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ABSTRACT

It is generally accepted, that the reciprocal ergeaof molecules between plants
and fungi govern the outcome of their interactiBrom a multitude of potential signals,
one class of oxidized lipids (oxylipins) has takemtral stage in this concept.
Synthesized from enzymatic and non-enzymatic pdedian of fatty acids, oxylipins
are a large and diverse group of potent endogesignaling molecules. Because plant
and fungal oxylipins are similar biochemically astducturally, a novel hypothesis has
emerged that during plant-fungal interactions, thate metabolites are exchanged,
perceived, and affect the behavior of opposingneartThis study sought to explore this
hypothesis and assign a role to specific oxyligiodoicing enzymes from maize and
Aspergillus flavus within the context of the oxylipin-mediated crosagdom crosstalk.

Maize wild-type and near-isogenic mutants for seMgooxygenase (LOX) and
12-oxophytodienoate reductases (OPR) related togai acid biosynthesis and nine
oxylipin-mutant strains ofspergillus flavus were utilized to investigate the contribution
of oxylipins from the plant and the fungi on fungdllity to colonize the host, sporulate
and produce aflatoxin. Phytohormone content an@ gepression analyses of infected
seed were preformed to explore potential assoositd defense hormones with fungal
pathogenesis processes.

Results showed that several genes involved in d8ybithesis affect specific

fungal processes. Despite belonging to separagsups, both LOX3 and LOX7 are



involved in defense against colonization. Additibna_OX3 expression correlates
negatively with colonization andx3 knockout mutants are more susceptible regardless
of the fungal genotype indicating a general defensole for LOX3 againsA. flavus
colonization. An unexpected major finding from thtady is that JA biosynthesis genes
appear to promote aflatoxin accumulation.

Results provide evidence that the fungal LOX gemequired for normal
colonization of seed, while PpoA is required formal conidia and aflatoxin
production. The ratio of ABA/JA correlates positivavith aflatoxin accumulation.

These findings are expected to expedite studissed-fungal interactions, lead
to uncovering novel regulators of seed defensd,d$pecific host genes and signals that
regulate conidiation and mycotoxin production, amdntually provide the maize
industry with genetic targets and biochemical mexlter selecting aflatoxin resistant

lines.



DEDICATION

To my father, Eliborio Borrego Jr., and

mother, Maria Magdalena Borrego



ACKNOWLEDGEMENTS

| would like to thank my Graduate Committee chBir, Michael Kolomiets and
my committee members, Dr. Daniel Ebbole, Dr. Thotsakeit, and Dr. Keyan Zhu-
Salzman for their guidance. Thanks also go to nepndfls, family, colleagues, and the
department faculty and staff for making my tim&akas A&M University a great
experience. | also want to extend my gratitudd&Alfred P. Sloan Minority Ph.D.
Program, Hispanic Leaders in Agriculture and thgiEmment, and Texas A&M
University System’s Pathways to the Doctorate Raogfor providing me the financial
means to pursue and complete this degree. Thariks arlos F. Gonzalez and Dr.

Manuel Pifia, Jr. for their support.



TABLE OF CONTENTS

Page
AB ST R A C T ettt et e e e e e e e e e e e e —rrrrraaaaaaaaas i
[ = 1@ 2 I [ N O PPPPRPRPR iv
ACKNOWLEDGEMENTS ..ottt ettt e e e e e e e e e e e e e e s ssnsneneaneneees %
TABLE OF CONTENTS ..ottt e e e e e e e e e e e e e e e Vi
LIST OF FIGURES. .......coi i i i ittt e et e e e e e e e e aeeeaaaaesennnnnes viii
LIST OF TABLES ...ttt e e e e e e e e e e e e e e s s aenneeeees Xi
CHAPTER
I INTRODUCTION ..ottt re e e e e e e e e e e e e e e e 1
Il MATERIALS AND METHODS ...ttt 8
Plant and fungal material..............ooooi 8
Kernel DIOASSAY ....uuuuuuiiiiiii i e e e e e e e 9
Conidia enumeration, ergosterol quantification, and aflatoxin B1
eterMINALION .....uviiiiiiiiie e 11
Phytohormone analysSis .........oooiiiiiiiiiiii s 12
RNA isolation and quantification.................uuuuiiiiiiiiiiie e, 13
Data @nalyYSIS ....coooiiiiiiiiieeee s 14
I JA-PERTURBED LOX AND OPR MUTANTS DISPLAY ALTERED
LEVELS OF RESISTANCE TO SEED COLONIZATION BY
ALFLAVUS . ...ttt 16
INEFOAUCTION .ceieiiieee e e e e e e e e e e e e 16
RESUIES ..o e e e 18
DISCUSSION ...ttt et e sttt e e e e e e e e e e e e e e e s bb bbb eeee e 32

Vi



v ROLE OF MAIZE LOX3 AND ASPERGILLUS FLAVUSOXYLIPIN
BIOSYNTHESIS GENES IN SEED-PATHOGEN
INTERACTIONS ..o e e e 38
INEFOAUGCTION e e 38
RESUILS ..o e e 41
DS CUSSION ...t e 56
V ROLE OF MAIZE LOX7AND ASPERGILLUS FLAVUS
OXYLIPIN BIOSYNTHESIS GENES IN SEED-PATHOGEN
INTERACTIONS ..o e 63
[ (g0 ]o [ [e3 (To] o I PUTETEETT TR TSRO 63
RESUILS .. e 64
IS U S S ION vt eee ettt et ettt e e e e e ———— 77
\Y] CONCLUSION e, 80
REFERENCES ... .o oo e e e, 84

vii



FIGURE

1

10

11

LIST OF FIGURES

Cladograms depicting oxygenase#sgpergillus flavus and maize
organized by amino acid SEQUENCES ........cccmrrereerieiiiiiiieee e e e e eeeeeeas 6

Oxygenases &. flavus and maize characterized for effect on fungal
colonization, conidiation, and aflatoxin accumudatin maize seed
WIthin thiS StUAY ......coeiiiiieeee e e 7

A. flavus colonization of maize WT and mutants perturbedAn
biosynthesislox3, 10x5, |ox7, |0x10, opr7, andopr8...........ccceeeeevvevveeennnns 21

A. flavus conidiation on maize WT and mutants perturbeddn J
biosynthesislox3, lox5, 10x7, 10x10, opr7, andopr8..............cevvvvvvveniennnn. 22

Aflatoxin B1 accumulation oAspergillus flavus inoculated kernels of
maize WT and mutants perturbed in JA biosynthésx8, [ox5, lox7,
[0X10, OPr7, aNAOPI8 ......ciee i e et erer e e s e e e e e e e e e e e eeeeeaenns 23

ABA accumulation oAspergillus flavus inoculated and mock-treated
kernels of maize WT and mutants perturbed in JAyithesis ............... 27

IAA accumulation ofAspergillus flavus inoculated and mock-treated
kernels of maize WT and mutants perturbed in JAyithesis ............... 28

JA accumulation oAspergillus flavus inoculated and mock-treated
kernels of maize WT and mutants perturbed in b5ymthesis................ 29

JA-lle accumulation ofspergillus flavus inoculated and mock-treated
kernels of maize WT and mutants perturbed in JAyithesis ............... 30

Expression of ZmLox3 and ZmLox7 gene expresiimm the Maize
EFP DIrOWSET ... 36

Effect of maize JA biosynthesis genes with flipgacess of
colonization, conidiation, and aflatoxin accumidatof A. flavus........... 37

viii



12

13

14

15

16

17

18

19

20

21

22

23

24

25

Colonization of maize WT andx3 mutant kernels byspergillus
flavus WT and oxylipin-deficient mutant strains ....ccccc....cooovvvvvevvvinnnnns 44

Conidiation ofAspergillus flavus WT and oxylipin-deficient mutant
strains on maize WT andx3 mutant kernels ............ccccovviiiiiiiicennnn. 46

AF content in maize WT anidx3 mutant kernels upon infection with
Aspergillus flavus WT and oxylipin-deficient mutant strains in kernel
DIOASSAY ... 47

Correlation of fungal parameters........ oo 51

Abscisic acid (ABA) content in maize WT almd3 mutant kernels
upon infection withAspergillus flavus WT and oxylipin-deficient
MULANT STFAINS ...ooviii e e e e e e e eeenanes 52

Indole-3-acetic acid (IAA) content in maize WiTddox3 mutant
kernels upon infection with WT arfpergillus flavus
oxylipin-deficient mutant Strains...........ccouuvuviiiiiiiiii s 35

Role of LOX3 in the interaction of fungus oxyhipnutants .................... 55

Interaction between LOX3 ard flavus fungal oxygenases (LoxA and
Ppo genes) during colonization, conidiation, affat@xin accumulation
Of MAIZE SEEOU .....uviiiiii i e e eeeees 62

Colonization of maize WT andx7 mutant kernels byspergillus flavus
WT and oxylipin-deficient mutant StrainS.....ccccc..ccooovvvvvvvveiiviiiiieeeenn. 67

Conidiation ofAspergillus flavus WT and oxylipin-deficient mutant
strains on WT antbx7 mutant maize kernels ..............cccccevv v eeeeee. 68

Aflatoxin B1 accumulation of maize WT alak7 mutant kernels
infected byAspergillus flavus WT and oxylipin-deficient mutant
) 1= 11 1S 69

ABA accumulation oAspergillus flavus infected kernels of WT and
[OX7 mutant Kernels ... 12

IAA accumulation ofAspergillus flavus infected kernels of WT and
[OX7 MUtANt KEIMEIS ... 73

JA accumulation ofspergillus flavus infected kernels of WT andx7
MUEANE KEINEIS ... nna 74



26

27

28

JA-lle accumulation of Aspergillus flavusfected kernels of WT and
[OX7 MUEANT KEIMEIS ... s 75

Interaction between LOX7 and A. flausgal oxygenases during
colonization, conidiation, and aflatoxin accumulation of maize seed........ 79

Overview model depicting oxylipin-mediated communication between
Maize and A. flAVUS.........coorieiee e 83



TABLE

LIST OF TABLES

Page
Fungal mutants used in this StUY ... 10
Spearman’s correlation of hormone ratios withgalrparameters of
maize WT and JA biosynthesis mutamés3, |0x5, 10x7, 10x10, opr7,
andopr8 kernels infected b flavusS WT ..o 31
Spearman’s correlation of colonization, conidiatiand aflatoxin
accumulation in WT antbx3 mutant kernels infected . flavus
WT and oxygenase mutant Strains ..........coeeececeeeeeririmmnnnnnnnee e eeeeeeeeee 48

Spearman’s correlation of hormone ratios withgalrparameters of
WT andlox3 mutant kernels infected By flavus WT and oxygenase
MUEANT STFAINS ... e e e e e e 58

Spearman’s correlation of hormone ratios withghlrparameters of WT

andlox7 mutant kernels infected B flavus WT and oxygenase mutant
SETAUNS ...ttt e e e e e e e e e e e et et bbb b rnnnnn—arre 76

Xi



CHAPTER |

INTRODUCTION

The intimate interactions between plants and abhganisms are regulated by a
multitude of small organic molecules originatingrfr both interacting organisms.
Recently oxygenated fatty acids, termed oxylipi@sr{vick et al., 1991), have taken
center-stage as potent endogenous and exogenoasirsggigmolecules and have been
proposed to regulate the complex interactions batvpdants and fungi (Tsitsigiannis
and Keller, 2007; Gao and Kolomiets, 2009; Chriséenand Kolomiets, 2011; Borrego
and Kolomiets, 2012). In this hypothesis, the beraital and structural similarities
between plant- and fungal- derived oxylipins allaesiprocal exchange, perception,
and specific response to these molecular sigira@gyrocesses that eventually govern
whether the fungus can effectively colonize thenpénd whether the fungus be able to
reproduce and synthesize secondary metabolitdading health hazardous,
mycotoxins. This dissertation explores oxylipin-na€ld communication in the agro-
economically important plant-fungal interactionnofize seed with the mycotoxigenic
pathogenAspergillus flavus.

Biosynthesis of oxylipins proceeds through bothyematic and non-enzymatic
processes; however, fatty acid oxygenases areritimany sources of oxylipins in both
plants and fungi (Fig. 1). Initiation of biosyntiebegins with the liberation of fatty

acids from cellular membranes through lipase agtiRecent studies showed that fatty
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acids esterified to complex membrane lipids midéd &de used as substrates for further
oxidation by diverse fatty acid oxygenases (Andrebal., 2009; Brodhun and Feussner,
2011) . Temporal-spatial specific mono- and di-ey@ses can then incorporate
molecular oxygen into the hydrocarbon tail to proglbydroxy- and hydroperoxy- fatty
acids, which can then be incorporated into subseqieevnstream branches of oxylipin
metabolism.

The lipoxygenase (LOX) pathway is the major prodwfeoxylipins in plants
(Feussner and Wasternack, 2002) and utilizesIbatleic (18:2) and linolenic (18:3)
acids for substrate. LOX isoforms are grouped Hdxoiaudo two classes (9-LOX and 13-
LOX) dependent on the regio-specificity of oxygematcarbon position. The maize
inbred line B73 (Schnable et al., 2009) contaimga&n LOX isoforms (ZmLOX1 —
ZmLOX13). These isoforms are classed as 9-LOX (ZIXL(2, 3, 4, 5, 12) (Gao et al.,
2008b; Park et al., 2010) and 13-LOXs (ZmLOX7, 81®, 11) (Nemchenko et al.,

2006; Acosta et al., 2009; Christensen et al., pah@8mbers. Further, the maize genome
also contains an unusual hydroperoxide lyase-liRXlisoform, ZmLOX6 (Gao et al.,
2008a). The peroxidation of linoleic acid yieldgdhoperoxy-actadecadknoic acid

(HPOD), while peroxidation of linoleic acid prodwsceydroperoxy-actadecaienoic acid
(HPOT). These hydroperoxides can then be usedbsstrates for at least six distinct
branches of oxylipin metabolism (allene oxide sgysth(AOS), divinyl synthase, epoxy
alcohol synthase, hydroperoxide lyase (HPL), lipmtyase (LOX), and peroxygenase)

or reduced to their hydroxy derivatives (9/13- HOJL./



The best studied branches of plant oxylipin metahohre the 13-LOX-derived
AOS and HPL which produce jasmonates (WasterndifX/;2Nasternack and Hause,
2013) and green leaf volatiles (GLVs) (Matsui, 2086ala et al., 2013), respectively.
Jasmonates are a subgroup of oxylipins compriséldeodevelopmental and defensive
phytohormone jasmonic acid (JA), its derivativas] arecursors. The first member and
the group’s namesake was first identified over hatentury ago from the floral scent
volatiles of the jasmine flowedgsminum grandiflorumL.) (Demole et al., 1962) and
since then, this oxylipin group has become the tiestacterized in plants.

To date, the only oxylipin receptors identifiedalant species belong to the
jasmonate subgroup. The first plant oxylipin ligahskcovered was the JA-isoleucine
conjugate and its receptor, the JA ZIM domain regoe proteins (JAZ)-SCE"
complex (Chico et al., 2008). In the absence otl8AJAZ proteins act as
transcriptional repressor by virtue of binding for&sponsive transcription factors (e.g.,
MYC?2). Following JA-lle binding, SC¥", an E3-ubiquitin ligase, targets JAZ proteins
for degradation through the 26S proteasome meamaiikis derepresses the
transcription factors allowing for subsequent tcaiption of JA-responsive genes. More
recently putative receptor for 12-oxo-phytodienaccd (12-oxo-PDA) was identified
(Park et al., 2013) as a chloroplast-localized apbilin that is involved in retrograde
signaling. The cyclophilin-OPDA complex binds sericetyl-transferase and increases
the production of cysteine and glutathione thay¢he signal to transcription factors.
Receptors for other oxylipins remain to be ideadfiand inquiry into diverse receptor

classes is ongoing, e.g., animal oxylipins aregieed through G-protein coupled
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receptors (GPCRSs) (Bos et al., 2004). Additionatigny oxylipins are reactive
electrophilic species and may not require receligarid binding for activity (Farmer
and Davoine, 2007; Mueller and Berger, 2009).

Similar to plants, fungal-derived oxylipins are guged primarily through
oxygenase activity, but much less is known aboeit thiosynthesis, perception, or
activity (Andreou et al., 2009; Brodhun and Feuss@11). A fungal oxylipin
producing enzyme with similar function, but phylogécally unrelated to LOX, is the
linoleate diol synthase (LDS), also known as P pvpducing axygenase), which
catalyzes the formation of Psirqeocious exual_nducer) factors. These were initially
identified for their regulation of sexual and asagbsporulation in fungi (Champe and el-
Zayat, 1989). Théspergillus flavus genome contains four Ppo paralogs (Brown et al.,
2009) and one lone LOX gene (Horowitz Brown et2008) (Fig. 1).

This study aimed to examine the role of selectethbes of the maize LOX
gene family during the oxylipin-mediated cross-klngh communication witl. flavus
(Fig. 2). The LOX and OPR genes were selected Isectney were shown or suspected
to directly produce JALOX7; this study, OPR7 and OPRS; Yan et al. 2012) or
indirectly by producing yet to be identified reguliss of JA biosynthesis (LOX3; Gao et
al. 2009; LOXS5; not published and LOX10; Christans¢al. 2013). Despite rapid
advancements in chemical and genetic crop techiespgflatoxin produced bA.
flavus continues to threaten the maize industry and nagpendent communities
worldwide. The knowledge gained from this studgxpected to provide the maize

industry with genetic tools and knowledge for depehent of novel environmentally
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friendly aflatoxin-resistant germplasm as well agelating oxylipin-mediated cross-
kingdom communication between plants and fungiclis applicable to other plant-

organism interactions.
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Fig. 1. Cladograms depicting oxygenaseg\gber gillus flavus and maize organized by
amino acid sequences. (Left) TAgflavus strain NRRL3357 genome houses fosr P
producing xygenases (Ppo) genes and a single LoxA gene. {)Rigke maize B73
inbred line houses thirteen members are largelgédsinto two main groups: the 9-
LOXs (LOX1, 2, 3, 4, 5, 12), and the 13-LOXs (LOX,9, 10, 11, 13), LOX6 is an
atypical isoform that possesses an unusual hydozjukr lyase activity (Gao et al.

2008).
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Fig. 2. Oxygenases oA. flavus (right) and maize (left) characterized for effentfungal
colonization, conidiation, and aflatoxin accumudatin maize seed within this study.
The Ppo genes and a lone Lox gené.dfavus as well as the maize 9-LOX, 13-LOX,
and JA-producing OPR genes were investigated mgusiockout or knockdown
mutants and their isogenic or near-isogenic lines.



CHAPTERII

MATERIALSAND METHODS

PLANT AND FUNGAL MATERIAL

For the screening of the JA-perturbed mutants, enaild type (B73 inbred line)
and near-isogenicOX3 (lox3-4 allele) (Gao et al., 2008H)OX5 (lox5-3 allele) (Park,
2011) LOX7 (lox7-3 allele), LOX10 (lox10-3 allele) (Christensen et al., 2018PR7
(opr7-5 allele), and OPR8 (opr8-2 allele) (Yan et al., 2012) mutant seeds in the B73
genetic background were obtained from season 20C®llege Station, TX. Mutants of
lox3, 10x5, lox7, andlox10 were advanced at least to the BC7F4 genetic shfigiants
of opr7 andopr8 were at the BC6F6 genetic stage. For the studyox3 with fungal
oxygenases, maize wild type and near-isoge@X3 (lox3-4 allele) mutant seeds in the
B73 genetic background were obtained from seas6@ RDCollege Station, TX, which
were at BC5F4 genetic stagespergillus flavus (teleomorphPetromyces flavus) strain
NRRL3357 was used as wild type, and knockout amtktiown mutants were
generated previously in this background (TabldHbrowitz Brown et al., 2008; Brown
et al., 2009). Fungal strains were cultured at 28i@otato dextrose agar (PDA) for 1-2

weeks.



KERNEL BIOASSAY

Kernel bioassays were performed with slight modiiiens following the
protocol from (Christensen et al., 2012). Seedswarface sterilized by shaking under
70% ethanol (v/v) for 5 min, sterile water for 1m0.06% sodium hypochlorite (v/v)
for 10 min, followed by rinsing with sterile wattdree times for 5 min each.
Afterwards, autoclaved paper towels were used td&graels dry. Following
inoculation, kernels were oriented embryo-side g positioned out of contact with one
another inside 20 ml glass scintillation vials, efhwere then placed inside humidity
chambers. Humidity chambers were composed of pleatic boxes lined with five
paper towels saturated with 100 ml of sterile wated covered with Press’n Seal (Glad,
Oakland, CA). Five small incisions in the covermgre created to facilitate air
exchange. Afterwards, the humidity chambers weseqa inside an incubator connected
to a continuous vacuum line with minor suction tavd out excessive volatiles that
accumulate during the time-course. Incubationtierkernel assays began during the
dark phase of a 12/12 dark/light cycle. After deaitgd time-points, scintillation vials
for conidia enumeration and secondary metabolit@yais were collected and placed
into -80°C until processing. Tissue for expressaalysis was immediately frozen in

liquid N2 and stored at -80°C until RNA isolation and quacition.



Genotype

NRRL3357 Wild type He et al., 2007
A TSHB3.1.19 4ppoA: pyrG; pyrG- Brown Horowitz et al., 2008
C TRAW2.2.15 AppoC: pyrG; pyrG- Brown Horowitz et al., 2009
D TJBS4.1.85  AppoA: pyrG; pyrG- Brown Horowitz et al., 2009
L TSHB2.39 AAflox: pyrG; pyrG- Brown Horowitz et al., 2008
ABD TJBS5.1.60 AppoD:pyrG;niaD:ppoA, ppoB IRT:niaD Brown Horowitz et al., 2009
ABCD TSHB7.1 AppoD:pyrG; niaD:ppoA, ppoB IRT:niaD ppoC:pyrG- Brown Horowitz et al., 2009
ABDL TSHB6.3 AppoD:pyrG; niaD:ppoA, ppoB IRT:niaD lox:pyrG Brown Horowitz et al., 2009
ABCDL TSHB5.57 AppoD:pyrG; niaD:ppoA, ppoB IRT:niaD ppoC, lox IRT:phleomycin  Brown Horowitz et al., 2009

Table 1. Fungal mutants used in this study.
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CONIDIA ENUMERATION, ERGOSTEROL QUANTIFIATION, AND

AFLATOXIN B1DETERMINATION

Conidia suspensions were prepared by vortexinggkemith 2.5 ml of methanol
and immediately combining 50 of suspension with 50l of water. Next, diluted
suspensions were enumerated using a hemocytometer.

Ergosterol extractions were prepared by incubdtargels with 5 ml of
chloroform mixed with the 2.5 ml of methanol to guge 2:1 chloroform: methanol
(v/v) solvent. Kernels in the extraction solutioer& incubated for 16 hours in the dark
before being filtered through a Quth nylon-membrane pore syringe filter. Tybof
filtrate were combined with 5@ of 20 uM C**-cholesterol (cholesterol-25, 26, 2°G;
Sigma cat. # 3707678) in methanol as internal stahdnd dried under a nitrogen
stream. Afterwards, samples were resuspended iplldfnethanol and analyzed
through liquid chromatography-mass spectrometizirtg atmospheric photochemical
ionization ((+)-APCI-MS/MS) (Headley et al., 200Znhe system used an Ascentis
Express C-18 Column (3 cm X 2.1 mm, 2.7 um) coretetd an AP1 3200 LC/MS/MS
with multiple reaction mentoring (MRM). The injeati volume was twal and the
isocratic mobile phase consisted of methanol &va fate of 20Qul/min.

AF was quantified using the same methanol/ chtorofextractions as described
above, through gradient liquid chromatography cedplith electrospray ionization ((-)-
ESI-MS/MS). The system employed the column and repsstrometer described above.

AF transition ions used for quantification were 84283 to 241, 269, and 241 (Varga et

11



al., 2013). The injection volume wasiPand 300ul/ min mobile phase consisted of
solution A (10% methanol, 89% water, and 1% acatid) and solution B (97%
methanol, 2% water, and 1% acetic acid) with thiewong gradient (time-% B
solution): 3-15%, 5-100%, 8-100%, 9-15%, 12-15% &@.1-stop run). A five-point
standard curve against a pure standard (aflatokjrCByman Chemicals cat# 11293)

was used for quantification.

PHYTOHORMONE ANALYSIS

Phytohormone extraction followed (Christensen gt28113) with modifications:
500yl of phytohormone extraction buffer (1-propanol/eratHCl [2:1:0.002 v/v/v]) and
10 pl [5 uM solution] of deuterated internal standardsABA ([*Hg](+)-cis, trans-
absisic acid; OlchemIm cat# 034 2721), d-IAA{§] indole-3- acetic acid; Olchemim
cat# 0311531, and d-JA (2,4,4-dcetyl-2,2-d jasmonic acid; CDN Isotopes cat# D-
6936) and d-SA (d6- salicylic acid; Sigma cat#6X)A9as added to 100 = 10 mg of
ground infected kernel tissue. Samples were aditate30 min at 4°C under darkness,
and then 50Ql of dichloromethane was added to samples andtaditar 30 min at 4°C
under darkness. Samples were centrifuged at 1RG0 for 5 min and lower layer was
collected into glass vial for evaporation underagen gas stream. Samples were
resuspended in 150 of methanol and centrifuged in 1.5 ml microcege tube at

14,000 for 2 min to pellet any debris. One hunddeof supernatant was collected into

12



autosampler vial for direct injection into LC- ESI-MS/MS. The simultaneous
detection of several hormones utilized methodsvyller and Munne-Bosch, 2011)
with modifications. The quantification utilized tsame column and detector as above
with a 600ul/min mobile phase consisting of Solution A (0.05%etic acid in water)
and Solution B (0.05% acetic acid in acetonitréth a gradient consisting of (time-

%B): 0.3- 1%, 2- 45%, 5-100%, 8-100%, 9-1%, 11-stop

RNA ISOLATION AND QUANTIFICATION

Kernels were ground under liquid nitrogen and tB&IA from kernel bioassays
was extracted with kernel extraction buffer (50mRI$ pH 8.0, 150 mM LiCl, 5mM
EDTA pH 8.0, 1% SDS) for high polysaccharide riigstie. Two hundregdl of kernel
extraction buffer was combined with 200 of ground seed tissue and 20@henol:
chloroform (pH 4.3). The mixture was vortexed uttidwed and incubated on ice for 5
min. The mixture was transferred into PHASELOCKasiljFisher, cat#FP2302810) for
phase-separation based purification and centrifagdd,000 RPM for 5 min. 2Q4d
phenol: chloroform (pH 4.3) was added, mixed bytexorand mixture was incubated on
ice for 5 min, and centrifuged for 5 min at 10,(RPM. Afterwards, RNA was purified
from the aqueous phase over a column (Qiagen, 4204J according to manufacturer’s
specifications and quantified by spectroscopy (Niaop, Cole Palmer). Fiveg of total

RNA was DNAse treated (Thermo Scientific, cat# FERE21) and diluted to 2 ng/

13



for quantitative PCR (0.2l Verso enzyme mix, 12.pl 2X 1-Step gPCR SYBR Mix,
1.25ul RT Enhancer, 21 1 uM each forward + reverse primerull12.5uM ROX, 4.5
ul water, and 2l of 4 ngfl template; Thermo Scientific, cat# AB4100A) (Cangino

et al., 2013).

DATA ANALYSIS

JMP 10.0.1 (SAS Institute, Inc) statistical packags used for data analysis.
First, we analyzed the correlation between corsdspensions, colonization and AF, as
measured by methanol/ chloroform extractions. tieoto meet the requirements of the
respective statistical tests, data were normalmethking the logarithm of conidia and
the square root of colonization and AF. Normalideth were used to compute the
Pearson correlation values and the correspondiegyes for various groupings of the
samples based on either host or fungal genotypgsifi§antly, (p < 0.05) correlated
pairs in different genotype groups are given aan&ed list in the Table S2. We used
regression analysis to compare between maize geg®fgr statistically significant
correlations.

The effects of maize genotype, fungal genotypes gagt inoculation (dpi)
within maize genotype, and maize x fungus genotgmetingal parameters were
examined via ANOVA (Table S2). Specifically, ANOV&xamined the effects of maize

genotype, fungal genotype, maize x fungal genotgipd,dpi within maize genotype on
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each of the three fungal parameters, i.e. cololizatonidiation, and AF accumulation.
Because the effects of (maize x fungal genotypegdligenotype, and dpi within maize
genotype) were variably significant among the fumpgaameters (sdResults),
subsequent Tukey's HSD compared each fungal paearnetween fungal strains and
maize genotype at 3 and 5 dpi. In particular, tEeN®VAs examined the effects of
fungal genotype and maize genotype; changes irafiypayameters (i.e. increase or
decrease) between 3 and 5 dpi within each of theftomgal x maize genotype
combinations tested via Studenttests with Bonferroni multiple comparisons
correction.

Correlations between fungal parameters and phytotioes and their ratios were
performed with Spearman’s rank correlation coeffiti(also known as, Spearman’s rho)

nonparametric test utilizing means of variables.
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CHAPTER 111
JA-PERTURBED LOX AND OPR MUTANTSDISPLAY ALTERED LEVELS

OF RESISTANCE TO SEED COLONIZATION BY A. FLAVUS

INTRODUCTION

The linolenic acid-derived phytohormones knownassrjonates possess diverse
signaling roles during plant responses to enviramalestress and developmental stimuli
(Wasternack, 2007; Wasternack and Hause, 2013)jaBh@nate group is composed of
jasmonic acid (JA), its precursors, and variousvdéives. Biosynthesis of JA initiates in
the chloroplast with the cleavage of linolenic a@d 8:3) from the plastid membrane by
lipases followed by peroxidation by 13-lipoxygené&s&-LOX). The resulting
hydroperoxide, 13-hydroperoxy octadecatrienoic &85-HPOTE), provides substrate
to 13-allene oxide synthase (13-A0S) marking thet iommitted reaction for JA
biosynthesis. The allene is cyclized into cis-(2}xo-phytodienoicacid (OPDA) by
allene oxide cyclase (AOC). OPDA is subsequentpoeted into the peroxisome for
reduction by OPDA- reductase (OPR) and undergaes ttounds of-oxidation
producing (+)-7-iso-jasmonic acid (Feussner andtéfaack, 2002).

Aspergillus flavus (teleomorphPetromyces flavus) (Horn et al., 2009) is a soil-
borne fungal saprophyte that can infect and coknikrich crops where it contaminates

seed with secondary metabolites known as mycoto&ing of the most hazardous
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mycotoxins is aflatoxin, described as the mostinagenic naturally occurring
compound known. Consumption of aflatoxin by animatseases potential for hepatic
cancer and toxicity (Bennett and Klich, 2003). ffoes to protect human and animal
health, many nations have implemented regulatiofisnit acceptable contamination
levels in corn, milk, etc. (Richard et al., 20089aturally, this renders an allotment of
yield unfit for human or animal consumption contiing to significant economic losses
worldwide. Many strategies are currently underwagadntrol aflatoxin contamination,
which includes breeding for increased aflatoxinstasice, biocontrol, insect control, and
antifungal resistance (Cleveland et al., 2003).

Previous studies offer limited insight to undersitéime role of JA during\.
flavus infection.In vitro treatment with exogenous methyl-JA (MeJA) has destrated
an ability ofAspergilli to respond to JA treatment, albeit, in a speciesreatment-
specific fashion. When applied as a volatilétdlavus colonies MeJA, suppressed
aflatoxin production (Goodrich-Tanrikulu et al.,98), however when applied directly to
liquid media of cultured\. parasiticus, MeJA induced aflatoxin accumulation
(Vergopoulou et al., 2001). Although these stueege in different laboratories and
likely under different conditions, these studieggest a species-specific response
following JA perception as well as a direct effetlA in A. flavus secondary
metabolism regulation.

Recent analyses of maile3-4 mutants provided additional correlative
evidence for the importance of JA in makeflavus interactions. The LOX3 knockout

mutant,lox3-4, was found to be highly susceptibleAspergilli (Gao et al., 2009). In
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kernel bioassay$px3-4 mutant kernels supported increased visual fundahaxation,
conidia, and aflatoxin production compared with tiear-isogenic WT. In agreement,
field trials during two years and across two |lomasi showed thdbx3-4 accumulate
significantly more aflatoxin than WT. JA accumudetivas increased iox3-4 mutant
kernels afteA. flavus infection compared to WT, suggesting that JA maytgbute to

its increased susceptibility. The study descrilmethis chapter aimed to elucidate a
specific role of maize JA biosynthetic and signglgenes during seed infection Ay
flavus on fungal pathogenicity processes including colatian, conidiation, and
aflatoxin accumulation. To understand the biochaibasis behind any changes
identified in the mutants as compared to WT, weshaeasure a set of plant hormones

during the infection process.

RESULTS

Response of maize JA-perturbed mutantsto Aspergillus flavus infection

To investigate comprehensively the role of JA dyimmaize seed infection by
Aspergillus flavus, near-isogenic knockout mutants of JA biosynthgéines and other
genes known to regulate JA biosynthesis were atllin kernel bioassays. All mutants
used in the study were backcrossed seven timeg3arbred line. B73 was chosen due

to its susceptibility tAspergillus ear rot, wide use in corn breeding programs, and

18



availability of the genome sequence. Mutants engaddyr this study were the putative
JA-producing 13-LOX]ox7, and the mutants in the JA-producing OPR paralogg,
andopr8 (Yan et al. 2012), as well dex5 (Park 2012) antbx10 (Nemchenko et al.
2013) mutants, both of which produce lower JA lsvrlwounded leaves. The pathogen
strain chosen for this study wAsflavus NRRL3357, the wild type strain that produces

high levels of aflatoxin, and the genome of whiels been recently sequenced.

Colonization, conidiation, and aflatoxin accumulation

At three and five days following. flavus inoculation, samples were collected to
assess colonization, conidiation, and aflatoxiruamadation. Overall, bothox3 andlox7
mutant kernels were colonized more extensivelAblyavus compared to WT (p <
0.0001 for both) and this pattern was observeatt time-points (Fig. 3). No other
maize genotype displayed statistically significdifierence from WT, which suggests
that intact LOX3 and LOXY7 specifically function pipgely in seed defense agairst
flavus fungal colonization.

In terms of conidiation, when normalized for fungamass|ox10 mutants
supported a three-fold increased level of conidrmatompared to WT (p = 0.0071) at 3
days post infection (dpi) (Fig. 4). However, coaitbn levels were comparable to WT
by 5 dpi. In contrast ttox10, lox7 mutants supported levels similar to WT at 3 dpt, y

at 5 dpi, they were unable to support the WT I@felonidiation and instead displayed a
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three-fold decrease (p < 0.0001). All other maigeajypes supported conidiation levels
that were not statistically different from WT athar three or 5 dpi. Taken together, this
suggests that LOX10 negatively regulates earlydiation, while LOX7 positively
regulates late conidiation.

Concerning aflatoxin accumulation normalized togalbiomass (as measured
by content of fungus-specific membrane lipid, etgaod), almost all maize genotypes
supported decreased aflatoxin levels (Fig. 5) &t Band 5 dpi. At 3 dplpx7, lox10,
opr7, andopr8 accumulated decreased levels compared to WT lkeedlile not
statistically significantlox5 supported a decreased level of aflatoxin accunmuratt 3
dpi. At 5 dpi,lox5, lox7, 1ox10, opr7, andopr8 accumulated decreased levels compared
with WT. Unexpectedly, more heavily colonizkx3 mutants did not display any
increase in the levels of aflatoxin when normalifmdfungal biomass at either three or
5 dpi. Taken together, this suggests that all te3feperturbed mutants supported

decreased levels of aflatoxin accumulation compty&dIT.
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Fig. 3. A. flavus colonization of maize WT and the mutants perturipediA
biosynthesislox3, 10x5, lox7, 10x10, opr7, andopr8. The Y-axis represents ergosterol
content (1g / g kernel) and X-axis represents maize genotypgs and bottom halves of
the graph represents 3 and 5 days post inocul@djmh respectively. Bars are means +
SE; n=5. Asterisks represent statistically sigaificdifference from WT (Dunnett’s test,
*p <0.05, * p<0.01, ** p < 0.0001).
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Fig. 4. A. flavus conidiation on maize WT and the mutants pertuibelh biosynthesis,
lox3, 10x5, lox7, 1ox10, opr7, andopr8. The Y-axis represents fungal-biomass dependent
conidiation (16 sporesfig ergosterol) and X-axis represents maize genofypeand
bottom halves of the graph respectively repres@iatisd 5 days post inoculation (dpi).
Bars are means + SE; n=5. Asterisks represenstitatly significant difference from

WT (Dunnett’s test, * p < 0.05, ** p < 0.01, *** £ 0.0001).
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Fig. 5. Aflatoxin B; accumulation in maize WT and mutants perturbetAin
biosynthesislox3, 10x5, lox7, lox10, opr7, andopr8. The Y-axis represents fungal-
biomass dependent aflatoxin accumulatipe &flatoxin/ug ergosterol) and X-axis
represents maize genotypes. Insert in top hali@fjraph represents 3 days post
inoculation (dpi), and the bottom half of graphpestively represents 5 dpi,
respectively. Bars are means = SE; n=5. Asterisgeessent statistically significant
difference from WT (Dunnett’s test, * p < 0.05, p*< 0.01, *** p < 0.0001).
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Phytohor mone content

To determine the effect of JA-perturbed mutantploytohormone content
following infection byA. flavus, abscisic acid (ABA), indole-3-acetic acid (I1AA),
jasmonic acid (JA), and JA-isoleucine conjugate-(|@\levels were quantified at 3 and
5 dpi in inoculated and mock treated control kesn8latistically, the main effect of time
after inoculation was observed for ABA, JA, and ll&{p < 0.0001 for all); and maize
genotype had the greatest effect on ABA, IAA, aAdlé (p = 0.0001, 0.0001, and
0.013, respectively); and the strongest effechf#dtion was found for the content of
IAA, JA, and JA-lle (p = 0.0001, 0.0008, and 0.04f&%spectively).

The terpenoid-derived hormone ABA showed simiaels in most genotypes
and treatments at 3 dpi. At 3 dpi, mock-tredteé mutant kernels accumulated less
ABA compared with mock-treated B73 (p = 0.01) (Y. At 5 dpi, mock treated
kernels tended to accumulated 100% increased lev@&BA compared to their mock-
treated components and this was most pronouncédaxit, andlox10 genotypes.
Remarkably, at 5 dpipx3 mutants lost this pattern so that ABA levels intcol and
inoculated kernels are statistically higher and 8@ indistinguishable from each other.
Taken together, the results obtained for most nisitamd WT suggest that flavus
infection of maize seed induces ABA accumulationryumore advanced disease
stages, and LOXS3 negatively regulates both germoinaénd infection-related ABA
accumulation. Additionally, LOX5 appears to postivregulate early-germination-

related ABA accumulation.
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The tryptophan-derived phytohormone, 1AA, was @tlinine-fold in inoculated
seeds compared with controls for nearly all genetyiested, with the exceptionaydr7
at 3 dpi (Fig. 7). Additionally, several knockoutitants displayed aberrant I1AA
accumulation in either inoculated or mock-treateelds compared to WT. At 3 dpi,
mock-treatedox5, opr7, andopr8 accumulated decreased IAA levels compared with
mock B73 and this trend continued into 5 dpidpr7 andopr8 mock-treated seed. In
contrast to the mock controls, at 3 dpi, inoculatedd ofox3, opr7, andopr8
accumulated increased levels of IAA compared with by eight- and two- and two-
folds, respectively. At 5 dpi, onlpx7 showed reduced IAA accumulation in inoculated
seed compared to WT for all genotypes tested. Thessdts suggest that flavus
infection of maize seed suppresses IAA accumulatararly and advanced diseases
stages. At early disease stages, LOX3, OPR7, aiB@Ppear required to suppress
infection-induced IAA accumulation. However, at adeed disease stages, LOX7
appears required for normal IAA production.

The fatty acid-derived phytohormone JA displayapeaeral trend of increased
accumulation at three days in inoculated seeds acgdpvith the mocks for most
genotypes tested at 3 dpi (Fig. 8). However, tleisd reversed at 5 dpi so that
inoculated seeds accumulated decreased JA compéhechock-treated seeds. These
trends were most evident wikbx3 andlox7 at 3 dpi, and folox3, l0x7, |ox10, andopr7
at 5 dpi. At 3 dpi, mock treatédx3, lox7, andlox10 accumulated decreased levels of JA
compared to mock-treated WT. Additionally, whHita7 showed the same tendency,

onlylox3 at 3 dpi, accumulated statistically significantlglier levels of JA compared
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with WT in inoculated seeds. These results sughastgA. flavus infection, maize
seeds accumulate increased JA at early diseassstag decreased levels at the
advanced colonization stages. LOX3, LOX7, and LO¥ffear to regulate positively
early germination-related JA accumulation. Durfdlavus infection, LOX3 and LOX7
appear to negatively regulate JA accumulation @use

The biologically active amino acid derivative &, JA-lle, displayed a general
trend of increased accumulation in inoculated seedspared with mock-treated seeds
for all genotypes at 3 dpi (Fig. 9). This increasdA-lle was most pronounced liox5,
lox10, andopr7 seeds. At 5 dpi, only B73 seeds showed a statilstisignificant
decrease in JA-lle accumulation in inoculated seedspared to mocks. In contrast,
inoculatedox5 seeds accumulated increased JA-lle in inoculatedsseompared to
mock controls. At 3 dpi, mock-treated kerneldm®, opr7, andopr8 accumulated
decreased JA-lle as compared to mock-treated V@Tdat. These results suggést
flavus infection induces JA-lle accumulation in maizedsatearly disease stages but
suppresses JA-lle accumulation at later diseagestaOX5 and LOX10 appear to be

required to suppress JA-lle accumulation duringgadement of disease progression.
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Fig. 6. ABA accumulation imAspergillus flavus inoculated and mock-treated kernels of
maize WT and the mutants perturbed in JA biosymh&se Y-axis represents ABA
accumulation (ng ABA/ g kernel) and X-axis reprdsanaize genotype. The top half of
the graph represents three days post inoculatioih #dd the bottom half of graph
represents 5 dpi, respectively. Bars are means, hsfive. Asterisks represent
statistically significant difference from WT inoatéd or mock-treated kernels
(Dunnett’s test, * p < 0.05, ** p < 0.01, *** p <0001), Asterisks over bars represent
statistically significant difference between incatiedd and mock-treated kernel (Student’s
t-test, * p < 0.05, ** p < 0.01, *** p < 0.0001).
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Fig. 7. IAA accumulation inAspergillus flavus inoculated and mock-treated kernels of
maize WT and the mutants perturbed in JA biosymgh&se Y-axis represents ABA
accumulation (ng I1AA/ g kernel) and the X-axis eg@nts maize genotype. The top half
of graph represents three days post inoculation &t the bottom half of graph
represents 5 dpi, respectively. Bars are means; hSfive. Asterisks represent
statistically significant difference from WT inoatéd or mock-treated kernels
(Dunnett’s test, * p < 0.05, ** p < 0.01, *** p <0001), Asterisks over bars represent
statistically significant difference between incatiedd and mock-treated kernel (Student’s
t-test, * p < 0.05, * p < 0.01, *** p < 0.0001).
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Fig. 8. JA accumulation irspergillus flavus inoculated and mock-treated kernels of
maize WT and mutants perturbed in JA biosynthddis. Y-axis represents ABA
accumulation (ng JA/ g kernel) and the X-axis reprgés maize genotype. The top half
of the graph represents three days post inoculéipn and the bottom half of graph
represents 5 dpi, respectively. Bars are means, hsfive. Asterisks represent
statistically significant difference from WT inoatéd or mock-treated kernels
(Dunnett’s test, * p < 0.05, ** p < 0.01, *** p <0001), Asterisks over bars represent
statistically significant difference between incatiedd and mock-treated kernel (Student’s
t-test, * p < 0.05, ** p < 0.01, ** p < 0.0001).
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Fig. 9. JA-lle accumulation ispergillus flavus inoculated and mock-treated kernels of
maize WT and mutants perturbed in JA biosynthddis. Y-axis represents ABA
accumulation (ng JA-lle/ g kernel) and the X-axdpresents maize genotype. The top
half of the graph represents three days post iatioal (dpi) and the bottom half of

graph represents 5 dpi, respectively. Bars are sx®e&E; n=five. Asterisks represent
statistically significant difference from WT inoatéd or mock-treated kernels
(Dunnett’s test, * p < 0.05, ** p < 0.01, ** p <0001), Asterisks over bars represent
statistically significant difference between incatiedd and mock-treated kernel (Student’s
t-test, * p < 0.05, * p < 0.01, *** p < 0.0001).
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Variable by Variable Spearman p Prob>|p|

colonization ABA 0.67 0.009
aflatoxin ABA/ JA 0.81 0.004
aflatoxin JA -0.76 0.002
aflatoxin JA-lle -0.74 0.003
aflatoxin ABA 0.67 0.009

Table 2. Spearman’s correlation of hormone ratios with falngarameters of maize WT
and JA biosynthesis mutantex3, 10x5, lox7, |ox10, opr7, andopr8 kernels infected by
A. flavus WT.
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Phytohor mone correlations

Correlation analysis was conducted to determiryeagsociation between
phytohormone content, ratios amongst phytohormaares the fungal parameters of
colonization, conidiation, and aflatoxin accumudatisignificant correlations shown in
Table 2). In this data set, ABA positively correldtwith colonization (rho = 0.67, p =
0.009), and aflatoxin (rho = 0.67, p = 0.009). Adban negatively correlated with JA
(rho =-0.76, p = 0.002) and JA-lle (rho = -0.74 p.003). The ratio of ABA/ JA

correlated positively with aflatoxin accumulatiohdq = 0.81, p = 0.004).

DISCUSSION

Despite advancements in chemical and breeding téotjies, the maize industry
remains threatened by mycotoxigenic fungi suchAspergillus flavus. Unfortunately,
little is known of the molecular mechanism duringine seed defense agaiAstlavus.

Phytohormones function as signals during defenaamagbiotic stress and are
known to either, induce a resistant response, pramote susceptibility. In this study,
compared with mock-treated seeds, inoculated saedsased ABA but decreased IAA
accumulation throughout the disease progressiowener, at early disease stages, JA
and JA-lle increased accumulation in inoculated smenpared with mock treated seed,

but this was reversed with disease progression.
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This study provides genetic evidence that implicgtecific maize LOX and
OPR gene family members in the regulation of caaton, conidiation, and aflatoxin
accumulation (Fig. 11). In terms of colonizatioonthblox3 andlox7, a 9- and 13-LOX,
respectively, positively contribute to defense agacolonization at both three and 5 dpi.
Despite belonging to separate LOX branches, ikédyl that their down-stream product
converge on the same biochemical or molecular tawrgeeviously, it was shown that
lox3 mutant roots constitutively over-expressed JA yndisetic genes in roots
(specifically, LOX8, AOS, AOC, and OPRS8) (Gao et 4D08b), suggesting a role of
LOXS is to suppress the JA pathway. LOX7 is theset paralogs to LOX8 and during
A. flavus infection may compete for the substrate with LO¥®&i/or other JA-producing
LOXs. While onlylox3 showed statistically significantly increase inlé&els in
inoculated kernels compared to Wax7 showed a similar pattern that was not
statistically supported at the p < 0.05 cutoff leweet, bothlox3 andlox7 displayed
statistically significantly higher levels of JA inoculated kernels compared with mock-
treated kernels. No other genotype displayed tlusease at 3 dpi, and all genotypes
reduced JA content by 5 dpi. Since blakB andlox7 mutants are more susceptible to
colonization byA. flavus, this evidence strengthens the notion of JA assaeptibility
factor during early disease progression. Sincenfany biotrophic or hemibiotrophic
pathogens, one pathogenicity strategy is to inerdasin the colonized tissue (Thaler et
al., 2004) (presumably resulting in decreased Sdefanse hormone against these
pathogens) it is tempting to speculate #atavus may have a hemibiotrophic

pathogenic lifestyle. | hypothesize therefore, thating early disease stages JA
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biosynthesis is upregulated to suppress defens@ssadpiotrophic pathogens, but with
progression of disease the pathogen transitionsaimecrotrophic strategy. In contrast,
bothlox3 andlox7 mutants displayed aberrant IAA accumulation,lgeB had increased
IAA at 3 dpi whilelox7 had decreased IAA accumulation at 5 dpi, sugggsheir
down-stream signals also modulate hormone-crosstatrestingly, both. OX3 and
LOX7 are expressed in developing embryos (Fig. 1@ tehe when naturally occurring
infection by Aspergilli take place (Anderson et 4B75), suggesting a defensive role
during attack under a natural setting.

The 13-LOXs, LOX7 and LOX10, appear to regulateidiation, although
oppositely. A previous report identified LOX10 & tsole green leaf volatile- producing
LOX isoform in maize leaves (Christensen et al130yet it remains to be determined
if LOX10 also functions similarly in maize seed thgr germination or during fungal
attack. However, this system employed a vacuurernwmre excessive volatiles from the
incubation chamber, which suggests non-volatile2&térived LOX10-products (e.qg.,
traumatin and traumatic acid) are responsible @dach et al., 2011).

Most JA-biosynthesis and signaling mutants displajecreased aflatoxin
accumulation compared with WT and both three addibimplicating JA-mediated
signaling as a positive regulator of maize aflatcxtcumulation.

Interestingly, ABA correlated positively with in@ased fungal colonization,
immediately suggesting drought as a factor in maiseeptibility toA. flavus.

Currently, drought is recognized as an impartegsston the plant indirectly favoring

susceptibility (Klich, 2007), however this obsergatsuggests drought induced ABA
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accumulation may also promote susceptibility thfosmnaling (Robert-Seilaniantz et
al., 2011). While JA and JA-lle negative correlarath aflatoxin accumulation, the
ratio of ABA to JA positively correlated with aftatin accumulation suggesting the

interaction of these signaling pathways determffaaxin contamination.
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Fig. 11. Effect of maize JA biosynthesis genes with furgrakess of colonization,
conidiation, and aflatoxin accumulatiofA. flavus. During disease development, LOX3
and LOX7 negatively regulate colonization. While XDpositively regulates
conidiation, LOX10 negatively regulates conidiatiéil the JA-biosynthesis genes and
LOXS5 positively promote aflatoxin accumulation. Tpleytohormone ABA positively
correlated with colonization, and JA and JA-lle aagply correlated with aflatoxin
accumulation. The hormone ratio of ABA/ JA positywveorrelated with aflatoxin
accumulation. Green lines indicate positive regoiaind red lines indicate negative
regulation.
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CHAPTER IV
ROLE OF MAIZE LOX3 AND ASPERGILLUSFLAVUSOXYLIPIN

BIOSYNTHESIS GENESIN SEED-PATHOGEN INTERACTIONS

INTRODUCTION

Seed-rotting fungi not only deteriorate seed gquatitough tissue maceration but
also render the grains unfit for human or animalstonption through the production of
toxic secondary metabolites that contaminate $8edernments worldwide recognize
these mycotoxins for their toxicity and carcinog#yiand actively regulate their
concentrations in various commodities (Bennett léinch, 2003; Yu et al., 2008). Seed
containing mycotoxin concentrations above regulatibresholds are destroyed, causing
significant economic losses to their respectiveigides; however, in countries where
the infrastructure cannot feasibly regulate mycwtexpublic health remains threatened.
Unfortunately, many of these communities are latateareas where environmental
conditions are conducive for infection to take plhefore and after harvest.

Aflatoxins produced byAspergillus spp. are frequent mycotoxin contaminants of
maize especially under drought or heat stresst@¥ia B, (AF) has been under
extensive studies in mammalian systems to deterthanenode of action for its toxic,
teratogenic, and carcinogenic properties. Despéenmell-understood extreme

carcinogenic potency of AF, an explanation forrble of this metabolite in fungal
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biology has escaped generations of research (Anaaiélekeller, 2011). Following
infection of maize seeds Aspergillus spp., many chemical signals from both the plant
host and fungal pathogen govern disease developemerdecondary metabolite
production. Recently, a class of oxygenated ligkti@wn as oxylipins, has gained
appreciation as a major group of molecular sigtias regulate colonization,
sporulation, and mycotoxin production (Tsitsigiaaand Keller, 2007; Christensen and
Kolomiets, 2011).

Oxylipins, produced through enzymatic and non-emetyc activity in animals,
fungi, and plants, are potent endogenous regulatatsrerse metabolic and
physiological processes (Andreou et al., 2009; Bundand Feussner, 2011). In plants,
the lipoxygenase pathway is the major producewef 600 distinct oxylipins; however,
the function of the majority of them remain to @racterized (Feussner and
Wasternack, 2002; Andreou et al., 2009). Undenjahly best understood plant oxylipin
are jasmonic acid, its derivatives, and precursalled jasmonates (JA). JA regulates
development and adaptation to diverse biotic anotialstresses both positively or
negatively depending on the specific stress stifWhsternack, 2007; Wasternack and
Hause, 2013). IAspergilli, oxylipins are produced primarily through the aityi of a
class of dioxygenases known_as frecocious exual_nducer) producingxygenases
(Ppo). Diverse Ppo products act as molecular ssganadl regulate vegetative growth,
sexual and asexual reproduction, virulence, seagrdatabolism, and density-
dependent production of spores and overwinteringgtres ((Horowitz Brown et al.,

2008; Brodhun and Feussner, 2011) (Tsitsigianraskaller, 2007)). Oxylipins from
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fungi and plants are biochemically and structuraligilar prompting a novel
hypothesis: during plant-fungal interactions, reagal exchanges of these compounds
modulate the responses of opposing partner (Ga&almhiets, 2009; Christensen and
Kolomiets, 2011; Borrego and Kolomiets, 2012). TiaizeAspergillus pathosystem
provides an agro-economically valuable model taidkte the potential oxylipin cross-
talk, as both host and pathogen are readily améadalgenetic manipulation. In this
study, we employed a maize lipoxygenase 3 mutemt) how calledox3, and a unique
set ofA. flavus oxylipin-mutants to discern interplay between tlost and the pathogen
oxylipins on fungal ability to colonize the hostpduce spores and mycotoxin.

Previous research showed that mutation of mai2€3 gene results in
significant increase in AF contamination levels einfield conditions (Gao et al., 2009).
Disruptions of theAspergillus flavus genes encoding multiple Ppos (also called lintelea
diol synthase) and a sole lipoxygenase geoed, have provided genetic evidence for
the role of fungal oxylipins in growth, sporulatiaquorum sensing, and mycotoxin
biosynthesis (Tsitsigiannis et al., 2005; Horovdtbwn et al., 2008; Brown et al.,
2009). This goal of this study was to test the higpsis that plant and fungal oxylipins
that are involved in intricate signal communicattbat govern whether the host is
susceptible or resistant to colonization by thépgén and the ability of the fungus to
produce spores and mycotoxins.

In this study, we tested colonization, conidiatiangd AF accumulation in the
lox3 mutant and near-isogenic wild-type kernels inféatéth A. flavus wild type and a

diverse collection of oxylipin mutart. flavus strains (Table 1) in kernel bioassays; the
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single mutants ofippoA, 4ppoC, 4ppoD, A4loxA, triple mutant in thelppoA , 4ppoB,
andAppoD, quadruple mutant$ppoA, 4ppoB, 4ppoC, 4ppoD andAppoB, AppoD,
AloxA, and pentuple mutappoA, B, C, D, loxA, the latter disrupted in all predicted
oxylipin biosynthesis genes. Throughout this manpséor simplicity these mutant
strains were designated as A, C, D, L, ACD, ABChg ABCDL (see Table 1). The
phenotypic, molecular and biochemical analysetiese combinations of diverse
mutants uncovered a complicated interaction betwegze and fungal oxylipins, and

their effect on the biosynthesis of diverse plamiones.

RESULTS

Colonization, conidiation, and aflatoxin accumulation

Colonization levels were determined through ergostguantification by LC-
MS/MS, conidia were enumerated by using a hemoogtemand AF was measured by
LC-MS/MS. Our analysis of fungal parameters utdiZengal biomass, determined by
ergosterol quantification, to normalize conidiateomd AF accumulation per unit of the
fungal biomass. Examined this way, these paramaterselevant to fungal biology and
plant-fungal interactions and relative shifts ic@adary metabolism are detected

allowing opportunity to appropriately implicate ¢obutions of specific fungal genes on

41



fungal process. We report for the first time a meétho assess simultaneously these three
important disease parameters from a single sample.

The effects of maize genotype, fungal genotypedays post inoculation (dpi)
within a maize genotype, and maize verses fungastgpes on fungal parameters were
examined by using ANOVA statistical analyses. Olenaaize genotype significantly
affected colonization (p < 0.01) and conidiatiorx(p.01), fungal genotype significantly
affected conidiation (p < 0.01) and AF accumulafjpr< 0.01), and maize by fungal
genotype combination significantly affected fungahidiation (p < 0.01). In addition,
dpi affected conidiation and AF accumulation sigraihtly, though differently in the
maize WT andox3 mutant genotypes. The effects of fungal genotypkraaize
genotype on each fungal parameter were examinedatety for each fungal genotype
in relation to WT fungus (i.e., fungal genotype/meagenotype affected colonization

etc.)

Colonization

The most statistically significant effect of theshgenotype was with
colonization where thx3 mutant kernels supported increased colonizatiompewed
to WT kernels at 5 dpi as was seen before for Bothdulans andA. flavus (Gao et al.,
2009). MostAspergillus mutants displayed a delayed colonization phenotyp@/T

kernels and this was most pronounced for strai’sBCD, and ABCDL (Fig. 10),
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however by 5 dpi these strains reached colonizd¢ieels comparable to WA. flavus.
Disruption ofLOX3 in the maize host alleviated the colonization deesBCD and
ABCDL, but not in any other mutant strains exceptlf. At day 3, L strain was unable

to colonize either WT diox3 mutant kernels as successfully as W Tlavus.

Conidiation

Maize genotype, fungal genotype, and dpi all adfdatonidiation. Of all fungal
pathogenicity processes, conidia production appedrs affected the most by both the
host and the fungal genotypes and revealed cotisitsiof the diverse oxylipin
biosynthesis genes from both the host and the ®In§5 dpi,lox3 mutants supported
increased conidiation levels compared to those ©fkéfnels inoculated with A, D, and
L strains, and this trend was similar for straigF®). 11). Strains A and ABCD both had
strong negative correlation between colonizatioth @nidiation (respectively, rho = -
0.99, -0.84 p < 0.01, <0.01, Table 2). Howevef dpi, strains ABD and ABCD did not
display any increased conidiation kax3 mutant kernels compared to WT strain.
Interestingly, deletion of function&dxA from ABD and ABCD partially restored the

LOX3-dependent conidiation response.
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Fig. 12. Colonization of maize WT andx3 mutant kernels byspergillus flavus WT
andoxylipin-deficient mutant strains. The Y-axis repeats ergosterol contenty/ g
kernel) and X-axis represents days post inoculdtipn). Each panel is labeled with
respectiveA. flavus mutant strain under consideration. Solid linesctéy T maize
kernels, dashed lines depiok3 mutant kernels, black points represent means ofANT
flavus, and white points represefitflavus mutant strains. Unconnected letters next to
means indicate statistically significant differea¢p < 0.05) by Tukey's HSD test.
Asterisks represent changes in means between dagt 8ay 5 (p < 0.013); statistically
significant main effects are inserted when appadpri
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Aflatoxin

For all the strains and maize genotypes, AF wasfgigntly increased from 3 to
5 dpi. Unlike time-dependent differences in AF lsysurprisingly few statistical
changes were observed for biomass-dependent Akigrod for different fungal single
and multiple gene mutants, with the notable exoeptf A and ABDL strains (Fig. 12).
The lack of a functiondlOX3-dependent process appeared to increase AF produati
ABDL. Strain A had significantly reduced AF compatte WTA. flavus at 3 and 5 dpi.
Despite the perturbation of AF production of strAint maintained a strong negative
correlation between colonization and AF producfidio = -0.84, p = 0.03) comparable
to those of WT (rho =-0.82, p = 0.02) (Table ®)cbntrast, this correlation was lost for
all other strains except C.

Pearson’s correlation analysis was employed ormitiee dataset to uncover
relationships between these fungal processes. Ativegcorrelation between
colonization and conidiation (rho = -0.52, p < Q.@1.3 dpi and a positive correlation
between conidia and AF (rho = 0.34, p < 0.01) dpbwere identified (Fig. 13). When
correlations were assessed by fungal genotypénst#aand ABCD maintained a
negative relationship between conidiation and dakion at day 3 (respectively, rho = -
0.84, -0.99, p < 0.01, <0.01; Table 2). Strain A &BCDL maintained positive
relationship between conidiation and AF accumubatib3 and 5 dpi, respectively

(respectively, rho = 0.82, 0.76, p = 0.02, 0.0hI€2). A negative correlation between
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Fig. 13. Conidiation ofAspergillus flavus WT and oxylipin-deficient mutant strains on

maize WT andox3 mutant kernels. The Y-axis represents conidiati@f conidia/pg

ergosterol) and the X-axis represents days postilation (dpi). Each panel is labeled
with the respective mutaat flavus strain under consideration. Solid lines depict WT
maize kernels, dashed lines depa3 mutant kernels, black points represent means of

WT A. flavus, and white points represent means of mutant sttmgonnected letters
next to means indicate statistically significarifetiences (p < 0.05) by Tukey’'s HSD
test. Asterisks represent changes in means betlae and day 5 (p < 0.01);
statistically significant main effects are inserteden appropriate.
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Fig. 14. AF content in maize WT andx3 mutant kernels upon infection with
Aspergillus flavus WT and oxylipin-deficient mutant strains in keriéassay. The Y-
axis represents content of Akg( ng ergosterol) and X-axis represents days post
inoculation (dpi). Each panel is labeled with tespective mutarA. flavus strain under
consideration. Solid lines depict WT maize kernd&shed lines depitdx3 mutant
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differences (p < 0.05) by Tukey’s HSD test. Astegisepresent changes in means
between day 3 and day 5 (p < 0.013); statisticatipificant main effects are inserted
when appropriate.
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Pearson

Groupingcriteria i correlation

Grouping by

maize by fungi X Y Rho p-value # of samples
All samples All D3 colonization conidia -0.5204 0.0000 60
WT All D3 colonization conidia -0.6225 0.0002 31
All ABCD D3 colonization conidia -0.9853 0.0003 6
All All D5 conidia aflatoxin 0.3387 0.0054 66
WT All D5 conidia aflatoxin 0.4833 0.0059 31
lox3 All D3 colonization conidia -0.4975 0.0060 29
All A D3 colonization conidia -0.8400 0.0090 8
All A D3 colonization aflatoxin -0.8754 0.0098 7
lox3 All D5 conidia aflatoxin 0.3838 0.0228 35
All A D3 conidia aflatoxin 0.8210 0.0236 7
All WT D5 colonization aflatoxin -0.8206 0.0237 7
All ABCDL D5 conidia aflatoxin 0.7600 0.0286 8
All A D5 colonization aflatoxin -0.8466 0.0335 6
All C D5 colonization aflatoxin -0.7713 0.0423 7

Table 3. Spearman’s correlation of colonization, conidiatiand aflatoxin accumulation
in WT andlox3 mutant kernels infected . flavus WT and oxygenase mutant strains.
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colonization and AF accumulation was seeA.iflavus WT and strains A and C (Table

2).

Phytohor mone alterationsin responseto fungal infection

To understand the role of host and pathogen oxyBmnaling in the regulation
of plant hormone biosynthesis during #spergillus -maize interaction, we
simultaneously quantified abscisic acid (ABA), itel@-acetic acid (IAA), jasmonic
acid (JA), and jasmonate-isoleucine conjugate (@Akh WT andlox3 mutant kernels
infected with WT and all oxylipin-deficient strai$ A. flavus through LC-MS/MS.

The effects of maize genotype, fungal genotypewdihiin maize genotype, and
maize x fungus genotypes on phytohormones were iexaiwia ANOVA. Overall,
maize genotype significantly affected IAA contdntgal genotype significantly
affected IAA and JA-lle levels, and the maize bydal genotype combination
significantly affected ABA and JA. In addition, &lbrmone levels were affected
significantly by time after inoculation.

Among all the hormones measured, ABA was the mosngly affected by the
host and fungal genotypes (Fig. 14). ABA contenteased in WT kernels at 3 dpi and
these levels maintained to at least 5 dpi; howerdox3 mutant kernels, there was an
initial decrease in ABA content observed at 3 dgiibrapidly recovered to reach levels

comparable to WT by 5 dpi. While displaying a nornegponse at 3 dpi, strains A and
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ABCD were unable to induce an ABA increaséaxB at 5 dpi. Strain L seemed to have
an intermediate response at 5 dpi.

The dependency of ABA content on fungal and hesbtype warranted
correlation analysis to the previously collecteddgal parameters. A strong and
significant negative relationship was uncovereavieen ABA content and conidiation
(rho =-0.75, p = 0.02), however, no significantretations between ABA and
colonization or AF biosynthesis were observed.

Unexpectedly, lox3 mutants produced greater level&A compared to WT

kernels, regardless of fungal genotype (Fig. 15).

Lox3 gene expression and its correlation with fungal parameters

To examine the effect of fungal-derived oxylipins st metabolism, we
analyzed the expressionloDX3 in WT kernels infected by WT and oxylipin-deficient
strains ofA. flavus. Quantitative real-time PCR analysisLddX3 expression in WT
kernels 3 dpi showed a general suppression of sgioe when kernels were inoculated
with single mutations strains &f flavus, compared to WT or mock-treat€gig. 16A).
When infected by ABD and ABCD, WT kernels displayedincreased expressioh
LOX3 compared with WTA. flavus infected kernels. Incidentally, the expression of

LOX3 was negatively correlated with colonization (FigB).
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Fig. 15. Correlation of fungal parameters. (A) At 3 dpin@ial conidiation decreased
with increasing colonization in nine fungal genagsee Text) growing on either WT
(empty circles) ofox3 mutant (filled circles). Conidiation was signifiddy greater at
similar colonization omox3 mutant kernels compared to WT (P = 0.012), wiiterates
of conidiation decrease with colonization were &amon both maize genotypes (p =
0.829) (0x3 mutant maizey = 4.40 — 0.78, ¥ = 0.258, p = 0.005; WT maizg= 4.19 —
0.58, ¥ = 0.333, p < 0.001(B) At 5 dpi, fungal AF production increased with
increasing conidiation in nine fungal genotype® (§ext) growing on either WT kernels
(empty circles) ofox3 mutant (filled circles). AF production was signdittly lower at
similar conidiation olox3 mutant maize compared to WT maize (p = 0.028), evthie
rates of AF increase with conidiation were simdarboth maize genotypes (p = 0.582)
(lox3 mutant maize:y = 2.50 + 0.58, ¥ = 0.147, P = 0.023; wild-type maize= 0.79 +
1.0, ¥ = 0.234, p < 0.006) (actual data are shown; siaisanalyses conducted on In-
transformed conidiation andétransformed AF values)
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Fig. 16. Abscisic acid (ABA) content in maize WT ahwk3 mutant kernels upon
infection withAspergillus flavus WT and oxylipin-deficient mutant strains. The Yisax
represents ABA content (ng/ g kernel) and X-axme@sents days post inoculation (dpi).
Each panel is labeled with respectidlavus mutant strain under consideration. Solid
lines depict WT maize kernels, dashed lines dépx® mutant kernels, black points
represent means of WA flavus, and white points represent means of mutant strain
Unconnected letters next to means indicate stibtisignificant differences (p < 0.05)
by Tukey’s HSD test. Asterisks represent changesaans between day 3 and day 5 (p
< 0.013); statistically significant main effect®anserted when appropriate.
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Fig. 17. Indole-3-acetic acid (IAA) content in maize WT dog3 mutant kernels upon
infection with WT andAspergillus flavus oxylipin-deficient mutant strains. The Y-axis
represents IAA content (ng/ g kernel) and X-axgesents days post inoculation (dpi).
Each panel is labeled with respective mutarftavus strain under consideration. Solid
lines depict WT maize kernels, dashed lines dépx& mutant kernels, black points
represent means of WA flavus, and white points represent means of mutant strain
Unconnected letters next to means indicate staistisignificant differences (p < 0.05)
by Tukey's HSD test. Asterisks represent changesdaans between day 3 and day 5 (p
< 0.02); statistically significant main effects amserted when appropriate.
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Hormoneratio correlation with fungal parameters

Cross-talk and complex interactions among phytolooies are well established
phenomena (Robert-Seilaniantz et al., 2011); tla¢ive hormone signature, as the
individual hormones themselves, is quickly gainapgpreciation for its role in regulating
diverse physiological processes (Pirasteh-Anoshah,£013). We examined ratios
between all hormones analyzed and correlated tbehetexamined fungal parameters
(Table 3). Remarkably, we identified strong cotiela between specific hormone ratios
and fungal pathogenicity phenotypes. ABA/ JA waghtly negatively correlated with
colonization (rho = -0.33, p-value= 0.05). Both ABA-Ille (rho = 0.44 p =< 0.01) and
IAA/JA-lle (rho = 0.41 p = 0.01) were positivelyrcelated with conidiation.

ABA/ JA, ABA/JA-lle, IAA/ JA, and IAA/JA-lle were B positively and strongly
correlated with AF accumulation (respectively, #h0.46, 0.80, 0.62, 0.75, p<0.01,
<0.01, <0.01, <0.01) (Table 4). Surprisingly, thera correlation of JA/ JA-lle to
conidiation and AF (rho = 0.49, -0.584, p < 0.0Q,4), suggesting that additional
jasmonates (e.g., methyl-JA) may contribute towéndse fungal processes during
infection of seed. These observations suggest plecBA and jasmonate interaction,
which may govern AF regulation. These observatiwsagant further exploration and
may provide maize breeders and industry biochemieakers for reducing AF

contamination.
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Fig. 18. Role of LOX3 in the interaction of fungus oxylipin mutants. (BXpression
pattern ofZmLox3 in response to variousspergillus flavus oxylipin mutant strains. The
2-AACT method was employed to measure relative genessipn, with expression of
the mock samples inoculated used as controls.Bpresent expression means of three
biological replicate samples £ SE. Dunnett’s testanks was used to compare
expression against WT (p < 0.01). (B) CorrelatibZmlLox3 expression and
colonization of WT and mutart. flavus strains on WT maize kernel. Each point
represents respective flavus strains’ZmLox3 expression means against colonization +
SE. Spearman’s correlation test (rho = -0.717,0003).
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DISCUSSION

Taken together, this study suggests that the specmbination of plant and
fungal genotypes and the resulting oxylipin bouaftdct disease outcomes. Fungal
LOX-derived oxylipins were revealed important famrmal colonization of maize
kernels and fungal LOX-mediated colonization ipart dependent on suppression of
host LOX3-derived defense signaling. In terms ofid@tion, functional PpoD appears
to be a strong negative regulator of conidiatiome Tonidiation stagnation of ABD and
ABCD by 5 dpi, suggests these functional enzymeseqguired fo. OX3-dependent
conidiation induction. Furthermore, the partiattoeation of ABD and
ABCD throughloxA deletion suggests antagonism betwgers andloxA during
regulation of conidiation. This analysis uncovepeeviously unknown specialized role
of ppoA as a positive regulator of AF biosynthesis. Unbkerevious report which
describeddppoA mutants producing increased levels of AF relato/&/T (Brown et al.,
2009), our observations match closely with eariorts ot41ppoA mutants fromA.
nidulans in the regulation of sterigmatocystin, the pemudtie precursor to AF
(Tsitsigiannis and Keller, 2006). This suggexisA has a conserved role in mycotoxin
regulation in Aspergilli and the conflicting obsatons are likely due to the inoculation
and incubation differences among the methods (etatile accumulation in humidity
chambers). The finding that PpoA is uniquely inealun the regulation of AF
biosynthesis is fundamental to understanding oxylipngal biology and mycotoxin

production and warrants further studies involvidgitional maize inbred lines,
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especially those that show contrasting levels otamination with AF greenhouse/ field
conditions.  The correlation between the fungaapeaters (Fig. 13) suggests that
during ideal incubation condition8, flavus diverts its energy towards vegetative growth
as opposed to stressed conditions, which driveggrtewards conidiation. These
observations provide, for the first time, statigtisupport for previous anecdotal
suspensions of a balance between fungal vegewioveth and sporulation IA. flavus.
This is an especially strong case given that balzengenotypes are near-isogenic and
all fungal genotypes are isogenic. A negative datie@n between colonization and AF
accumulation was seen M flavus WT and strains A and C (Table 2). This suggests a
role for plant and fungal oxylipins in regulatingdamaintaining the normal balance
between colonization, conidiation, and AF productmd warrants further molecular
and biochemical exploration of the fungal straimsvhich this balance is not maintained

any longer.
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Variable by Variable Spearmanp Prob>|p|

colonization mean ABA/JA -0.3312  0.0485
conidiationmean ABA/IJA-lle 0.4388  0.0074
conidiationmean |AA/JA-Ile 0.4116 0.0126
conidiationmean JA/JA-lle 0.4904 0.0028
aflatoxin ABA/ JA-Ile 0.7985  <.0001
aflatoxin IAA/JA 0.6214  <.0001
aflatoxin IAA/JA-lle 0.7523  <.0001
aflatoxin ABA/JA 0.4638 0.0044
aflatoxin JA/ABA -0.584  0.0002
aflatoxin JA/JA-lle 0.7341  <.0001

Table4. Spearman’s correlation of hormone ratios with flngarameters of WT and
lox3 mutant kernels infected B flavus WT and oxygenase mutant strains.
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One of the unexpected and important findings of study is that, overallpx3
mutants produced greater levels of IAA compared/fokernels, regardless of fungal
genotype (Fig. 15). These results, to the bestuioknowledge, show for the first time
that a LOX isoform that preferentially inserts ogygat carbon position 9 rather than 13
(as required for JA synthesis), may negatively il&guAA biosynthesis, at least in
seed. Further analysis of the main effect of mge@otype showed thaix3 mutants
accumulated increased levels of IAA compared to k&hels, with levels most
prominent at 3 dpi. The observation tha3 mutant kernels are deficient in several
oxylipins (e.g., 9-HOD/TE and 9-KOD/TE) (Gao et &008b), suggests that one,
several, or all of these oxylipins may directlyirdirectly negatively regulate auxin
biosynthesis. Auxin has been recognized for ite mmimodulating plant pathogen
interactions with most published studies showirad Huxin facilitate disease
progression (Kidd et al., 2011; Mutka et al., 2013)erefore, it is possible that
increased IAA levels in thiex3 mutant may be one potential mechanism behind
increased susceptibility of the mutantdlavus (this study and Gao et al. 2009) akd
nidulans (Gao et al., 2009).

In terms of ABA production, this study suggestd foactional PpoA, B, C and
D are important for the normal ABA response of rediernels taAspergillus infection.
Despite displaying a normal response at 3 dpiingtr& and ABCD were unable to
induce ABA increase ifox3 at 5 dpi. However, no significant correlationsviegn
ABA and colonization or AF biosynthesis were obgelh\suggesting a specific effect of

ABA upon conidiation. Despite numerical differences significant differences were
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observed in ABA content of strains C, ABD, ABDL,chABCDL, implicating the
respective intact fungal genes as essential fanabregulation of ABA upo. flavus
infection. The notion thaispergillus produces ABA independently of maize, as was
seen withBotrytis cinerea andUstilago maydis (Siewers et al., 2004; Bruce et al., 2011),
cannot be discounted

When infected by ABD and ABCD, WT kernels displayedincreased
expressiorof LOX3, suggesting that in combination, functional fung@ad genes are
required to suppredOX3 during infection. The additive effect of multigRpos in
regulation of host lipid metabolism was previoudbcumented in studies with
nidulans and peanut, where multiple Ppos were requiredlbstantially decrease host
expression of a 13-LOX (Brodhagen et al., 2008)difidnally, in this study, fungal
colonization was negatively correlated with theresgion of maiz& OX3 (Fig. 16B),
suggesting that the ability & flavus to successfully colonize kernels depends on its
ability to suppreskOX3 expression through multiple Ppo genes. This olasienv would
be expected of a defense gene to be regulatetsimémner in a susceptible line such as

B73, the genetic background of the WT &oxB mutant.

Hormoneratio correlation with fungal parameters

Cross-talk and complex interactions among phytolooies are well established

phenomena (Robert-Seilaniantz et al., 2011); tla¢ive hormone signature, as the
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individual hormones themselves, is quickly gainapgpreciation for its role in regulating
diverse physiological processes (Pirasteh-Anoshah,£013). We examined ratios
between all hormones analyzed and correlated tbahetexamined fungal parameters
(Table 2). Remarkably, we identified strong cotiela between specific hormone ratios
and fungal pathogenicity phenotypes. ABA/ JA waghtly negatively correlated with
colonization (rho = -0.33, p-value= 0.05). Both ABA-Ille and IAA/JA-lle were
positively correlated with conidiation (respectivalho = 0.44, 0.41, p < 0.01, 0.01).
ABA/ JA, ABA/JA-lle, IAA/ JA, and IAA/JA-lle were B positively and strongly
correlated with AF accumulation (respectively, th0.46, 0.80, 0.62, 0.75, p < 0.01,
<0.01, <0.01, <0.01). Surprisingly, there is a elation of JA/ JA-lle to conidiation and
AF (rho = 0.49, -0.584, p < 0.01, <0.01), suggestirat additional jasmonates (e.g.,
methyl-JA) (Gfeller et al., 2010) may contributevards these fungal processes during
infection of seed. These observations suggest plecBA and jasmonate interaction,

which may govern AF regulation.
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Fig. 19. Interaction between LOX3 amd flavus fungal oxygenases (LoxA and Ppo
genes) during colonization, conidiation, and aft@@accumulation of maize seed.
The sole fungal LOX positively regulates colonieatand negatively regulates
conidiation. PpoA positively regulates aflatoxircamulation. Multiple Ppo genes
function together to suppress LOX3 gene expressibich in turn suppresses
colonization. The hormone ratios of ABA/ jasmonadad IAA/ jasmonates positively

correlate with aflatoxin accumulation. Other rat&dso correlated positively with fungal

process: ABA/JA- colonization; ABA/ JA-lle- conidian; IAA/JA-lle- conidiation.
JA/JA-lle also correlated positively with aflatoxaccumulation. Green lines indicate
positive regulation and red lines indicate negategulation.
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CHAPTER YV
ROLE OF MAIZE LOX7 AND ASPERGILLUSFLAVUSOXYLIPIN

BIOSYNTHESIS GENESIN SEED-PATHOGEN INTERACTIONS

INTRODUCTION

Lipoxygenases (LOX), non-heme iron-containing digetyases are the primary
producers of a group of oxygenated fatty acidscifiinction as potent inter- and intra-
cellular signals in plants (Feussner and Wasterri2@b2). These molecules, known as
oxylipins regulate diverse processes related teldgment and defense against biotic
and abiotic stress. Previously, it was shown thaizenLOX3 was required for defense
againstAspergillus seed rot (Gao et al., 2009) and initiate a gerdrinse mechanisms
against seed colonization (see Chapter Il and IFW)he maize B73 inbred line, LOX3
is part of a member of a thirteen LOX genes in mg@enome, classified largely into two
groups, depending on positional specificity of ossygncorporation into fatty acid
carbon chains.

In our mutant screen for maize genes involved @érégulation of the mycotoxin
production (Chapter 1ll), there was only one oth@&X gene,LOX7, which appeared to
be involved in defense against this pathogen. @hl®X3 which is a 9-LOX (Gao et
al., 2008b)L.OX7 belongs to a subfamily of 13-LOXs (Christensenlgt2013). LOX7

isoform is the closest paralogue to LOX8 (also kn@s tasselseedl) the LOX
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responsible for the production of JA in tassel ridia during sex determination
(Acosta et al., 2009). However, the function of LD maize remains to be elucidated.
Sincelox7 mutants are more susceptible to colonization #t Band 5 dpi, we
decided to explore the potential involvemenL@X7 in lipid-mediated signaling with
A. flavus. For this, maize WT anl@dx7 mutants were infected by WA flavus and a
collection of diverse oxylipin-deficient mutantains:AppoA, AppoC, 4ppoD, andAlox.
Following the format of Chapter IV, single lettelssignated these mutants (Table 1). |
have tested the involvement of each of the fungakg and maizZeOX7 gene in
regulation of the fungal processes of colonizatamidiation, and AF accumulation. To
understand the molecular and biochemical pathwesisonsible for altered phenotypes
of these mutants we measured content of sever@biptiynones including ABA, IAA,

JA, and JA-lle.

RESULTS

Effect of host and fungal mutations on colonization

Ergosterol was used as an accurate representdtiongal biomass because this

lipid is a major component of fungal cell membraaed is not present in plant cells. In

terms of colonization, at 3 dppx7 mutants had a 3.9-fold increase in the biomaskeof t
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fungus, regardless of the strain (Fig. 20), sugggshatLOX7 is required for general
defense against this pathogen.

Increased susceptibility ddx7 mutants was also evident at day 5 for WT, A, C,
and L fungal strains. Strain D that did not shostatistically significant in colonization

between WT antbx7 mutants at 5 dpi.

Effect of host and fungal mutations on conidiation

In terms of conidiation,0x7 mutants supported a precocious increase in the
number of conidia per a unit of biomass at 3 dpmpared with WT kernels but not at 5
dpi. This suggests that functional LOX7 is respblesfor normal inhibiting fungal
conidiation at early stages of disease development.

In terms of the effect of fungal oxylipin mutanssatistical analysis of the entire
set of data suggested that fungal genotypes signtlly affected conidiation at both 3
and 5 dpi (p < 0.0001 and p = 0.0072, respectiv8lirpin A consistently produced less
conidia at both 3 and 5 dpi. Compared with WT kkxneonidiation of strain A was
increased when grown éax7 mutant kernels at 3 dpi, but remained the sarbedai

(Fig. 21), suggesting precocious conidiation adistiA onlox7 mutants.
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Effect of host and fungal mutations on aflatoxin accumulation

Aflatoxin accumulation followed a pattern similar¢onidiation (p = 0.0029, p <
0.0001, respectively 3 and 5 dpi). Similar to caattidn, kernels infected by strain A
accumulated less aflatoxin at 3 and 5 dpi compeatiddkernels infected by WT strain
(Fig. 22). This suggests that PpoA is requiredhfmmmal aflatoxin accumulations in both
genetic backgrounds. Overall, LOX7 does not apfieptay a major role in the

regulation of aflatoxin production, reminiscent0X3 results (see Chapter 1V).

Effect of oxylipin mutations on content of plant hor mones

To understand the role of LOX7 in the regulatdmphytohormones during.
flavus infection of seed, the following hormones were sugad, ABA, IAA, JA, and
JA-lle. At 3 dpi, only numerical differences wereserved in ABA content for all fungal
genotypes regardless of maize genotype but none statistically significant (Fig. 23).
The only statistical difference was observed &7 mutants infected by strain A and C.
Both strains induced greater levels of ABAlor7 mutants compared to WT at 5 dpi.
When averaged between all the fungal and planttgpas,|ox7 mutants produced more
ABA in response to pathogen infection. This sugge€X7 acts to suppress ABA a

phenomenon more evident at later disease stages.
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Fig. 20. Colonization of maize WT and lox7 mutant kernglsAlspergillus flavus WT
andoxylipin-deficient mutant strains. The Y-axis repeats ergosterol contenty/ g
kernel) and the X-axis represents maize (B7Rx%) verses fungal (WT, A, C, D, L)
genotype. The top and the bottom halves of thelgrapresent 3 and 5 days post
inoculation (dpi), respectively. Bars are meand=18=5. Asterisks represent
statistically significant differences between Wd&ox7 mutant kernels for each fungal
strain analyzed within the same time-point (Studantest, * p < 0.05, ** p < 0.01, ***
p < 0.0001)
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Fig. 21. Conidiation ofAspergillus flavus WT andoxylipin-deficient mutant strains on
WT andlox7 mutant maize kernels. The Y-axis represents fubigahass dependent
conidiation (16 sporesfig ergosterol) and the X-axis represents maize (B18x7)
verses fungal (WT, A, C, D, L) genotype. The tog #me bottom halves of the graph
represent 3 and 5 days post inoculation (dpi),aesgely. Bars are means = SE; n=5.
Asterisks represent statistically significant diéieces between WT ahok7 mutant
kernels for each fungal strain analyzed withinghme time-point (Student’s t-test, * p <
0.05, ** p <0.01, *** p < 0.0001)
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Fig. 22. Aflatoxin B; accumulation of maize WT and lox7 mutant kernetedted by
Aspergillus flavus WT andoxylipin-deficient mutant strains. The Y-axis repeats
fungal-biomass dependent conidiation®(&poresfig ergosterol) and the X-axis
represents maize (B73 lax7) verses fungal (WT, A, C, D, L) genotype. The &l
the bottom halves of the graph represent 3 and/$ piast inoculation (dpi),
respectively. Bars are means + SE; n=5. Asterisfeesent statistically significant
differences between WT atok7 mutant kernels for each fungal strain analyzediwit
the same time-point (Student’s t-test, * p < 0205 < 0.01, *** p < 0.0001)
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Mock-control oflox7 mutants accumulated significantly decreased lexel8A
compared with mock-treated WT kernels, suggest@XL is required to suppress IAA
accumulation during germination. When infectiesty mutants contained decreased IAA
levels at 3 dpi compared with WT (main effect p.8024) (Fig. 24), suggesting LOX7
negatively modulates IAA accumulation during seddation byA. flavus. Interestingly,
lox3 mutants, which are also susceptible to A. flacositained more 1AA in infected
seed. This indicates that IAA is not a major playesusceptibility to colonization by
itself. This also prompted me to investigate whethgos between different hormones
could explain disease progression (Table 5). Smml& dpi, fungal genotype had a
main effect on IAA content at 5 dpi (p = 0.0001).

In terms of jasmonates, while no statistical défeze was detected for each pairs
compared between WT ahak7, when averaged across fungal stralias/ kernels
accumulated lower levels of both JA (main effeet .0014) and JA-lle (main effect p
< 0.0001) compared with WT kernels at 3 dpi. Thidicates that LOX7 is required for
normal JA production, as predicted for a 13-LOXpexsally during early stages of
disease development. Interestingly, at 5 dpi, tndecwith strain L resulted in increased
JA-lle content compared with mock (p = 0.0139) (2§, 26), suggesting fungal LOX-

products negatively regulate LOX7-mediated JA poidun.
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Phytohor mone correlations

Since no strong association of ABA, IAA, or JA vwasserved with colonization,
conidiation, or aflatoxin accumulation, | hypothe=i that neither of the hormones
individually control these three processes, thusnmting the idea that ratios between
different hormones maybe responsible for the phgrest observed (Table 5). To test
this hypothesis, | have done Spearman's rank ediwelcoefficient (also known as
Spearman’s rho) on the entire data set of botishatl hormones and hormone ratios
and fungal process in diverse combinations (sedddis). Remarkably, several
hormone ratios strongly correlated with all threedal biological processes assessed in
this study. ABA and IAA positively correlated witolonization (rho = 0.4496, 0.6617,
p = 0.0275, 0.0004), yet colonization negativelyrelated with the ratio of IAA/JA (rho
=-0.5426, p = 0.0062). Conidiation positively eated with JA-lle (rho = 0.6774 p =
0.0003) but correlated negatively with IAA (rho®573 p = 0.0034). Additionally, the
ratios between IAA/JA (rho = 0.5261 p = 0.0083) &®RA/JA (rho = 0.4635, p =
0.0225) positively correlated with conidiation. &lly, aflatoxin correlated positively
with the hormone ratio of ABA/JA (rho = 0.473 p H096). To the best of my
knowledge, correlation between fungal pathogenjitcesses and hormone ratios was

reported before.
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Fig. 23. ABA accumulation ofAspergillus flavus infected kernels of WT andx7

mutant kernels. The Y-axis represents phytohornooméent per gram of kernel (ng
phytohormone/ g kernel) and the X-axis represeraizenB73 vdox7) verses fungal
(mock, WT, A, C, D, or L) genotype. The top and tieétom halves of the graph
represent 3 and 5 days post inoculation (dpi),aetsgely. Bars are means = SE; n=5.
Asterisks represent statistically significant diéieces between WT ahok7 mutant
kernels for each fungal strain analyzed withinghme time-point (Student’s t-test, * p <
0.05, * p <0.01, *** p < 0.0001)
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Fig. 24. IAA accumulation ofAspergillus flavus infected kernels of WT anldx7 mutant
kernels. The Y-axis represents phytohormone comingram of kernel (ng
phytohormone/ g kernel) and the X-axis represeraizen(B73 vdox7) verses fungal
(mock, WT, A, C, D, or L) genotype. The top and bimttom halves of the graph
represent 3 and 5 days post inoculation (dpi),aetbgely. Bars are means + SE; n=5.
Asterisks represent statistically significant diéieces between WT ahok7 mutant
kernels for each fungal strain analyzed withinghme time-point (Student’s t-test, * p <
0.05, ** p <0.01, *** p < 0.0001)
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Fig. 25. JA accumulation ofspergillus flavus infected kernels of WT andx7 mutant
kernels. The Y-axis represents phytohormone comingram of kernel (ng
phytohormone/ g kernel) and the X-axis represeraizenB73 vdox7) verses fungal
(mock, WT, A, C, D, or L) genotype. The top and bimttom halves of the graph
represent 3 and 5 days post inoculation (dpi),aetbgely. Bars are means + SE; n=5.
Asterisks represent statistically significant diéfieces between WT ahok7 mutant
kernels for each fungal strain analyzed withinghme time-point (Student’s t-test, * p <
0.05, * p <0.01, *** p < 0.0001)
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Fig. 26. JA-lle accumulation ofspergillus flavus infected kernels of WT anadx7

mutant kernels. The Y-axis represents phytohornooméent per gram of kernel (ng
phytohormone/ g kernel) and the X-axis represeraizenB73 vdox7) verses fungal
(mock, WT, A, C, D, or L) genotype. The top and bimttom halves of the graph
represent 3 and 5 days post inoculation (dpi),aetbgely. Bars are means + SE; n=5.
Asterisks represent statistically significant diéfieces between WT ahok7 mutant
kernels for each fungal strain analyzed withinghme time-point (Student’s t-test, * p <
0.05, ** p < 0.01, ** p < 0.0001)
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by Variable Spearmanp Prob>|p|

colonization ABA 0.4496 0.0275
colonization IAA 0.6617] 0.0004
colonization IAA/ JA -0.5426 0.0062
conidiation JA-lle 0.6774| 0.0003
conidiation IAA -0.573 0.0034
conidiation IAA/ JA 0.5261] 0.0083
conidiation ABA/JA 0.4635 0.0225
aflatoxin ABA/ JA 0.473 0.0196

Table5. Spearman’s correlation of hormone ratios withgllmparameters of WT and
lox7 mutant kernels infected B flavus WT and oxygenase mutant strains.
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DISCUSSION

To summarize these complicated results, | havergetta working model that
visually explains the major findings in this Chapf€ig. 27). One of the most important
discoveries from this study is that LOX7 is reqdifer defense againgt flavus. This is
only the second report of any LOX required for destagainst this pathogen. The other
defensive LOX is LOX3 (see Chapter Ill and IV; d&do et al. 2009). While LOX3 is
predominantly a 9-LOX (Wilson et al., 2001), LOX/a 13-LOX (Christensen et al.,
2013). This suggests that both types of regio-$ipddDXs function in defense against
A. flavus. Similar to LOX3, LOX7 suppresses colonization oanheall strains ofA.
flavus tested, pointing to its role in a general defeagigthway that is largely
independent fungal oxylipin pathways. One plausdéplanation for similar role of two
vastly different biochemical classes of LOXs istitiee two genes may depend on each
other transcriptionally or cross-talk down-streaintheir primary products, which
warrants further investigation. This speculatiobased on our finding that the genes are
show similar expression pattern in developing eml§fig. 10) with both of them
expressed between 16 and 24 days after pollinadsishown in Figure 10, LOX7
appears to be expressed earlier and stronger X3 lat the same time after
pollination, it is likely that LOX7-mediated JA mayduced expression of LOX3. This
notion has to be further investigated using sirglé double LOX mutants for both

genes.
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The role of LOX7 in conidiation appears to be iptession of precocious
sporulation. This conclusion is based on the olzgen that at early disease stades/
produced more conidia at 3 dpi, but less at 5 dpi.

Among the fungal lipoxygenase and Ppo mutantsngtevidence for the role in
regulation of conidiation and aflatoxin accumulatiwas found only for PpoA. Once
again, similarity can be drawn between LOX3 and [/dnctions In the LOX3 study
(Chapter 1V), PpoA appears to regulate aflatoxospnthesis at statistically significant
level and conidiation, but only numerically (Figr)2

LOX7 appears to oppositely regulate ABA and IAArdinghout the disease
progression, LOX7 suppressed ABA accumulation (E8), but induced IAA especially
during early disease stages (Fig. 24). Togethey stiggests that LOX7 functions as a
key regulatory point for cross-talk between thesertones in maize seed and
hypothetically, by its direct involvement in JA bimthesis. Interestingly, the ratios of
ABA/ IAA and ABA/ JA are positively associated witlolonization and aflatoxin
accumulation, respectively. ABA is best known fsrinvolvement in drought stress
responses (Raghavendra et al., 2010). Becausexafiatontamination of seed typically
occurs in the driest years (Cotty and Jaime-Gag€i@y), my finding that higher ABA is
associated with greater aflatoxin may provide ahmaaistic link drought and higher

incidence of aflatoxin contamination of corn unfleld conditions.
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Fig. 27. Interaction between LOX7 arfd flavus fungal oxygenases during colonization,
conidiation, and aflatoxin accumulation of maizedgsd-ungal PpoA promotes
conidiation and aflatoxin accumulation. LOX7 sums@s colonization, but has a
temporal-specific regulation of conidiation. At lyadisease stages, LOX7 suppresses
conidiation, but with disease progression, promotesdiation. Hormone ratios of

ABA/ IAA positively correlated with both colonizatn and conidiation. IAA/ JA
negatively correlated with colonization but postwwith conidiation. ABA/ JA
positively correlated with conidiation and aflatexdccumulation. Conidiation correlated
with the positively with, IAA and negatively wittAJlle. Green lines indicate positive
regulation and red lines indicate negative regoihati
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CHAPTER VI

CONCLUSION

Maize seeds respond to pathogen infection rapiglydth transcriptional and
metabolic reprograming which eventually resultither activation of effective defense
measures or by complete failure to respond in altimnanner, which leads to seed
maceration of seed. One important defensive arsetiaé production of large group of
lipid derived molecular signals, called oxylipifgingal pathogens produce oxylipins
many of serve as signals to regulate many physidbgrocesses including their ability
to colonize seed, reproduce by means of sporespraadice secondary toxic
metabolites called mycotoxins. Taken together oaitysis tested an exciting hypothesis
of a reciprocal oxylipin-mediated signal exchangengen maize seed aAdpergillus
flavus and summarized below (Fig. 28).

Despite belonging to separate classes, LOX3 and1.@&re shown to function
in general defense agaistflavus colonization. These genes make promising
candidates for use in modern breeding techniques @sl whole genome association
studies and marker-assisted selection. At this,tiittle is known what is the nature and
molecular and biochemical mechanisms behind thendefrole of these two genes.
Interestingly, both gene transcripts are stronglyressed in developing embryos (Fig.
10), the tissue most often colonizedAyflavus (Keller et al., 1994) and during the time

window whenA. flavus infects seeds via silk channel. It is possibleréfore, that the
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13-LOX members, LOX7 and LOX10 exhibit a regulateffect on conidiation, albeit,
in opposite directions. LOX7 promotes normal caoatidin while LOX10 has an
inhibitory role. This suggests a certain level péaalization of these isoforms or their
final oxylipin products.

Mutants perturbed in JA-biosynthesis displayed el@sed aflatoxin
accumulation, suggesting the involvement of JA pobidn in the regulation of aflatoxin
production. The results of this study provide arsfy clue that JA alone is responsible
for increased aflatoxin in kernels, yet the acgea@nario appears more complex and
requires input from other hormone signals. Consttethe ratio of ABA/ JA correlated
positively with aflatoxin accumulation. ABA and &édesser known extent JA have long
been considered the major drought stress hormdwds(ya and Assmann, 2009), my
finding that ABA/JA ratio positively correlate witiflatoxin levels may fit well with
well-documented fact that maize is more prone todsgaminated by aflatoxin under
drought stress and high temperature conditions@wab., 2008). This prompts a novel
hypothesis that aflatoxin contamination of maiz&d(perhaps other oil-rich seed crops)
may be more severe because of the plant stressngsfo drought by increasing ABA
and JA signaling to allow plants to survive watsaritations. With additional
verification, the ABA/JA ratio may be used as adb@mical marker by maize breeders
to screen lines for enhanced resistance to aflatoomtamination.

Remarkably, amongst the Ppo gene family, | dised/é¢nat PpoA is specifically
responsible for normal conidiation and aflatoxiodyinthesis. In addition, it is clear that

collective Ppo genes appear to function togethsuppress expression of LOX3,
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suggesting that the combined mixture of oxylipingucts from the lone LOX and the
four Ppo isoforms are required to suppress hosgtndef mechanisms agaiistlavus.

This work provides a foundation for the understagdf oxylipin-mediated
cross-talk between maize seed and mycotoxigenmi fdime techniques developed
through this work allow for a fast and simultaneagsessment of several fungal disease
parameters and host phytohormone and expressinalgisess. We expect this knowledge
and techniques will expedite the studies of seegrdlpathogen interactions and

provide maize industry with novel targets for tHaieeding programs.
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Fig. 28. Overview model depicting oxylipin-mediated commuation between maize
andA. flavus. Oxylipin-mediated signals from both plant host &magal pathogen
regulateA. flavus colonization, conidiation, and aflatoxin accumuwaton maize
kernels. Fungal-derived oxylipins from the lone AKA positively promotes
colonization but negatively regulates conidiatishjle PpoA specifically promotes
conidiation and aflatoxin accumulation. Multipled®genes function together to
negatively suppress the expression of maize LOXBhdwseed infection. Plant-derived
oxylipins from maize LOX3 and LOX7 are required tefense againgt. flavus
colonization. LOX10-derived products negativelyukage conidiation on maize seed.
Maize oxylipin-mediated signals from LOX5, LOX7, X20, OPR7, and OPRS8 induce
aflatoxin accumulation. Hormone composition comegavith colonization, conidiation,
and aflatoxin accumulation; abscisic acid (ABA) itigsly correlates with colonization,
the ratio between ABA/ IAA positively correlatestiviconidiation, and the ratio of
ABA/ JA positively correlates with conidiation aaflatoxin accumulation. Green lines
indicate a positive interaction while red linesicade a negative interaction.
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