoculation
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To assess which tissues are colonized after iatioul of the rice inflorescence with
virens, we performed a series of inoculations with stkd\YLN, monitored macroscopic signs of
that pathogen, and visualized fungal growth withfooal microscopy in dissected inflorescence
tissues. Macroscopically, we consistently obsethatla low percentage of spikelets on
inoculated inflorescences formed spore balls thetety resembled spore balls formed in field
conditions, albeit slightly smaller (Fig. 9). Thechis, primary branches, and pedicels
immediately underlying spore balls were inspectedally in five inflorescence inoculation
experiments, each of which yielded 1 — 5 sporesbath obvious necrosis or discoloration was
observed (e.g., Fig. 10). For 10 spore balls ct#l# across six different experiments, GFP
expression was visualized with the NightSea Lightdnfirm that strain UVLN was the causal
agent. Then, a piece of the rachis was removeshrspg 3 cm in either direction of the point of
attachment of the pedicel bearing the spore [dlis section of the rachis was hand sectioned
into approximately 10 sections/cm, each of whicls whserved via confocal microscopy. In
parallel, rachis tissue collected from visually Ilt@ainflorescences was collected from
uninoculated plants as a negative control. Amdhgfahese samples, no visual evidence of
strain UVLN (as assessed by the absence of GFRssipn) was observed (Fig. 11).
Additionally, the pedicels underlying the same f6re balls were then carefully sectioned into
approximately 20 slides, each of which was obsewi#it fluorescence microscopy and scored
for the presence or absence of strain UVLN (asrdeted by GFP expression). In parallel,
pedicels collected from visually healthy spikeltse collected from uninoculated plants as a
negative control. Among all of these samples,aheas no evidence for the presence of strain
UVLN (Fig. 11). However, analysis of the lemmastie from the same 10 spore balls

consistently revealed the presence of strain UVENg.(11). The presence on the pathogen on
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Figure 10. Typical visual symptoms associated with sporéfoamnation. Note the lack of
necrosis on the rachis and pedicel.

Rachis Pedicle Lemma

Figure11. Representative confocal microscope images ofimt@escence tissue after
inoculation withU. virens strain UVLN. Fungal growth is visualized via GERpression.

Inoculated

Uninoculated
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lemma tissues would be expected if infection oa@xlikia either direct penetration of the spikelet
or opportunistic entry through natural openingada-systemic infection). A systemic infection
would seemingly require the pathogen to be obseavedme frequency in inflorescence tissues

giving rise to the spikelet; however, no coloniaatof such tissues was observed in this study.

Comparative histology of root infectionsby U. virensand M. oryzae: root dip inoculations
A series of experiments were performed to 1) aeitez if U. virens was capable of
infecting rice roots, and 2) how the infection pss, if it occurred, compared to the more
established root infection process exhibitedvbyryzae. To provide a straightforward,
although somewhat artificial, assay for root ini@ct young rice seedlings were grown in
conditions such that soil or hydroponic medium ddug easily washed from intact roots of
living plants. Then, roots were soaked in solwtiohconidia of eitheU. virens or M. oryzae.

By three days after inoculation, superficial growfiU. virens was often observed on root

surfaces (Fig. 12A); confocal microscopy was usect¢ate a three-dimensional image with a Z-
stack, which confirmed that the fungus did not peate the epidermis. Interestingly, in repeated
experiments in which at least three roots werd@eetl and analyzed from each replicate plant
within the treatment, penetration of the root epiais byU. virens was never observed up to 11
days after inoculation (Fig. 12 B, C). As wilth virens, superficial growth oM. oryzae on root
surfaces was commonly observed by three daysiatieulation (Fig. 13A). In contradt).

oryzae frequently penetrated the epidermis by seven dégs inoculation (Fig. 13B), and often
appeared to colonize root cortex tissues by 11 dlgs inoculation (Fig. 13C). By 11 days after
inoculation,M. oryzae infected approximately 70% of the roots analyzeloeread). virens was

not observed in any of the roots analyzed (Fig. Bgsed on these observations, it appeared
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Figure 12. Representative confocal microscopy images ofroogs (cross sections) after root-
dip inoculation withU. virens strain UVLN.
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Figure 13. Representative confocal microscopy images ofroogs (cross sections) after root-
dip inoculation withM. oryzae strain Guy11-GFP.
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Figure 14. Quantification of root infection at 11 days afiteoculation.
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either thatJ. virens was not capable of infecting rice roots, or tihat assay conditions were not
favorable for infection by. virens. Thus, other inoculation techniques were exploved the

goal of corroborating these findings.

Comparative histology of root infectionsby U. virensand M. oryzae: in vitro inoculationsin
agar medium

In an attempt to provide inoculation conditions mogpresentative of field conditions,
yet without factors that could potentially confouhe analysis of results, amvitro inoculation
system in agar medium was devised. In this apprcagar medium was inoculated with either
U. virens or M. oryzae and incubated for sufficient time for a mycelivonform. Then, rice
seeds just barely germinating were surface stedlend transferred to the plates containing the
fungi. This approach allowed the roots to eithesgively encounter the fungal pathogens
through normal growth and elongation, or for thegal pathogens to grow towards and infect
the roots (Fig. 15). In this assay, five seedsviiansferred to a Petri dish containing eiter
virens or M. oryzae. For each fungus, three replicate plates werbyzed, and the entire
experiment was repeated three times. In each ex@et, the same design was followed, but
seeds were transferred to sterile medium (neithegus) to provide a negative control.

For each plant exposed to eith&rvirens or M. oryzae, roots were assessed visually for
necrosis/discoloration and sections from threeviddial roots were analyzed via confocal
microscopy. For roots exposedUWovirens, very minimal levels of visual discoloration were
observed, and discoloration levels were similavbat was observed in negative controls.
Additionally, among all roots analyzed across afleriments, no penetration of the root

epidermis byJ. virenswas observed (Fig. 16). In contrast, altholMyloryzae was not observed
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U. virens M. oryzae

Diurnal incubation

Figure 15. Technique forn vitro inoculations of rice seedlings with virensor M. oryzae in
agar medium.
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Figure 16. Representative confocal microscopy images ofraogs (cross sections) from thre
vitro inoculation assay with). virens strain UVLN.
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to infect roots three days after inoculation (Aig.A), the pathogen extensively colonized roots
7 - 11 days after inoculation (Fig. 17 B-C). Byda4dys after inoculation, approximately 80% of
roots exposed thl. oryzae showed signs of infection (e.g., penetration efrihot epidermis),
where as 0% of roots exposeduovirens were infected (Fig. 18). The apparent inabilityJo
virens to infect roots of rice was consistent with reswlbserved after root dip inoculations,

described above.

Compar ative histology of root infections by U. virensand M. oryzae: infested soil

In a third approach for root inoculations, autgelh soil was infested with conidia of
eitherU. virens or M.oryzae, and young rice seedlings were transferred ireasthl. While this
was projected to be the most “realistic” simulatedmatural, field inoculations, a concern was
that the conidia would be excessively dilute tdiate infection. This concern did not turn out to
be valid, as roots analyzed from soil infested witlvirens showed a low, yet consistent, level
of superficial fungal colonization as early as ¢hte five days after transplantation (Fig. 19A,
B). However, even as late as 11 days after tranggtion, no roots were observed to be infected
internally byU. virens (Fig. 19C). In soil infested wit. oryzae, root infection occurred at
some point between three and seven days aftepteantation (Fig. 20A, B), and colonization
was extensive by 11 days after transplantation @3¢). In an analysis of three plants per
treatment (five individual roots per plant), apprately 40% of roots exposed kb. oryzae
were infected, as compared to 0% of roots expased virens (Fig. 21). These findings

provided a third line of evidence tHat virens does not readily infect rice roots, if at all.

66



Figure 17. Representative confocal microscopy images ofraos (cross sections) from the in
vitro inoculation assay witM. oryzae strain GUY11-GFP.
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Figure 18. Quantification of root infection at 11 days afteoculation.
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Figure 19. Representative confocal microscopy images ofroogs (cross sections) after
transplantation into soil infested with virens strain UVLN.
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Figure 20. Representative confocal microscopy images ofroogs (cross sections) after
transplantation into soil infested wikh. oryzae strain Guy11-GFP.
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Figure21. Quantification of root infection at 11 days afteoculation (dai).
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Evaluation of the specificity of the nested PCR assay for U. virens

The results obtained above called into doubt wdrdthvirens is capable of initiating a
systemic infection via root infection. A lingerimgiestion was whether or not the nested PCR
assay heavily relied upon to detéktvirens in infected tissue was truly species-specific. In
repeated assessments of specificity by amplifymgukn non-target DNA, the nested PCR assay
did not provide sufficient specificity to be usex histopathological investigations of the
presence ofJ. virensin rice tissue. Specifically, the assay produfedse positive results on rice
seeds and stems collected from greenhouse-groemetgardless of whether or not the seeds had
been treated withl. virens conidia before analysis (Fig. 22). Of even gneabmcern was the
amplification of purified genomic DNA from non-tagfungi that belong to the Sordariomycets
(Fusarium graminearum andF. verticillioides) and the ubiquitous saprophyidernaria
alternata (Fig. 22). No amplification was observed in négatontrol reactions (water
template), which indicated that the lack of spedifiarose from factors other than pipetting

error or aerosol contamination of neighboring resct (Fig. 22).

DISCUSSION

In previous work, a GFP-expressing straitJo¥irens was created for molecular
histology purposes (strain UVLN). Combined witmtmcal microscopy, this strain represented
a significant technological advancement for thédpathological analysis of the infection
process underlying false smut. In root infectiseays, background fluorescence from rice root
tissues minimally overlapped with GFP (e.g., Fig,. 17, 20), and the technique clearly — and
unambiguously — facilitated analyses of individiagbhae olJ. virens (e.g., Fig. 19). In the
tissues of the inflorescence, background fluoreseevas substantially higher than in roots, but

the strong GFP signal easily facilitated unambiguditferentiation of the fungus from the host
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M = DNA size marker

1. Wells seed (inoculated with U. virens) M1 2 3 45 6 7 8
2. Jupiter seed (inoculated with U. virens)

3. Francis seed (inoculated with U. virens) _

4, Wells stem (inoculated with U. virens) —

5. Jupiter stem (inoculated with U. virens)

6. Francis stem (inoculated with U. virens)

~l

. Wells seed (uninoculated)

. Jupiter seed (uninoculated)

. Francis seed (uninoculated)

10. Wells stem (uninoculated) M9 101112 13141516 17
11. Jupiter stem (uninoculated)

12. Francis stem (uninoculated)

o 0o

13. U. virens (genomic DNA) =
14. Alternaria alternata (genomic DNA)

15. Fusarium graminearum (genomic DNA)

16. Fusarium verticillioides (genomic DNA)

17. negative control (water template)

Figure 22. Evaluation of the specificity of the nested-PGRay to detedd. virens, as
described by Zhou et al., 2003.
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in almost all cases. When analyzing tissues iragedlwith strain UVLN, confocal microscopy
provided much clearer and more highly resolved esafan fluorescence microscopy with a
simple compound microscope. Confocal microscopy paaticularly useful for the three-
dimensional resolution of fungal colonization, gmdvided much more convincing evidence for
superficial versus invasive growth than providediglgt microscopy or fluorescence
microscopy with a compound microscope. Thus, tmlination of a GFP-expressing strain of
U. virens with confocal microscopy facilitated a thorougbktbpathological investigation of false

smut in rice.

Careful consideration of how the rice inflorescedevelops provides insight into the
dynamics underlying how aerially dispersed conidizst likely initiate disease. The rice
inflorescence is a compound raceme (panicle), aohwihdividual flowers (spikelets) are
attached by pedicels to primary branches, whidirin are attached to the central axis of the
inflorescence (rachis). The staging of infloresmedevelopment can be divided into nine
distinct stages, as summarized in Table 2 (Itad.eR005). Conceivably, a systemic infection
initiating in the vegetative stage of developmentld requireJ. virens to be present in the
SAM, and therefore, the pathogen would infect thgcent inflorescence at the stage of initiation
(Stage Inl: Establishment of rachis meristem)vdtld follow, then, that the pathogen would
most likely be present throughout the entire radidigprimary branches, all higher-order
branches (Stages In2 — In5), and would certainlgriesent in floret meristems, long before
formation of floral organs (Stage In7). Stagek-+in8 of inflorescence development occur
throughout the overlapping stages of jointing andtimg in rice development. Jointing is a
stage of internode elongation that begins concanttytavith panicle initiation (PI; also called

‘green ring’) and continues until full plant heightreached, whereas booting is loosely defined
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as the stage at which the flag leaf sheath swakstd the increasing size of the panicle. Thus,
booting overlaps with, and can be considered assadpe of jointing. In this study, the
developing inflorescences of rice plants were ithetea at booting by direct injection of conidia
through the sheath of the flag leaf with a hypermdemeedle. One possible consequence of this
approach is that conidia might be inadvertentlgatgd directly into the rachis, thus mimicking a
systemic infection, rather than beingdepositedesteily on the surface of developing spikelets.
However, in repeated experiments, including hedqbdamts displaying one or more spore balls
of strain UVLN (confirmed by monitoring GFP expri&sy, no colonization of the rachis,
primary branches, or pedicels was observed. Tlmization of the glume tissue observed in
this study is more consistent with the outward espan of the spore ball from tissues of the
ovary than a systemic infection initiating from tlaehis. Moreover, all spore balls produced by
strain UVLN throughout this study contained sixnséas, which suggets spore ball
development, and presumably infection, occurreer &tage In7 of inflorescence development.
This lack of evidence for systemic infection is s@tent with recently published observations, in
which >1000 spore balls from field conditions (matunoculum) were dissected & no evidence
of the fungus was ever observed in the pediceldTral., 2012). At the very least, these
experiments indicate thak virens either infects or initiates spore ball formatiornspikelets at a
late stage of development, and that inoculatiothefdeveloping inflorescence is sufficient to

cause normal symptom expression in the absengsstasic infection.

75



Table 2. Staging of the rice inflorescence (addyftem Itoh et al., 2005).

Symbol Name Defining physiological events

In1 Establishment of rachisConversion of vegetative meristem to rachis manste
meristem

In2 Formation of primary Rachis meristem reaches maximum size. First pyimar
branches | branch primordia are formed.

In3 Formation of primary Primary branch primordial form spiral arrangemeRachis
branches lli meristem aborts at the end of this stage.

In4 Elongation of primary Simultaneous elongation of primary branches
branches

In5 Formation of higher- Formation of secondary and tertiary branches. Qofse
order branches uppermost stem elongation.

INn6 Differentiation of Differentiation of two rudimentary glumes initiated
glumes

In7 Differentiation of Floral organs formed: two lodicules, six stamemsl earpel
floral organs in a whorl.

In8 Elongation of rachis  Rapid elongation of rachis and branches. Compledfo
and branches anther and ovule development

In9 Heading and flowering Inflorescence emergesiftbe sheath of flag leaf.

Flowering typically occurs around noon.

Infection of roots by conidia has been postulatelde a possible mechanism through

which U. virens initiates a systemic infection (Schroud and TeBe2305). Many plant

pathogenic fungi are capable of infecting roota abmpatible host and initiating a systemic

infection (Agrios, 2003). Intriguingly, numerougezies within the fungal order

Sordariomycetes initiate systemic infections viatrentry, includingColletotrichum

graminicola (Sukno et al., 2008) ard. oryzae (Marcel et al., 2010). In these examples, neither

fungus is known to readily infect floral tissuesti@ad causing leaf and stem necrosis.

Additionally, both have high rates of infectiongreenhouse and growth chamber conditions,

along with distinct morphological adaptations totrmfection, which implies that root infections

in these two species are not experimental artifalctshis study, the infectious development on
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roots was compared extensively betweerirens andM. oryzae. Regardless of root
inoculation techniqud. virens only formed superficial associations with rootsparily
growing on the root epidermis and root hairs with@enetrating the epidermal layer. In
contrastM. oryzae readily penetrated the epidermis, colonized catissues, and grew
extensively along the endodermis in all of the ilation strategies tested. Moreover, no
specialized infection structures were observecetiobmed byJ. virens, whereasVl. oryzae
forms abundant hyphopodia consistent with publighestriptions of root infection (Marcel et
al., 2010). The lack of root penetrationyvirens observed in this study, despite repeated
attempts with multiple inoculation techniques, segg that the fungus is unlikely to colonize
roots aggressively enough to reach the SAM via hlyphlnetration or translocation of
microconidia.

The lack of specificity observed for the nestedRPESsay presented by Zhou et al. (2003)
calls into question the conclusions of other stsidmat have relied heavily on this technique.
There are at least two possible explanations ftabk of specificity observed for the assay.
One explanation is that the assay was improperfppeed, with some source of contamination
or operator error, sloppiness, etc. This scenanmssible, but unlikely, since similar results
were obtained after multiple trials, when perfornredlind tests with other researchers in the
Bluhm lab, and negative control (water templatectens consistently failed to amplify, which
suggests an absence of wide-spread PCR contanmnaiigecond explanation is that the assay
is not sufficiently specific to accurately detéttvirens. This is a valid concern because the
assay employs a nested PCR technique to amplifyAriddions of theJ. virens genome.

Nested PCR operates on the principle that a fistd of amplification will either increase a rare

template or selectively amplify a subset of tagpgfuences, and then specificity is obtained in a
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second PCR step that utilizes dilute primary PCiipct as template (Zhou et al., 2003).
Nested PCR detection assays are notoriously pratienand frequently provide false positive
results due to lack of specificity in one or badlumds of amplification, and an increased
likelihood of false positive results from templa@ntamination due to exponential amplification
of the target amplicon in positive reactions. TR&IA of U. virens is highly similar to
analogous sequences from other Sordariomycetdsding many speciesf Neotyphodium.
Neotyphodium species are ubiquitous endophytes commonly agedoidth members of the
PoaceaelNeotyphodium species are commonly associated with rice as ankarsmycorrhizal
(AM) fungi (Vallino et al., 2009). Regardless ohether operator error or lack of specificity is
the cause of the false positive results obtained thie nested PCR assay in this study, the
development of a more robust, species-specificctieteassay fol. virens — preferably, one
that did not target rDNA sequences — would be lyigieineficial to the false smut research
community. Upon development of a more robust dete@ssay, it would be highly worthwhile
to revisit experiments in which systemic coloniaatof rice was predicted based on results from
the nested PCR assay.

In light of the results obtained in this studyg@rdiseases may provide the most
representative model for the false smut diseaske cyiaxonomically, ergot fungi (Order:
Sordariomycetes, Genus: Claviceps) are closelya@®U. virens, and the teleomorph &f.
virens wasClaviceps virens until 2008 (Tanaka et al., 2008). Ergot fungi tgily initiate
disease with sexual spores (ascospores) formeadsaferotia in soil germinate in spring or early
summer and produce stroma containing perithececogpores are carried from the soil surface
to nearby inflorescences of susceptible speci€oateae, germinate, and replace the developing

grain with a sclerotium (analogous to a false sspatre ball). Then, abundant microconidia are
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produced, which are either carried by wind or isptash to adjacent plants, or are trapped in a
sugar-rich secretion termed ‘*honeydew,’ which atgansects that subsequently serve as vectors
of spore dissemination. As with false smut of ric@st ergots only affect a few spikelets per
infected ear. At the end of the growing seasomyneagot sclerotia dislodge from ears and are
deposited on the ground (as is also the case Itw $aut balls), where they overwinter and
become metabolically active again in spring oryeaummer, thus initiating a subsequent
season’s disease cycle.

In summary, this study is the first in which cocdbmicroscopy was applied to compare
and contrast infection of the inflorescence vstsao the context of false smut of rice. The
apparent inability ol. virens to penetrate roots or colonize the SAM after dingjection in the
coleoptile, as well as the absence of the pathérgemrachis or pedicel tissue in rice heads
bearing spore balls, suggests that systemic iniestare rare and/or play a secondary role in the
disease cycle of false smut, or that systemic tidesimply does not exist in this pathosystem.
The findings in this study will guide future expaents to explore the possibility of systemic
infection in false smut, and highlight the needrfare robust molecular detection assaydfor

virens.
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Chapter 1V: CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions

The research presented in this thesis has pro@deduable first step towards
understanding fundamental aspects of the false disedise cycle, and making future progress
towards a molecular-level understanding of theatise Anecdotally, false smut has been
labeled as a difficult disease to study due tostbes growth of the pathogen in culture and the
lack of a straightforward inoculation techniquecontrolled conditions, such as the greenhouse.
This project was designed to provide new moleadaources to study false smut, as well as
novel insight into the infection process. Bothlodse goals were achieved, and major findings
are discussed below:

1. U.virens has unrecognized potential as a tractable modeh&ecular genetics of
pathogenesis. With th&grobacterium-mediated transformation protocol developed in this
thesis, the fungus shows a high transformatioruieeqy. U. virens can be grown in culture,
although slowly compared to many other fungi. Imgotly, it is possible to get full expression
of false smut symptoms in greenhouse conditions aiGFP-expressing isolate. Moreover,
strain UVLN appears to produce ustiloxin A in greease inoculations, and at a high enough
level that it can be detected in a single spork Mith these resources, significant progress can
be made to understand the molecular interactior@ved in pathogenesis and host resistance.
What is needed most immediately is a draft genceneence of the pathogen and genetic
resources such as collections of tagged, insettrootants. Considering the decreasing cost of
sequencing and the high transformation frequendly Avitumefaciens, both of these needs can

realistically be met in the relatively near future.
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2. WhethelJ. virens is capable of infecting root tissues is highly sfianable.

Although many Ascomycete plant pathogenic fungiicdect roots of Graminae crops to initiate
systemic infections, there is no published evidesfdé. virens being able to do so, and no
evidence in support of this idea was obtained duttve course of the research described in this
thesis. Therefore, it is questionable whether nofeiction is a plausible mechanism through
which a systemic false smut infection could beatgd. Based on this information, if systemic
infections are indeed associated with false smutef they are more plausibly initiated by
infection of asymptomatic, healthy seed, infectadithe coleoptile shortly after germination, or
possibly an unexplored mechanism such as insedrriasion (Wandeler et al., 2008). Itis
important to note that negative results can suppbstpothesis but cannot disprove an
alternative hypothesis; therefore, it is imposstblsay that root infections never occur during
false smut. However, it is clear that when givewesal reasonable opportunities to infect roots,
U. virens declined, whereas the known root-infecting patindgeoryzae did not hesitate.

3. The nested PCR assay widely used to explatersyc infections byJ. virens appears
to have serious flaws regarding specificity. Therse of the apparent lack of specificity does
not matter as much as the implications. If falgsifoves are possible, or even common, as this
study would suggest, then the interpretation afiltesising the nested PCR assay must be called
into question. A lack of specificity of the neste@R assay could explain some of the
conflicting results recently published in the lagrre, especially the lack of histopathological
evidence for systemic infection in greenhouse-aturally-inoculated rice plants showing clear
symptoms of false smut (spore balls), yet the cbest detection of the pathogen in
asymptomatic, vegetative tissues of rice plantsrtiey or may not develop spore balls upon

flowering. This discrepancy highlights the needrfre sensitive and specific molecular
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detection assays f&f. virens, and also indicates that multiple, corroboratghniques to detect
the pathogen in rice tissues should be employedhewer possible to overcome concerns about
error and to provide a convincing, definitive answegarding the cycle of infection.

4. Irrespective of whether or not systemic infats are a component of the false smut
disease cycle, spikelet infections from airborneidia are likely to play a much more significant
role. The results presented in this thesis dematesthat 1) inoculation of the developing
inflorescence with a tagged (GFP-expressing) isatah produce spore balls than are
unambiguously associated with the inoculating strand 2) there is no evidence of systemic
infection e.g., demonstrable fungal colonizationha& rachis or pedicel bearing a spikelet
containing a spore ball. The lack of evidencesfgtemic infection is consistent with the
findings of other groups investigating false snmdulkarni and Moniz, 1975; Tang et al., 2012).
Aerial infection of developing spikelets is supgarby epidemiological studies monitoring the
airborneU. virens spore load over rice fields in India, which repdrhighest seasonal spore
counts during heading (Sreeramulu and Vittal, 1966)us, future management efforts will
likely be most effective if focused on reducingiakinfections during heading through the use
and application of effective chemical controls, ifmplementation of cultural controls that
reduce the aerial spore load, and the increasddyaeent of resistant cultivars and hybrids as
they become available.

5. Ustiloxin mycotoxins may be an underappredidleeat to rice production in
Arkansas. Although the research in this thesisdidprovide an exhaustive survey of ustiloxin
production in spore balls and in defined media loiyafysas isolates, detectable levels were
observed in spore balls collected within the sta#dditionally, the GFP-expressing strain

UVLN is capable of making ustiloxinA during greenise inoculations of rice. Whether or not
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ustiloxin contamination of rice is a widespreadiess Arkansas bears further research in the

future.

Futuredirections

Looking forward, areas of immediate need in falsrit research include a more robust
molecular detection assay and a more thorough steees of the risks associated with ustiloxin
contamination of Arkansas rice. In the longer tearmore thorough and replicated analysis of
systemic vs. spikelet infection will help to clgrihe false smut disease cycle and thus guide
future disease management research and recomnarlatiltimately, sustainable control of
false smut will benefit greatly from a more fundanta® understanding of the plant-fungal
interactions underlying the disease, which will eofrom functional genomic studies of

pathogenicity iflJ. virens and resistance in rice.
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APPENDIX

Table 1. Data from root-dip inoculation experingent

Experiment Cultivars Time  Number of % Plants infected
number observed  plants In vitro Infested
(dai)  inoculated Rootdip inoculation soil
1 Wells 3 10 20 0 10
2 Wells 7 10 60 60 20
3 Wells 11 10 70 80 40
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Table 2. Data from inflorescence inoculation expents.

. Number of
E);]p(?rrllgn?nt Cultivars plants U.virens  Number of
umbe inoculated strain spore balls
Wells 25 WT 0
1 Francis 25 WT 2
Jupite 15 WT 0
Wells 15 WT 2
2 Francis 15 WT 0
Jupite 15 WT 0
Wells 15 WT 0
3 Francis 15 WT 0
Jupite 15 WT 0
Wells 15 UVLN 3
4 Francis 10 UVLN 2
Jupite 10 UVLN 0
Wells 20 UVLN 0
5 Francis 20 UVLN 0
Jupite 20 UVLN 0
Wells 15 UVLN 2
6 Francis 0 UVLN 0
Jupite 25 UVLN 0
Wells 20 UVLN 2
7 Francis 0 UVLN 0
Jupite 0 UVLN 0
Wells 20 UVLN 1
8 Francis 0 UVLN 0
Jupiter 15 UVLN 0
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Table 3. Data from nested PCR experiments.

Number of r t i
Template umber of repeate  Nested Sequencing

experiments PCR results
Riceinoculated with U. virens
Wells seed 4 + U. virens
Jupiter seed 4 + U. virens
Francis seed 4 + U. virens
Wells stem 4 + U. virens
Jupiter stem 4 + U. virens
Francis stem 4 + U. virens
Rice uninoculated with U. virens
Wells seed 4 + U. virens
Jupiter seed 4 + U. virens
Francis seed 4 + U. virens
Wells stem 4 + U. virens
Jupiter stem 4 + U. virens
Francis stem 4 + U. virens
Fungal genomic DNA
U. virens 4 +
Alternaria alternata 4 + U. virens
Fusarium graminearum 4 + U. virens
Fusarium verticillioides 4 + U. virens

Negative control
water template 4 -




