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ABSTRACT
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activity of endophytic microbes
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Dr. Adrian Schwan
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Microbes are robust and promiscuous machines for the biosynthesis of
antimicrobial compoundswhich combat serious crop and human pathogenspetial
subset of microbes that inhabit internal plant tissues without causing disease are referred
to as endophytes. Endophytes can protect their hosts against pathogens. | hypothesized
that plants which grow without synthetic pesticides, including thel wid ancient
relatives of modern crops, and the marginalized crops grown by subsistence farmers, host
endophytes that have -@volved to combat hospecific pathogens. To test this
hypothesis, | explored endophytes within the ancient-KAfddan crop fnger millet, and
diverse maize/teosinte genotypes from the Americas, forfamgial activity against
Fusarium graminearumF. graminearumleads to devastating diseases in cereals
including maize and wheat and is associated with accumulation of mycoioclinding
deoxynivalenol (DON).

| have identified fungal and bacterial endophytes, their secreted natural products
and/or genes with arEusarium activity from both maize and finger millet. | have
shown that some of these endophytes can efficienfpressF. graminearumn planta
and dramatically reduce DON during seed storage when introduced into modern maize
and wheatThe most exciting discovery of my research is that an endophytic bacterium
(strain M6,Enterobactersp.), isolated fromhte roots of finger millet, builds a remarkable

physical barrier consisting of bacterial miarolonies that protect the host against



pathogen invasion. M6 creates an unusual root-draopphyte stacking (RHESt)
formation that prevents entry and/or traps gathogen which is then killed. Th5 mutant
analysis demonstrated that the endophyte kills the fungal pathogen by usiig>de-
dependent signaling network and diverse fungicides including phenazine. The endophyte
has evolved an epistatic regulatoryeiratction to suppress an antibiotic released by
Fusarium which would otherwise inhibit phenazine release intoRRESt. The end

result of this remarkable physiohemical barrier is a reduction in levels of the
mycotoxin DON, thus potentially protecting liens of subsistence farmers and their
livestock. To the best of my knowledd®HESt represents a novel plant defence
mechanism and suggests the value of exploring the microbiomes of the world's ancient,

orphan crops as source of endophytes with antitigractivity.

Keywords: Natural products, Antifungal, Genes, Endophytes, RHESIsarium
graminearum Teosinte, Maize, Finger milleBhomasp.,Fusariumsp. ,Penicilliumsp.,
Enterobacter  sp., Citrobacter  sp. and  Paenibacillus polymyxa.
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Chapter 1: Thesis outline andgyeneralintroduction

1.1 Thesis outline
The thesis includes 9 chapters, in addition to the Gewmlgsalission,References and

Appendices.

Chapter 1. General introduction

Chapters 24: Comprehensive literature review for the reseastated background.

In Chapter 2 (Mousa and Raizada, 2016), | discuss various strategies and mechanisms of
natural disease control in cereal grains with a focus on biological control.

In Chapter 3 (Mousa and Raizada, 2013), | review diverse chemical classes of
antimicrobial seendary metabolites purified from endophytic microbes. | discuss
emerging themes from a multidisciplinary perspective.

In Chapter 4 (Mousa and Raizada, 2015), | review biosynthetic gene clusters that encode
antimicrobial secondary metabolites in plasso@ted microbes including, but not
limited to, endophytes. | discuss various evolutionary events that led to cluster

diversification including horizontal gene transfer among kingdoms.

Chapter 5 (Mousa et al., 2015b) arhapter 6:

In Chapter 5, | report thisolation of fungal endophytes from the ancient Afrdian

crop, finger millet, for the first time and screening of their extracts forFargarium
activity. Focusing on the most potent extract, derived frdh@masp., | use bieguided
purification followed by spectroscopic structural elucidation to isolate and characterize
four diverse natural products underlying the antifungal activity.Clmapter 6 |
characterize three arfiusariumcompounds produced by three other fungal endophytes
of finger milet. | study the endophytic behavior of finger millet fungi and demonstrate

some insights into the mode of action of each purified molecule.



Chapter 7:

In Chapter 7, | describe the isolation of bacterial endophytes from finger millet and
screen them foantt F. graminearumactivity. Focusing on the most potent endophyte,
strain M6, | study thén plantainteractions, discover genes and natural products required
for the antifungal activity, and test its ability to suppresgraminearumn maize and
wheat and to decrease mycotoxin contamination in grains after poor storage conditions. |
describe the ability of M6 to create an unusual Root Hair Endophyte Stacking (RHEST)
structure to physically hinder the entrance of the pathogen, which is then kiltel tims
RHESH. | discover genes and molecules that are required for the killing machinery of M6.
Discovery of RHESt illustrates the value of exploring the microbiome of orphan crops of

subsistence farmers for promising biological control.

Chapter 8 (Mousaet al., 2015a) an@hapter 9:

In Chapter 8, | describe the screening of a library of ~200 bacterial endophytes
previously isolated from diverse maize genotypes by a former PhD student in the Raizada
lab, Dr. David JohnsteMonje, for antifungal activity gainst F. graminearum
Candidate endophytes were then tested for their ability to suppregaminearumin

maize (Chapter 8) and wheat (Chapter 9). | report that the most potent endophytes were
isolated from wild maize species. | study theirplanta colonization and suggest a
possible mode of action based on biochemical, molecular and microscopy experiments.
This study highlights the value of exploring the microbiomes of wild relatives of modern

crops, grown without fungicides, for potential biologiaatagonists.



1.2 General Introduction
1.2.1 Endophytes are important plant endesymbionts

Endophytes are microbes that inhabit the internal tissues of plants without causing
disease(JohnstorMonje and Raizada, 201Mousa and Raizada, 201FEndophyte
plant interactions may develop a range of relationships which can involve synbiosi
mutualism and commensalisf@@ohnstoAMonje and M.N., 2011Ryan et al., 2008 It is
worth noting that many endophytic bacteria are capable of living outsidehtistiplant,
even reported to be sdibrne microorganisms, an observation that has important
implications for horizontal and lateral transmissi@vicinroy, 1994. Endophytes are
often foind more abundantly in roots than shoots. They are suggested to penetrate plant
tissue by secreting enzymes such as pectinase and ce(idlasé et al., 1994 and can
colonize a host plant by several routes: 1) penetration fremsdil into the root, 2)
entrance through stomates to the leaf®@sarrock et al., 1991 and 3) transmission
through vectors such as inseg¢shbolt and Inkerman, 1990Following entry, an
endophyte may reside in a specific host tissue aagstlular space, perhaps regulated by

interactions with the host and other microfiRgan et al., 2008

Endophytes perform vital tasks for their host plants including growth promotion,
nutrient aquisition, and tolerance to biotic and abiotic stré84cinroy, 1999.
Endophytic strains oPseudomonas$£nterobacterand Staphylococcs were reported to
promote the growth of plants by qaucing growth regulators such as auxins and
cytokinins(Yoav et al., 200% With respect to nutrient acquisition, endophytes have been
shown to assist in biological nitrogen fixatiqdames, 2000 Endophytes are also
reported to help plantslerate environmental stress such as flooding. For example, some
endophytic bacteria produceaininocyclopropand-carboxylic acid (ACC) deaminase,
which breaks down the ACC precursor of ethyleaesignal molecule which is otherwise
induced during floodig/anoxic conditions and inhibits root growd@lick et al., 1998
Endophytes help defend their hosts against phytopathogens such as fungi, bacteria or

even insects and nematod@y/an et al., 208). Different antipathogenic mechanisms



have been demonstrated or hypothesized including: 1) competition between endophytes
and pathogens for nutrients or space, 2) induction of systemic resistance (ISR), and 3)
secretion of antmicrobial natural prodcts. In Chapter 2, various mechanisms of
microbial antagonism will be discussed in deiibusa and Raizada, 26)1

1.2.2 Antimicrobial secondary metabolitegrom plant endophytes

Antimicrobial natural prducts from fungal endophytes are better characterized than
those from bacterial endophytes. In the case of bacteria, many of the pathogen targets

that have been studied are human.

1.2.2.1 Antimicrobial secondary metabolitegproduced by fungal endophytes

Antimicrobial natural products produced by fungal endophytes belong to diverse
chemical classes including terpenoids, alkaloids, phenylpropanoids, aliphatic compounds,
polyketides and peptides. @hapter 3, all classes of antimicrobiabmpounds produced

by endophytic fungi will be reviewegdousa and Raizada, 2013

1.2.2.2 Antimicrobial secondary metabolitegproduced by bacterial endophytes

As noted above, anthicrobial molecules produced by bacterial endophytes have been
lessstudied tharthose produceffom fungi. Someexamples of antimicrobial secondary
metabolites produced by bacterial endophytes include the following:

12.2.2.1 Ecomycins- These are peptide compounds purified fré?seudomonas
v i r i ¢ anpeadophyte that colonizésctuca sativa(lettuce) Ecomycirs showed
broad spectrum antifungal activity against human pathogens incl@dindida albicans
and Cryptococcus neoformansand plant pathogens includinBhizoctonia solani

Fusarium oxysporurandSclerotinia sclerotiorunMiller et al., 1998.



1.2.2.2.2Coronamycins - These peptide compounds were purified froBteeptomyces
sp. that colonizesMonsterasp. vine in Peru. Coronamycins showed antifungal activity
against several plant pathogenic fungi includiRgthium ultimum Aphanomyces
cochlioidesand Phytophthora cinnamomand human pathogens includiStyeptococcus

pneumoniga bacterium) an@. neoformanga fungus) (Ezra et al., 2004).

1.2.2.2.3Munumbicins - These peptide compounds were obtained fra&treptomyces
sp., an endophyte of the medicinal pldténnedia nigriscansnative to Australia.
Munumbicins showed activity against human pathogens includhgieoformans C.
albicans A. fumigates S. aureus Enterococcus faecaligs well as the plant pathogenic
fungi P. ultimum R. solani, P. cinnamomj Geotrichum candiduns. sclerotiorumandP.

syringae(Castillo et al., 2002

1.2.2.2.4Fusaricidins A-D i These are smadintifuncal peptides originally purified from
the culture methanolic extract Bhenibacillus polymyxénot an endophytgBeatty and
Jensen, 2002 Later, | identified fusaricidin molecules in the culture filtrates of three
endophyticP. polymyxastrains with potent activity against the fungathmeenFusarium
graminearum More details are given i@hapter 8 (Mousa et al., 2015b In addition,
fusaricidins were previously reported itthibit the growth of various fungal pathogens
including Leptosphaeria maculané. niger, A. oryzae F. oxysporumand Penicillium
thomii (Kajimura, 1996 Kajimura and Kaneda 97, Beatty and Jensen, 2002

1.2.2.2.500cydin A- This is a chlorinated macrocyclic lactone producedSeyratia
marcescensnot an endophyte but aepiphyte living on the aquatic plant species
Rhyncholacis penicillatgStrobel et al., 1999 Oocydin A showed antifungal activity
against several crop pathogens includihginnamomj P. parasitica P. citrophoraand

P. ultimum.



1.2.2.2.6Lipoproteins (LPs) - This largegroup of compounds includes surfactin, iturin

and fengycin purified fronBacillus sp. and syringomycin, syringopeptin, syringofactins,
arthrofactin, viscosin, orfamide, massetolides, putisolvins and entolysins purified from
Pseudomonad hese lipoproteins have been reported to cause lysis and growth inhibition
of several pathogens including viruses, mycoplasmas, bacteria, fungi and oomycetes
(Raaijmakers et al., 2010

1.2.2.2.7 Diacetylphloroglucinol (DAPG) - This group of phenolic polyketides
produced exclusively byseudomonasp. (mainly fluorescent Pseudomonads), and is
one of the primary compound classes responsible for tbeorirol activity of
Pseudomonasp. against different plant pathogens, including-Borhe pathogeng’ang
and Cao, 203) such as P. capsici Colletotrichum gloeosporioideand F. oxysporum
(Chung 2008

1.2.2.2.8 Chitinasei These are enzymes that bred&wn chitin, a polysaccharide
consisting of repeating JdcetytD-glucose2-a mi ne uni t sl4lglycosided by
bonds.Chitinases are produced from various bacterial strains includtagudomons
StreptomyceBacillus and Burkholderia Chitinases weréound to antagonize different
fungal pathogens by degrading the fungal cell wall, an activity that is correlated to the
antipathogenic activity of the bacterial strains that employ this mechg@secine et

al., 2008. Chitinases produced froffuorescentPseudomonsistrainsisolated from the
sugarcane rhizosphere showed antifungal actiggairestC. falcatum the causative agent

of red rot disease in sugarcaf€iswanathan and Samiyappan, 2PO0Actinoplanes
missouriensisvas reported to produce high levels of chitinase which degrades the hyphae
of Plectosporium tabacinumthe causal agent of lupin root rot in Egypt, through
plasmolyss and celwall lysis (El-Tarabily,2003.



1.2.3 Biosynthetic genes that encode antimicrobial natural products in plant

endophytes

Genes that encode structural enzymes required for the biosynthesis of antimicrobial
compounds and other regulatory genes have also been identifi€tapier 4, | have
reviewed examples of genes responsible for the antimicrobial activity in several plant

associated microbes, not only endophydsusa and Raizada, 2015

1.2.4 The fungal pathogenFusarium graminearum

The genudrusariumincludes widespread pathogens of cereal crops, inclueing
verticillioides in tropical maize which is associated with the pthin of carcinogenic
mycotoxins, and~. graminearum(Figure 1.1 A), the causal agent @ibberellaear rot
in maize andrusariumhead blight in wheafSutton, 1982 In grain, F. graminearum
produces sesquiterpene trichothecene mycotoxins includa®pxynivalenol (DON)
(Figure 1.1 B). DON is a mycotoxirthat inhibits DNA and protein synthesis, resulting in
various toxcity effects in both humans and animal3ON is an important virulence
factor which enhanceshe ecologicalfitness and survival of Fusarium during the
saprophytic growth phagaroughexerting its toxiceffect onsoil inhabitant{Audenaert
et al., 2013)Moreover, DONplays a vital role in pathogen host interactions, in particular
during the necrotic growth phase through induction of peroxides synthesis and
subsequentell death(Walter et al., 2010; Audenaert et al., 20IB)e detailedrole of
DON in dingal infection and disease developmeritave been extensivelyreviewed
(Munkvold, 2003bVoss, 2010Kazan et al., 203, 2Audenaert et al., 201¥assan et al.,
2015. In addition to DON,F. graminearumproduces fusaric aci@Figure 1.1 O, a
mycotoxin/antibioticthat interferes with survival and metabolism of other microbes
(Notz et al., 2002van Rijj et al., 200p



Figure 1.1: The fungal pathogen,Fusarium graminearumand its mycotoxins. (A)
Picture of F. graminearumstained with calcofluor fluorescent stain and
viewed by confocal laser scanning microscopy. (B) Structure of
deoxynivalenol mycotoxin (DON). (C) Structurefakaric acid mycotoxin.



F. graminearumoverwinters in crop debris, and is then transferred by rain and
wind to infect maize at silking and wheat at flowerif®utton, 1982 In maize,F.
graminearum spores germinate and extend down the silk where infection of the
developing seeds occufliller et al., 2007. In wheat, spores germinate on the surface
of pollen receptive spikelets then enter through natural opening such as guasatzell
et al.,, 2003 Current disease management strategies to combgtaminearumhave
achieved low to moderate success amtly on breeding for resistant genotypes,
optimizing cutural practices or use of fungicidéglunkvold, 2003aReid et al., 2000
There is growing interest in developing Hiased strategies to combat plant pathogens
and fungi to overcome negative impacts associated with the use of synthetic pesticides
including pesticide resistancspil and water pollution, toxicity from crop residues
following treatment, and long term effects on human health and ecosystems.

Bacterial species from several genera includiBgcillus Burkholderig
Agrobacterium PseudomongsSerratig Arthrobacter Azotobacter Stenotrophomonas
StreptomycesCollimonasand Pantoeahave been reported as biological control agents
(Raaijmakers, 20122 Among the bacteria used as biocontrol ageB&cillus and
Pseudomonakave received considerable attention and are already used commercially,
with more than 10 registered prodsiaif Bacillus now available(PérezGarcia et al.,
2011). In the screening of biocontrol agents to confolgraminearum Paenibacillus
polymyxastrains were reported to be effectitde et al., 2009Fenget al, 2011. The
combination of an antibiotiproducingPseudomonasp. and twdacillussp. wa found
to be efficient against maize root pathogens includingraminearum F. moniliforme
and Macrophomina phaseolingPal et al., 2001 Pantoea agglomeranand B.
megateriumhave also been used as biocontrol agents adausstriumsp. (Luz, 200§.
However, exploration of ancient and wild plants for endophytes with antifungal activity,

in particular againgt. graminearumappears to be rare.

1.2.5 Ancient and wild relatives of crops as sourceof endophytes

The ancient, marginalized crops of subsistence farmers, as well as the ancient

landraces and wild relatives of staple crops, are thought to be more resistant to pests and
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pathogens than their modern, mainstream countergRotsefithalket al, 1997 Wang et

al., 2005;Davila-Floreset al.,2013 Lange et al., 20)41 hypothesized that this disease
resistancestate might be due to endophytic microbes. To test this hypothesis, endophytes
isolated from the ancient cereal, finger millet, as well as diverse maize genotypes
including wild relatives and ancient landraces, were screened for their antifungal activity

against~. graminearum

1.2.5.1 The ancient AfraIndian crop, finger millet

Finger millet Eleusine coracanais an AfreIndian cereal grown by subsistence
farmers (Vietmeyer, 1996; Goron and Raizada, 20E®ufe 1.2). Finger millet was
domesticated in Ethiopia and Western Uganda around 5000 BC then reached India by
3000 BC(Hilu and Wet, 1976 Finger millet is well known to be resistant to many
pathogensNlunimbazi and Bullerman, 1996&oron and Raizada, 2016yt there have
been no reports of endophytes isolated from finger millet, including those that might
contribute to its disease resistance. Fungal and bacterial endophytes were isolated in this
study from finger millet for the first timeChapter 5 (Mousaet al, 201%), Chapter 6
and 7].
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Figure 1.2: Finger millet fields. (A-B) Pictures of finger millet fields in Nepal,
inset within (A) shows individual finger millet heads (soumlinda
Thilakarathna, University of Guelph, 2015)

11



Figure 1.3: Finger millet farmers. (A-B) Nepalese finger millet farmers (source:
Manish Raizada, University of Guelph, 2011 and 2013, respectively). (C)
African finger millet farmers (Source: Creative Commons, Peter Lewis, UK
Departmat of International Development).
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1.2.5.2 Wild relatives of modern maize

The primary ancestor of modern maize is the wild teosinte, ParviglZmsrbays
ssp. parviglumis)Rigure 1.4 which remains extant in its native regi@vatsuoka et al.,
2002). There are other species of wild teosintes including the pereteaaiploperennis
(Figure 1.5 (lltis and Doebley, 1989 grown in Mexico and Central America. Maize
was bred and propagated throughout the Americas by local farmers, resulting in many
ancient and traditional landraces. Modern scientists have since expanded upon the
original germplasm by breauy inbreds and hybridatsuoka et al., 200Z5mith et al.,
2004). Wild maize las been reported to be more resistant to some pests than their modern
relatives(Wang et al., 2003.ange et al., 2014 a phenomena that might be attributed to
loss of original endophytes during migmtj breeding and evolutiorlddhnstoAMonje
and Raizada, 20)1The source of maize endophytes used in this study is a library of
bacterial endophytes constructed by a former student in the Rdagdar. Johnston
Monje. These endophytes were isolated from diverse maize genotypes including wild,
traditional and modern varieti€3ohnstoAMonje and Raizada, 201lchnstorMonje et
al., 2013,
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Figure 1.4: lllustration of Zea maysssp. parviglumis

(Source: Creative Commons, Lisa Smith, University of Guelph, Canada).
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