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ABSTRACT

MOLECULAR GENETICS OF HISTONE DEACETYLASE INHIBITORS FR®
FILAMENTOUS FUNGI

By
Wanessa D. Wight

Over the last century, thousands of secondary metabolites from filamentousaueag
been identified. Genes involved in secondary metabolite biosynthesis are ofteredlastd co-
regulated. In this dissertation the genes involved in the biosynthesis of two sgconda
metabolites, depudecin and HC-toxin, frétternaria brassicicolaandAlternaria jesenskae
respectively, were identified. Both depudecin and HC-toxin are inhibitors of hidéawetylase
(HDAC), and HC-toxin is a virulence factor f@ochliobolus carbonum

The gene cluster responsible for depudecin biosynthesis was identified. Thelwhsst
six genesDEP1-DEP§. Mutation by targeted gene disruption@#P6, which encodes a
predicted transcription factor, demonstrated that the cluster is co-eshuléie polyketide
synthase gene encodedDgP5was also shown by gene disruption to be essential for
depudecin productioilternaria brassicicolawild type (depudecin +) and tlEP5 knockout
mutant (depudecin -) strains were tested for virulenc&rahidopsis thalianaCol-0 andpad3
mutants Pad3plants infected with thA. brassicicoladepudecin mutant showed a 10%
reduction in lesion size, indicating that depudecin plays a minor role in viruletius i
pathosystem.

Alternaria jesenskaea newly characterized species, is the first organism other than
Cochliobolus carbonurahown to produce HC-toxin. Genome survey sequencing by
pyrosequencing oA. jesenskaeevealed a series of genes closely related to the HC-toxin

biosynthetic genes &@. carbonumThe presence of the HC-toxin gene cluster in kbth



carbonumandA. jesenskaallowed us address the comparative evolutionary origins of HC-toxin
biosynthesis irA. jesenskaeompared t&. carbonumThe high degree of homology of the
genes in the two clusters, the presence of multiple copies of each geneandamisms, and the
high conservation of intron/exon structures, indicates a close evolutionargrreltap between
the HC-toxin clusters in the two fungi. Analysis of a series of housekeeping proticetes
that the two fungi are phylogenetically closely related. Thereforeygwolof the HC-toxin
genes can be explained by evolution from a common ancestor. However, future work is
necessary to eliminate the possible role of horizontal gene transfer.

A. jesenskawvas tested for virulence on maize, cabbdgabidopsis thalianand
Fumana procumben$rom whichA. jesenskagas originally isolated). No disease occurred on
any host, indicating that if HC-toxin has a role in plant pathogenesis that noneeopltnats are
hosts forA. jesenskaeor that HC-toxin has some other role in the biologg.gkesenskae

The results presented in this dissertation indicate that HDAC inhibition stoxi
produced by fungal pathogens is critical in some pathosystems but not others. waoirkhisr
needed to clearly identify if HDACs play a role in plant defense in dicotyledonauts glach as

Arabidopsis



DEDICATION

| dedicate this thesis to my parents, Dave and Liz Wight, and my signifiter Christopher
Piland, for all their love and support.



ACKNOWLEDGMENTS

I would like to begin by acknowledging Jonathan Walton for letting me be a phd of t
lab and for helping me throughout the years. | would also like to acknowledge mytteenmi
members, Dr. Ray Hammerschmidt, Dr. Min-Hao Kuo, Dr. Brad Day, and Dr. Fraraiks Tr
They have been a wonderful committee and have helped me out tremendously wétivilceir
and suggestions. | particularly want to thank Frances Trail for all of hezeadnd support over
the years scientifically, professionally and personally as well. |dhvide to thank all the
members of the Walton lab, past and present, for all of their help, guidance, and support. |
especially want to thank John Scott-Craig for his friendship, wisdom, support, guiddwice, a
and encouragement in good times and bad. | would like to thank all of the Plant Biology, CMB
and PRL staff, faculty, postdocs, and graduate students for all of their help and ladvidel.
also like to thank the members of the MSU RTSF department for all of their help imsiegue
Alternaria jesenskae and Dr. C. Robin Buell for assembling the genome survey.

A special thanks to Gerry Adams for his help with culturing the temperamdteat@ia
jesenskae.

| would like to thank collaborator Dr. Christopher Lawrence and Dr. Kwang-Hiung
from the Virginia Bioinformatics Institute for their help and support with thterAbaria
brassicicola project, including teaching me their transformation protocol amdheir
contribution to the manuscript.

Thank you to all of my friends that | met at Michigan State Universityhiir help and
support over the years whether it was scientific advice, support or dinner and leeingnc

Janet Paper, Heather Hallen-Adams, Hong Luo, Melissa Borrusch, and mas!lothe



Finally, | would like to thank my family including my sisters, Carissa aedriDa, for all
their love and support during these years as well as my parents, Liz and Davehér lalve,
encouragement and support, both emotionally and financially that allowed me to pursue this
degree in the first place. Last but not least, | would like to thank my partnestapier, for
putting up with me and supporting me through the good (success), the bad (the failed
experiments), and the ugly (thesis writing stress). Without all of thegeepehis would not

have been possible. Thank you so much.

Vi



TABLE OF CONTENTS

LIST OF TABLES ... it e e e e e e e e et e e e et e e e eat e e e et e e eetaeeeasneaeaes IX
LIST OF FIGURES ...ttt e et e e e e e et e e e et e e e e aa e e e et e e e eaa e eeesnnaeees X
CHAPTER 1: LITERATURE REVIEW .....ccoiiiiiiiiiiii ettt 1
HISTONE MODIFICATION ..oiiiiiii ettt e e e e e et e e e et e e e et e e e e e e e eaa e e eeanns 2
ALTERN A R A ettt e et e et e e et e e e e e e et e et e et e e e e ae 6
AREINATTA JESENSKAL. ... . i it e e e e ettt e e e e et ettt e e e e e e e e e e e e aeeeeeaeeatnann e eeeas 7
AltErNAria DraSSICICOIA. ... ..uuu ittt a e e e e e e e e e e e eeeeeennnees 7
SECONDARY METABOLITES . ..o ettt e e e et e e e et e e e et e e e eaaeeeees 8
Classes of fungal secondary metaboliteS ............uuiiiiiiiiiie e e e e, 9
Clustering of secondary metabolite gENES ...........uuuiiiiiiiii s 10
HORIZONTAL GENE TRANSFER IN PROKARYOTES. ..o, 12
HORIZONTAL GENE TRANSFER IN EUKARYOTES .....ccotiiiiiiiiiiiiiiiieeeeeeee 12

CHAPTER 2: BIOSYNTHESIS AND ROLE IN VIRULENCE OF THE HI®INE

DEACETYLASE INHIBITOR DEPUDECIN FROMALTERNARIA BRASSICICOLA......... 20

F Y 2 S ¥ AN O USSP 21

I O 1516 L N [ ] U 22

MATERIALS AND METHODS ...ttt e e e e e e e e e e e e e e e e s e 26
Fungal growth and depudecin @NAIYSIS. ..........uuuiiiiiie e e e e eeeeeennaeas 26
(€T=T 0TS0 1] (U] 11 0] o RSP TUPPPUPRT 27
DNA extraction and @nalySiS. .........ccoviiiiiiiiiiiiiiiiss e e e e e e et e e e e e e e e e e e e e e —————— 29
VITUIEBNCE @SSAYS. ... iiiiiiiiiiiiittt ettt ettt e e e e e e e e e e e e e e et et e ttbebb b e e e e e e e eeeeeaeeeeeees 30

S I TP 31
AbPKS9encodes the depudecin polyketide Synthase. ............oouvvvvviiiiiiiiiie e 31
The depudecin DIOSYNTNEtIC CIUSTEN. ......ccooi i 32
DEPG6 regulates the depudeCin CIUSTET. ...... ..o s 33
Genes of the depPUdECIN CIUSTET. .......eeiiiiiiicie e e e e e e e e e e s 34
A related gene cluster @occidioides IMMILB...........uuuueiiiiiiii e 36

Vil



Synteny of the depudecin cluster region betw&ebrassicicolaand other Pleosporaceae. 37

Depudecin contributes to virulence on cabbage. ...........cooooiiiiiiiiiiiiic s 38
DISCUSSION ..ttt ettt ettt e e e e e e e e e e e e e s e s e bbbt bbb bbb et ettt e eeeaaaaeeeeeaassnannnns 39
ACKNOWLED GMENT S ..t e e e e et e e e et e e e et e e e et e e eaanaeaees 41

CHAPTER 3: BIOSYNTHESIS OF HC-TOXIN FROMLTERNARIA JESENSKAE.......... 53
LN I @ 1 1 L @ I [ 1\ PP 54
MATERIALS AND METHODS ...ttt e e e e e e e e e e e e e e e e s 56

Fungal growth and HC-tOXIN @NAlYSIS. .......uuuuueiiiiiiiieeeeeeeeeeeeeeeeeiiies s s e e e e e e e e e e e e eeeeeeeeennnnes 56

DNA extraction and @NalYSIS. .........oooiiiiiiiiiiiiiiiiraa et a e e e e e e 57

VITUIEBNCE @SSAYS. . .cciiiiieeieeitiieiiee e e e e e e e e e e e e e e ettt ettt e e e e e e e e e e e e e et eeeeesesassssnnnaaaeaaaeaeeaeeeeeees 59

=] o[ al (0] g g F= U ol N g oL YA £ S 60
S 1 1 I TSP 61

Alternaria jesenskae produces HC-TOXIN ......uuiiiiiiiie i e e e e e 61

Alternaria jesenskalC-toXiN geNE CIUSTEN ..........iiiiii i e e e e e e e e e eeeaaannees 62

The geNES OF @) TOX2: ... e e e e e e ettt et e ettt bbb e e e e e e e e e e eeeeaeeeeeesnnnnes 62

Organization of genes within the CIUSTEr ............cooriiieii e 64

VITUIEBNCE @SSAYS .. .cciiiiieeieeietitiie et e e e e e e et e e e e e ettt ettt e e e e e e e eeeaeeeeeeeeesesassssaanaaaeaaaeaeaaeeeeeees 64

PRylOgeNetiC @NaAIYSIS. ....coeiiiiiiiiiiiii e e ettt a e e e e e e e eeaearaen 65
DISCUSSION ..eiiieiiiiiiiietee ettt ettt et e e aaaeeaaeaeeaesas s e s sstettbbteseeeeeeeaaaaaaaeaaaaassssnnnnns 66

CHAPTER 4: FUTURE DIRECTIONS ..ottt e et et e e et e e e e 88
Evolutionary origin of the depudecin cluster frédternaria brassicicola........................ 89
AREINANTA JESENSKAE. ... . i i i i e e e e e ee ettt e e e e e e e e e e e e et e et eeaae et b s s e e aeeaaaaeeeeeeeenesennrnnnnns 90

N e N | 1 G PP PP 92

F N e N | 1 G | PP PP PPN 98

REFERENGCES ..ottt et e e e e e e e e e e e e e e oottt bbbttt et e e et e e e e e eeeeeeaeaeenaannns 99

viii



LIST OF TABLES

Table 1. Restriction €nzyme digesSt liST..........ooiiiiiiiiiiiiiiii e 81
Table 2.Cochliobolus carbonumOX geNe aCCESSIONS......cceeeeeeeiieieeeeeeiiiiree e e e e e e e e e e e eeeeeeeeeaenee 82
Table 3. NCBI NRPS adenylation domain sequences used in Fig. 17........ccccvvviiiiiiiiinnieeeeeeee, 83

Table 4. Percent Identity between indicated gene and its ortholbgecerbonunor the  other

COPIES IMA. JESENSKAR. ... uuiiiie i e e e e e e ee ettt s e e e e e e e e e e e e et et e eeaeeaaaa s a e s e e eaeeeaaaeeeeeeeesssnsnnnnnnnnnen 85
Table 5. Toxbox and toxbox like sequence€otarbonumandA. jesenskae......................... 86
Table 6. Housekeeping protein analysis betweecarbonunmandA. jesenskae...................... 87



LIST OF FIGURES

Figure 1. Symptoms characteristic of northern corn leaf spot on maizse.leave................... 15
Figure 2.Alternaria brassicicolaconidia and SPOIES...........ccuuiiiiiiiiuiiiiiiie e 15
Figure 3. Life cycle of Alternaria iNfECHION. .........cooi i 16
Figure 4. Cabbage leaf infected WANDrassiCICOla.............ccooiiiiiiiiiiii e 17
Figure 5. PolyKetide SYNTNASE..........cooiiiiiie e 18
Figure 6. Non ribosomal SYNTNASE. ........ccoooi i 19
Figure 7. Structure of the polyketide depuUdeCIN...........coooiiiiiiiiiiiii e 42
Figure 8. Strategies for disrupting depudecin biosynthetiC genes..........cccoveeeiiiiiiiiiiiiiiiiiiciinennn 43
Figure 9. Characterization of depudecin mutants and complemented strains in

A. DrasSiCICOIBATCC 96836......cceeeiiiiiiiiiiee et e e a e 44
Figure 10. Characterization of depudecin mutants in MUCL 20297 ...........cccccemmen...... 46
Figure 11. Mutational characterization of genes in the depudecin cluster .......................47
Figure 12. Analysis oDEP6mutants in MUCL 20297..........oooeveiiiiiiiiiiiiee e 49
Figure 13. The depudecin gene clusteAobrassicicolaATCC 96836 ...........ccccceeviiviieeeeennn. 50
Figure 14. Synteny betwedn brassicicolaP. tritici-repentis and S. nodorum in the

depudecCin CIUSTEN TEQION ... e e e e e e e mamr s 51
Figure 15. Virulence analysis 8f brassicicolaDEP5 (AbPKS9) mutants..............ccceeevvevinnnee 52
Figure 16. Analysis of HC-toxin from. JeSenskae...........ccooiiiiiiiii i e 71
Figure 17. Southern blot analysis of 8j]TOX gENEeS.......ccii ittt e 73
Figure 18. Gene structure Gf carbonumandA. jesenska@ OX2 orthologs...........ccceeevveeeenennn. 74
Figure 19. Differences in gene order and orientation of TOX gerf@ésaarbonum

cCTOX2 andA. jeSensSKa@TOX2 OCH.......ccccuiiiueeiiiiiiiiie e s e e e e e e eaes 76



Figure 20. Phylogenetic tree using adenylation domains from fungabNfRoteins (See

=LY o N 1= o] = S 78
Figure 21. Alignment ofcTOXEand the two copies @GTOXE...........ccovvvvvviiiiiiiiiiie e, 79
FIQUIE 22. ViITUIENCE @SSAYS.....ieeierruiuiuuiiiiiaeeeeeeeeeeteettttttan s e eeaaaeaaaeeeeeeeettrasssanaaaaaaaaeaeeeeerennsnnnnns 80

Xi



CHAPTER 1: LITERATURE REVIEW



Cochliobolus carbonupphylum Ascomycota, family Pleosporaceae, is a necrotrophic
fungal plant pathogen of maize. On susceptible varieties, it causes northerratepote
capable of infecting the plant at all stages of development. Symptoms ehatigobdf infection
begin with small brown necrotic flecks on leaves and stems (Fig. 1) and within dgysgsrto
plant death. While there are several raceSaxfhliobolus carbonuponly race 1 produces the
secondary metabolite HC-toxin (Scheffer 1965). Name#i&minthosporium carbonunan
older anamorph name f@ochliobolus carbonuntHC-toxin is a host-selective toxin that is a
critical determinant of virulencépx minus mutants are unable to cause disease (Scheffer 1965;
Walton 2006).

From the standpoint of the host, only maize plants that are homozygous recessive at the
nuclearHM1 locus are sensitive to HC-toxin and susceptible to HC-toxin-producing isolates of
C. carbonumMeeley et al. 1992}M1 encodes HC-toxin reductase, an NADPH-dependent
reductase required for the detoxification of HC-toxin (Meeley et al. 1991) dégeaminant of
host resistance, orthologstdM1 are present in other grasses, indicating that HC-toxin reductase
activity is an ancient mechanism for detoxifying HC-toxin, and/or HC-tlikéencompounds in
grasses (Han et al. 1997; Multani et al. 1998; Sindhu et al. 2008). The only known mode of
action of HC-toxin is as a histone deacetylase inhibitor (Walton 2006) leading favored
hypothesis that histone deacetylase inhibition is an ancient, common strafpy gsass

pathogens (Sindhu et al. 2008)

HISTONE MODIFICATION

As noted above, the mode of action of HC-toxin is as a histone deacetylase (HDAC)

inhibitor, known to be involved in chromatin remodeling. Chromatin is comprised of an octomer
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of four core histone proteins (H2A, H2B, H3 and H4) encircled with 147 base pairs of DNA.
Each of these nuclear histone proteins contains a lysine-rich tail that extenasrotitef
primary core structure. This tail is critical for histone posttranslatimaifications, ultimately
resulting in both structural and functional changes (Turner, 2007). One example of
posttranslational modification is the acetylation of the lysine residues ohaisdils.
Acetylation is a reversible process and is often associated with changas exgeession.
There are two enzymes that play a role in acetylation, histone acesfetase (HAT) and
histone deacetylase (HDAC). HATSs catalyze the transfer of an ggety from acetyl-
Coenzyme A onto lysine residues on histone tails. This activity affects thenggrdperties
between the histone and DNA resulting in relaxation of the chromatin or eudimmolmahis
relaxed state genes become physically accessible by tgimscfactors and other cofactors or
proteins associated with gene expression. HDACs catalyze the oppoditmrbgcemoval of
the acetyl group from the lysine residues resulting in compaction of the a&timan
heterochromatin, associated with gene repression.

The first enzymes with histone deacetylase activity, related to tetyaascription
factor regulator Rpd3p, were isolated 1996 using a trapoxin affinity matuxeoo{Taunton et
al. 1996). Since then HDACs have been identified from nearly all eukaryotes.arbexeveral
recognized classes of HDACs which have been characterized, including (RPB3/HDA1-
like), Type Il (HD2, plant-specific) and Type Il (SIR2-like, sirtuciasses (Pandey et al. 2002).
Type | and Type Il HDACs are zinc dependent and include catalytic clssammeékhe presence
of a Zn+ ion, which are required for their activity. Homology of the cliticenains of HDACs,
their role in chromatin remodeling, gene expression and their presence inalleaukaryotes

indicates a conserved and ancient protein family (Leipe et al. 1997).



In addition to their role in chromatin remodeling, HDACs have also been shown to
deacetylate lysine residues of non-histone proteins, such as transcrigtors, feytoskeletal
proteins, heat shock proteins, transcriptional co-repressors, and others (Tia9@1al
Choudhary et al. 2009; Alvarez et al. 2010; Rushton et al. 2010; Winkler et al. 201@zKk¥ol
Bayatti et al. 2011)(See also Chapter 2). Due to their ability to deaedbyitit histones and non-
histone proteins, HDACs play a role in a number of processes in eukaryotic sysiemas the
jasmonic acid and ethylene pathways (Zhou et al. 2005), embryo and flower devel@eneint
al. 2003), cell cycle (Rossi et al. 2007) and alternative splicing (Hnilidoaia 2011). HC-toxin
is an inhibitor of histone deacetylases of the Rpd3/Hdal class, but not Sir2 HDAGsh(Bt al.
1995). Consistent with this, maize histones 3 and 4 become hyper-acetylated duriraninfect
(Ransom et al. 1997) suggesting that HDACs play a role in plant defense in hiosystdm.
However, the exact nature of the role of HDACs in plant defense in other pathasiisienot
been determined.

HDAC inhibitors are chemicals that prevent the activity of HDACs byaweteng with
the catalytic channel of the enzyme. There are four classes of HDAQanériliydroxamates
(trichostatin and suberoylanilide hydroxamic acid), cyclic peptides (H®stapicidin and
trapoxin A), aliphatic acids (phenylbutyrates and valproic acid), and benzaiwi8e275 and
Cl-994)(Monneret 2005; Dokmanovic et al. 2007; Pontiki et al. 2010). Trichostatin A from
Streptomyces hygroscopicwss the first HDAC inhibitor to be isolated (Yoshida et al. 1990).
Since that time a number of other natural and synthetic HDAC inhibitors have beemnedentif
(Monneret 2005; Pontiki et al. 2010) including apicidin freasarium sp Cyl-2 from
Cylindrocladium scopariupndepudecin fromAlternaria brassicicolasee Chapter 2) and HC-

toxin (below and Chapter 3). HDAC inhibitors share some features such as a linker,doma



metal-binding domain and surface recognition domain which allows it to intethcH®ACs
and prevent their activity. HDAC inhibition may result in hyper-acetylation, agptand
changes in gene expression. Because they tend to be cytostatic rathetatoainccyiDAC
inhibitors are being intensively studied possible anti-cancer drugs (Poralk2€l0; Robey et
al. 2011).

HC-toxin is an HDAC inhibitor of the cyclic peptide class; it is a cydtcapeptide with
the structure cyclo (D-Pro-L-Ala-D-Ala-L-Aeo), where Aeo stands2f@amino-8-ox0-9,10-
epoxidecanoic acid (Fig. 6B ) Seven genes involved in the biosynthesis of HC-toxineleawve
identified; they are clustered on a 600 kilobase region known dK2locus.HTS1is a
nonribosomal peptide synthetase. It has a 15.7-kb open reading frame and encodesaa 570-kD
polypeptide, Hts1. Hts1 has four adenylation domains and one epimerase moduledRamdcc
al. 1992; Scott-Craig et al. 1992)0XAencodes a member of the Major Facilitator Superfamily
(MFS) of transporters (Pitkin et al. 1996). Since MFS transporters are involtteel transport
of substrates across membranes, the rolé{Ais probably to transport HC-toxin out of the
fungal cells where it can enter plant cells. Export of HC-toxin might also jperiamt for self-
protection against HC-toxin (Pitkin et al. 1996 XCencodes a fatty acid synthase beta
subunit. It is predicted to be involved in the biosynthesis of the backbone of Aeo (Ahn et al.
1997). TOXDencodes a putative dehydrogenase. Dehydrogenases are involved in
oxidation/reduction reactions but the specific rol@d GXDin HC-toxin biosynthesis has not
been identifiedTOXEencodes a transcription factor. It contains a basic leucine zipper domain
and ankyrin repeats. It is required for expression of the other gemé&sX@f and binds to their
promoters (Pedley et al. 200TJOXF encodes a putative branched-chain amino acid

aminotransferase (Ahn et al. 1996; Cheng et al. 1999). It is required for HObtogynthesis



but its exact function is not known (Cheng et al. 199@XGencodes an alanine racemase. It

produces the D-Ala that is incorporated into HC-toxirHdy51(Cheng et al. 2000).

ALTERNARIA

The genug\lternariawas first described by Nees von Esenbeck in the 1800’s using the
isolateAlternaria tenuigTweedy et al. 1963; Thomma 2003). Since, hundreds of additional
Alternaria species have been described (Kirk et al. 20@B¢rnariais a member of the family
Pleosporaceae and is further classified as mitosporic pleosporaceaebtlzanks a known
perfect stageAlternaria composes a group of flamentous fungi with worldwide distribution and
including saprophytic as well as pathogenic species (Tweedy et al. Tig@8@mMa 2003).
SeveralAlternariaspecies such as. alternataandA. infectoriaare human pathogens and are
known to cause asthma, respiratory infections and cutaneous and subcutaneous i(\i¢etsbns
1987; Pastor et al. 2008; Marcoux et al. 2009; Hamilos 2010). The A#ausaria also
includes a number of economically important plant pathogens inclédddegici(carrot leaf
blight), A. solani(early blight on tomato and potatd) brassicicola(dark spot or black spot on
cabbage) and. alternatawhich in addition to being a human allergen also causes leaf spot and
rot on hundreds of agronomically important plant species (USDA fungal datalasetsts-
grin.gov/fungaldatabases/) (Tweedy et al. 1963; Agrios 1997; Thomma 2003).

The key characteristics of the gegernariais the production of large, darkly
pigmented muriform spores and/or dictyospores often described as club shapezghadweced
individually or as branched chains on conidiophores (Fig. 2) (Tweedy et al. 1963; Thomma
2003). Additionally septa are both longitudinal and transvéisernaria overwinters in the
form of spores and/or mycelia on plant debris, seeds, or in the soil. In the spring, or when
conditions are optimal, it grows and germinates and the resulting sporegarsatisoy wind

6



and rain/moisture. After germination, the fungus can penetrate host tissuky dieean
appressorium or through openings in the tissue. Ultimately, the fungus produces @otidia
surface of the tissue continuing the cycle (Fig. 3) (Agrios 1997). Symptoms chatigobé
Alternaria infection are brown or grey necrotic lesions with a circular almost beys like
appearance caused by fluctuations in environmental conditions affecting grogvth)(Fi
(Thomma 2003). Lesions are frequently surrounded by a chlorotic halo that moves ahead of
lesion formation as a result of fungal secondary metabolites that diffuse threygarnhcells

(Fig.4 ) (Thomma 2003). Sporulation occurs in the center of the lesion (Thomma 2003).

Alternaria jesenskae

Alternaria jesenskawas first described in 2008, and was isolated from sedéisnona
procumbengFamily Cistaceae) (Labuda et al. 2008). Morphological charactsrsiih as
colony pigmentation and beak branchingdofesenskaeesembleA. tomatophilahowever,
based on analysis of molecular data (ITS1, 5.8x and ITS2 sequeAcieggnskaes a distinct
taxon (Labuda et al. 2008). Nothing else is known aBojgsenskaancluding geographical

distribution, host specificity (if applicable), and ecological niche.

Alternaria brassicicola

Alternaria brassicicolas a necrotrophic plant-pathogen causing dark spot or black spot
disease on members of the fanBisassicaceasvhich includes important crops such as broccoli,
cabbage, mustard, canola and the model orgafrsinidopsis thaliangThomma 2003;
Glazebrook 2005). It can infect plants at all stages of development and inatedtio cause a
loss of yield of 20%-50% annually. Tlhe brassicicolagenome was sequenced by the Genome

Institute, Washington University School of Medicine, and is available at the D@EGenome



Institute website (http://genome.jgi-psf.org/Altbrl/Altbrl.home.html). &ailability of the
genome, in addition to the fact thatbrassicicolacan infectA. thaliana,has made it a model
system for studying pathogenesis and resistance (Cramer et al. 200d9ri@aal. 2004; Oh et
al. 2005; Mukherjee et al. 2009).

Some plant factors believed to modulate resistange boassicicolanclude the plant
hormones jasmonic acid and ethyleAgbidopsis thaliananutants in either pathway showed
enhanced susceptibility #. brassicicolgdThomma et al. 1998; Ton et al. 2002). Autophagy and
programmed cell death have also been implicated in resistaAc®dtassicicolaLai et al. 2011,
Lenz et al. 2011; Su'udi et al. 2011). The phytoalexin camalexin has been reported toolave a
in resistance té. brassicicola (Glazebrook 2005tudies usind. thalianaphytoalexin
biosynthetic mutant pad3 show a role of phytoalexins in resistadcebtassicicola
(Glazebrook 2005). However, a screeradbdopsisecotypes with naturally varying
phytoalexin production demonstrates that the role of phytoalexins in resisiafdarassicicola
varies by ecotype and that other factors may play a more central role in défagae et al.

2002).

Alternariaspecies, including. brassicicolaproduce a number of secondary
metabolites, many of which have biological effects on animals, plants, arabascr
(Chelkowski 1992; Walton 1996; Thomma 2003). Below | will give a short review of the
structures, biosynthesis, and modes of action of microbial secondary metabithitesiphasis

on those ofAlternaria species

SECONDARY METABOLITES

Secondary metabolites are organic molecules, while not specificallyeddairthe

normal growth and development of an organism; they often play critical roles in numerous
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processes related to lifestyle or response to environmental cues (eiganodbiotic stress).

As such, several secondary metabolites have been shown to impart an advantage upon the
organism, such as serving as signals in symbiosis, as virulence and pathotgatanisy as well
as in aiding in the expansion of host range through increasing virulence (Viningv199@;
1992; Demain et al. 2000; Calvo et al. 2002; Keller et al. 2005). However, for the vastymajor
of secondary metabolites, a clear understanding of the importance and sethctitage they
might confer on the producing organism in unknown. Below, | outline classes of secondary

metabolites and gene clustering.

Classes of fungal secondary metabolites

There are four broad classes of secondary metabolites produced by futegi ¢Kal.
2005; Hoffmeister et al. 2007; Chiang et al. 2009). These are polyketides, non-ribosoma
peptides, terpenoids, and alkaloids. As a group, polyketides are the largest stxssdary
metabolites produced by fungi, and are synthesized by single multi-domaimgcibed
polyketide synthases (PKSs). Fungal type | PKSs are iterative mehatrigdsynthetic
reactions are repeated by a single multi-domain protein. Ketoacyl CoA sgn#tgltransferase
and acyl carrier domains are essential PKS domains while number of other ‘ojgktonains
may also be present (Fig. 5A). The number of iterative reactions, reducpsngtelization and
further downstream reactions (Keller et al. 2005) contribute to a wide range ké{bdy
structures like small linear molecules such as depudecinAtmaria brassicicolgSee
Chapter 2), to much larger and more complex structures such as aflatoxidssfrergillus spp
(Fig. 5B) (Keller et al. 2005; Borkovich 2010).

The second class of secondary metabolites, nonribosomal peptides, are syntgesized b

class of large multi-domain enzymes known as nonribosomal peptide synthetaB&).(NR
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NRPSs are organized into modules, with each responsible for the incorporation of arsingle
acid into the final product. Each module has a number of smaller catalytic domaiesy tfee
adenylation, thiolation, and condensation domains (Fig.6A). The adenylation domain is
responsible for recognizing and activating the amino acid monomers, theidhiolamain
catalyzes thioester bond formation and the condensation domain catalyzes peptide bond
formation and elongation. In fungi, NRPSs are responsible for synthesizidlg aange of
complex structures such as HC-toxin (See Chapter 3), cyclosporine, peptaibols, doxiAM
(Fig.6B) (Keller et al. 2005; Hoffmeister et al. 2007; Chiang et al. 2009).

The two final classes of secondary metabolites are the terpenoids (etgnaaand
gibberellins) and the indole alkaloids (e.g., ergotamine). These classessarevant to this
thesis and are reviewed in depth elsewhere (Keller et al. 2005; Hoffmetisle2007).

Several fungal secondary metabolites are classified as host-specdifecd$T). HSTs
are a structurally diverse group of compounds and proteins. The production of HSTs by the
pathogen are critical for causing disease, toxic only to specific planespeajenotypes
(Walton 1996; Wolpert et al. 2002). Conversely in the absence of toxin production pathogens are
unable to cause disease (Sweat et al. 2008). HSTs have been identified from overg&hijgatho
fungi and some examples include victorin fr@ochliobolus victoriagAK toxin and AF toxin
from Alternaria spp, T-toxin fromCochliobolus heterostrophuace T, and HC-toxin from

Cochliobolus carbonurfWalton 1996; Wolpert et al. 2002; Friesen et al. 2008).

Clustering of secondary metabolite genes

In regard to the biosynthesis of fungal secondary metabolites, although mEyketi
synthases and NRPSs are often the “central” enzymes, most secondaryitestagaplire many

other enzymes for their biosynthesis. For example, the backbone of sterigstiatisc
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biosynthesized by a PKS, but is then modified by numerous other other enzymes, such as
monooxygenases, dehydrogenases and ketoreductases (Brown et al. 19965 BIfk2) IMost
or all of the genes involved in the pathway of a particular secondary metavelitequently
clustered into operons in bacteria and into co-regulated gene clusters ir{facgh 1961;
Koonin et al. 2001; Zheng et al. 2002; Rocha 2008) (Keller et al. 1997; Kedler2€05;
Hoffmeister et al. 2007; Osbourn 2010; Chu et al. 2011). The selective advantage of gene
clustering in fungal (eukaryotic) secondary metabolite clusters is uriBleber et al. 2005;
Fondi et al. 2009). However, it has been suggested that gene clustering coitddieféeiéral or
horizontal gene transfer of the secondary metabolite trait, enabling iésl spre persistence and
hence providing an evolutionary persistence. This “selfish cluster” hypeteesbeen
developed for bacterial operons and fungal gene clusters (Lawrence et aL. awasce 1999;
Rosewich et al. 2000; Walton 2000; Wong et al. 2005; Khaldi et al. 2011).

Organisms may possess shared traits for a number of reasons. Verigfal isathe
inheritance of genetic material from a parent to ‘progeny” as deddmjp®lendelian genetics.
Convergent evolution is the when two unrelated organisms independently evolve ahrdiewit
same or similar biological function (Slot et al. 2010; Pichersky et al. 20¢&jution from a
common ancestor by vertical transmission is based on the principal that tls¢tseadast
common ancestor for branches of a particular group of organisms, and therdfoaedcies
share similar genes (Postberg et al. 2010; Desmond et al. 2011; HeithlaPatrey et al.
2011). Finally, horizontal gene transfer is the transfer or movement of gerg¢icahfrom one
organism to another across taxonomic boundaries (Doolittle 1998; Rosewich et aK@€lod)

2009; Boto 2010; Richards et al. 2011). Horizontal gene transfer requires that the gemesor
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are integrated, survive and are maintained in the genome of the recipient.| Beloew what is

currently known about horizontal transfer in both prokaryotes and eukaryotes focusing on fungi

HORIZONTAL GENE TRANSFER IN PROKARYOTES

Horizontal gene transfer among prokaryotes occurs frequently. Horizontatrgesfer
of single genes as well as operons is accomplished by conjugation, transducticorntaticst,
and probably also by phagocytosis (Doolittle 1998; Kelly et al. 2009; Kelly 20@9; Mehrabi
et al. 2011). Horizontal gene transfer in prokaryotes through the F pilus was vidiralize
Escherichia colusing fluorescent protein fusions (Babic et al. 2008). One recent example of
horizontal gene transfer involving secondary metabolism between two prokasygtasaticin
biosynthesis. Granaticin is an antibiotic produced by ceBagptomycespecies. The
biosynthetic gene cluster for granaticgrd) was also found in the bacteriUstreptomyces
viethamensigDeng et al. 2011). Sequencing and phylogenetic analysis of this clustat@sda
high overall homology to thgra cluster fromStreptomyces violaceorub@&ti22 (Deng et al.
2011). The distribution of the gra clusterStreptomyces scattered which authors suggest may
be the result of horizontal transfer. Additionally, they indicate that the absendlamifiag
gene, insertions and deletions indicate that rapid evolution gréhauster may have occurred

(Deng et al. 2011).

HORIZONTAL GENE TRANSFER IN EUKARYOTES

Horizontal gene transfer involving eukaryotes is usually from prokaryotes toyetdsa
However, there are a few exceptions to that rule. A well-studied case adritatigene transfer
among eukaryotes includes P elements flmosophila melanogasteo Drosophila willistoni

(Engels 1997). The transfer of the lectin like antifreeze protein gene (which present across
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all species) is likely a result of horizontal gene transfer although it iswticelg clear how it is
happening. However several possibilities exist ranging from the involveshbatteria, viruses
and parasitic organisms to sperm-mediated horizontal gene transferr{Graak 2008). Other
examples of horizontal gene transfer in eukaryotes include the transfer ofrNA
trypanosomes to human hosts (Hecht et al. 2010), transfer of carotenoid genes fram fung
aphids (Moran et al. 2010), and the likely transfer of the gene ShContig9483, which encodes a
protein of unknown function, from its host$&riga hermonthicandStriga gesnerioides
(Yoshida et al. 2010).

While horizontal transfer among fungi is not as widely documented as it is in
prokaryotes, it is quickly becoming one of the fastest growing areas of foimgabenetics.
Until recently the limited number of genome sequences available has pcefenbiggest
obstacle in evolutionary studies. However, with the advent of inexpensive and high qualit
sequencing systems more genomes are being sequenced resulting in incaeapéesef
horizontal gene transfer among fungi. One of first reported examples of horgadntal gene
transfer involves th&oxAgene shown to be transferred fr@@agonospora nodoruio
Pyrenophora tritici-repentigFriesen et al. 2006) Authors demonstrated that the genes are 99%
identical and that acquisition of ti®@xAgene byP. tritici-repentisconfers expanded host range
and increased virulence on wheat (Friesen et al. 2006). Another example of hogeaostal
transfer in fungi involves the nitrate assimilation gene cluster (fHANC)-AHANT-AC consists
of three genes and has been foundspergillus nidulans, Pichia angusta, Hebeloma
clindrosporum and Phanerochaete chrysosporiuresearchers used an intensive phylogenetic
analysis to show that the fHANT-AC cluster was transferred from a basydeteto an ancestor

of Trichoderma reesdiSlot et al. 2007).
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Until recently, most reports of horizontal gene transfer in fungi have invoithet e
single genes or fairly small gene clusters. However, the possitfilitgrizontal gene transfer of
much larger clusters has been raised. Slot and Rokas demonstrated that tice pifabe large
sterigmatocystin clusters (23 genes extending over~54kb) foukepiergillus nidulansnd
Podospora ansering a result of horizontal gene transfer. Phylogenetic analysis ofusier in
both organisms showed that both clusters share not only the same gene number and size but
sequence and microsynteny as well. Detailed phylogenetic anabaisdicates that the
direction of HGT of the cluster was likely frofn nidulangto P. anseringSlot et al. 2011).

Another possible example of horizontal gene transfer of a large secondabplitesta
gene cluster is HC-toxin. The genes for this cyclic peptide were firstiloedenC. carbonum
(Walton 2006). HC-toxin was later reported frénjesenskaéRoman Labuda, personal
communication). A goal of this thesis research was to explore the evolutiopdagaton for
the presence of this trait in two unrelated fungi. Chapter 3 will address whedlgresence of
HC-toxin trait in these two organisms is due to horizontal gene transfer, digsceat common

ancestor, or convergent evolution?

14



Figure 1. Symptoms characteristic of northern corn leaf spot on maizs.|l&aventerpretation
of the references to color in this and all other figures, the reader ieteferthe electronic
version of this dissertation.

Figure 2. Alternaria brassicicola conidia and spores
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Figure 4. Cabbage leaf infected wahbrassicicola
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ABSTRACT

Depudecin, an eleven-carbon linear polyketide made by the pathogenic Altggnaria
brassicicola is an inhibitor of histone deacetylase (HDAC). A chemically unrelated ZiIDA
inhibitor, HC-toxin, was earlier shown to be a major virulence factor in teeaction between
Cochliobolus carbonurand its host, maize. In order to test whether depudecin is also a virulence
factor forA. brassicicolawe identified the genes for depudecin biosynthesis and created
depudecin-minus mutants. The depudecin gene cluster contains six[QER4sSEPE, which
are predicted to encode a polyketide synthase (AbPKSEBB), a transcription factoDEP6),
two monooxygenase®EP2andDEP4), a transporter of the major facilitator superfamily
(DEPJ), and one protein of unknown function (DEP1). The involvement in depudecin
production oDEP2, DEP4, DEP5andDEP6was demonstrated by targeted gene disruption.
DEPGis required for expression BEEP1 - DEP5 but not the immediate flanking genes, thus
defining a co-regulated depudecin biosynthetic cluster. The genes flahkidggudecin gene
cluster, but not the cluster itself, are conserved in the same order in thd fefai
Stagonospora nodoruandPyrenophora tritici-repentis Depudecin-minus mutants have a
small (10%) but statistically significant reduction in virulence on cablagesgica oleracern
but not onArabidopsis The role of depudecin in virulence is therefore less dramatic than that of

HC-toxin.

Abbreviations: PKS, polyketide synthase; HST, host-selective toxirta&gpnospora nodorum

Ptr, Pyrenophora tritici-repentisJA, jasmonic acid; MFS, major facilitator superfamily; LME,

linear minimal element; RACE, rapid amplification of cDNA ends
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INTRODUCTION

Host-selective toxins (HSTS) are positive agents of specificity ankkmie in a number
of plant disease interactions (Walton et al. 1993; Walton 1996; Friesen et al. 20@8hwn
HSTs are made by fungi, and most of them are small, secondary metaboliiesitj@ cyclic
tetrapeptide made yochliobolus carbonumms a critical determinant of virulence in the
interaction between the pathogen and its host, maize. Isolaiesafbonunthat synthesize
HC-toxin are extremely virulent on maize homozygous recessive at themidbéaand HM2
loci, killing plants in a few days (Walton 2006; Sindhu et al. 2008). HM1 encodes HC-toxin
reductase, which detoxifies HC-toxin by reducing an essential carbaug gr HC-toxin (Johal
et al. 1992; Meeley et al. 1992; Multani et al. 1998). HC-toxin is an inhibitor of histone
deacetylases (HDACS) of the Type | (RPD3/HDA1-like), and Type lIZHant-specific)
classes, but not of the Type Ill (SIR2-like, sirtuin) class (Brosch @08b; Hollender et al.
2008). HC-toxin has been shown to inhibit Type | HDACs in maize, protozoans, yeast, and
mammals both in vivo and in vitro, and has been used as a specific HDAC inhibitor in numerous
studies (Brosch et al. 1995; Darkin-Rattray et al. 1996; Joung et al.280@zer et al. 2008).
There is no evidence that HC-toxin and chemically related compounds have arsitethef
action.

Earlier studies on the role of HC-toxin in plant pathogenesis raise the quedterralie
of HDACs in plant disease — why does inhibition of HDACs facilitate the develupohe
disease, i.e., what is the role of HDACs in disease resistance? Attemnogiimther our
understanding of HDACs and disease is complicated by several factorshEnesiaite multiple
sensitive HDACs in maize and other plants. Maize has 14featddopsishas 16 HDAC genes

of the HC-toxin-sensitive classes (RPD3, HDA1L, and HD2) (Gendler et al. 2@@®n@ all of
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the core histones are subject to reversible acetylation, and each has magitigledgidues

capable of being acetylated. HC-toxin affects acetylation of multipkelistones in maize,
especially H3 and H4 (Ransom et al. 1997). There are thus many possible pensotati

histone acetylation/ deacetylation, especially when combined with multiplélgoss

permutations of acetylation-dependent methylation, which can lead to diffeysmlplgical

outcomes (Jenuwein et al. 2001). Third, many non-histone proteins have now been shown to be
regulated by reversible acetylation, including tubulin, cell cycle regyslatranscription factors,

DNA helicases, heat shock factors, and HDACs themselves (Brandl et alV2é8@rheide et

al. 2009). Therefore, there are many possible relevant targets of HC-tokinn éac with

multiple possible substrates.

Reversible histone acetylation is involved in many cellular processasd{Etaal. 2009;
Haberland et al. 2009), and as a result HDAC mutations in plants are pleiotropittoialtand
inhibition studies indicate that HDACs control the expression of numerous plantagehase
involved in the regulation of processes such as embryo and flower development, thecjasmoni
acid (JA) and ethylene pathways, light responses, senescence, nucleoh@andensilencing of
transgenes and transposons, Agrobacterium transformability, leaf pahstysic acid and
abiotic stress responses, and root hair density (Hollender et al. 2008). Is,d&tedD1 mutants
of maize have pleiotropic effects on development and gene expression (Rossi et)al. 2007
Overexpression of a rice HDAC gene causes changes in plant growth laitectuce (Jang et al.
2003).

In regard to the role of histone acetylation in plant pathogenesis, HDA19 expression i
Arabidopsisis induced by infection with the pathogglternaria brassicicolaand

overexpression of HDA19 causes enhanced resistance and upregulation of etid/ldhe a
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induced pathogenesis-related (PR)-proteins (Zhou et al. 2005). However, of kightmultiple
developmental abnormalities of HDA19 mutants, it is not clear if HDA19 has a granar
secondary role in disease resistance (Wu et al. 2000; Tian et al. 2001; Wu et)alV2O&3ts

in a geneHUB, encoding a histone H2B mono-ubiquitinating enzyme, have earlier flowering,
thinner cell walls, and increased susceptibilitAtdrassicicolaandBotrytis cinerea(Dhawan

et al. 2009).

Another connection between histone acetylation and disease response comes from the
finding that HDAG ofArabidopsisinteracts with COI1, an F-box protein required for JA
signaling (Devoto et al. 2002; Thines et al. 2007). This is consistent with the kmpoertance
of JA in response tA. brassicicolasee below) and with transcription profiling experiments
suggesting a link between COIl1-regulated genes and resistaficbrassicicolalvan Wees et
al. 2003). JA induces expression of HDA6 and HDA19, but not HDA5, HDAS8, HDA9, HDA14,
or HD2A (Zhou et al. 2005).

HDA19 interacts with WRKY38 and WRKY62, which are negative regulators of defens
induced by salicylic acid d?’seudomonas syringaefection in an NPR1-dependent manner
(Kim et al. 2008). Overexpression of HDA19 enhances resistance, and mutation enhances
susceptibility; that is, HDA19 appears to act as a positive regulator olsdetdDA19 might
work throughERF1, a gene that integrates JA and ethylene pathways, because HDA19
overexpression up regulateRF1(Zhou et al. 2005).

HDACSs and their target proteins can be both positive and negative regulators of gene
expression (Brandl et al. 2009). If HDACs are necessary for inductionerisiefienes, then by
inhibiting HDACs HC-toxin might suppress expression of those genes (Broatci1865). This

model is consistent with the studies on HDA19 inRhsyringaéArabidopsispathosystem (Kim
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et al. 2008), but does not exclude other models, e.g., that HDACs repress a negatitar tdgula
defense. There are several additional major uncertainties, such as whe#t@s Eiiuld have a
different role in dicotyledons versus cereals such as maize, and to what lextei of HDACs
might be affected by the known differences in defense signaling pathnveaspionse to

bacterial biotrophic pathogens suchPasyringaeas opposed to necrotrophs suciCas
carbonumandA. brassicicola

In order to expand our understanding of the role of HDACs in defense, we have
considered th@. brassicicoldArabidopsispathosystemA. brassicicolacauses black spot of
most cultivated Brassica species including broccoli, cabbage, canola, aagddnMstny species
of Alternaria make host-selective toxins (Walton 1996). Althoéglbrassicicolas a weak
pathogen on wild typArabidopsis(Kagan et al. 2002), it causes significant disease on pad3
(phytoalexin-deficient) and DELLA mutants (Thomma et al. 1999; Navarro 20@8). Its
genome has been sequenced and it is genetically tractable (Cho et al. 2006) plicaracri
changes during infection have been profiled in the fungus and in the host (Schenk et al. 2003;
van Wees et al. 2003). Plant factors that modulate reactnlti@ssicicolanclude JA,
gibberellins acting through the JA pathwB{¥)S1(encoding an R2R3MYB transcription factor),
BOS2, BOS3, BOS4, RLNEnhcoding a TIR-domain protein), and lipase (Mengiste et al. 2003;
Veronese et al. 2004; Oh et al. 2005; Navarro et al. 2008; Staal et al. 2008).

A critical attribute ofA. brassicicolarom the point of view of elucidating the role of
reversible histone acetylation in defense is that it makes an HDAC inhiailed depudecin
(Matsumoto et al. 1992; Kwon et al. 1998). Depudecin is a small linear polyketid&)Fig
(Tanaka et al. 2000). Depudecin is anti-parasitic and anti-angiogenic and, litexidCzauses

detransformation of oncogene-transformed mammalian cells and inhibits HRK{Tyan vitro
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and in vivo (Matsumoto et al. 1992; Oikawa et al. 1995; Kwon et al. 1998; Kwon et al. 2003). If
depudecin is a virulence factor fAr brassicicolaon Arabidopsisone could exploit the genetic
resources of both partners to address the role of HDACs in disease reslsapage report the
identification and characterization of the gene cluster responsible for depudsgintbesis in

A. brassicicolaand the disease phenotype of depudecin-minus strains. Although depudecin does
contribute to virulence of this fungus, the effect is much less dramatic than tlo¢ Hgletoxin

in theC. carbonunmaize interaction.

MATERIALSAND METHODS

Fungal growth and depudecin analysis.

A. brassicicolaAmerican Type Culture Collection (ATCC) 96836 and Mycotheque
Université Catholique de Louvain, Belgium (MUCL) 20297 were maintained on potato @extros
agar (PDA) (Difco) or V8-juice agar. For depudecin production, the fungus was gresith i
culture in one-liter flasks containing 125 ml potato dextrose broth (PDB) (Ddc@)to 10 d.

The cultures were filtered through Whatman #1 paper and extracted twicequdl volumes of
dichloromethane. The dichloromethane fractions were evaporated under vacuum aw40°C a
redissolved in 3 ml methanol. After concentration under vacuum, the residue was digsolve

100 pl methanol. This crude extract was used for both TLC and HPLC. Depudecin stargdard wa
obtained from Sigma-Aldrich and dissolved in methanol at 1 mg/ml.

For TLC, crude extract (10 ul) was spotted onto 250-um silica plates with adsdripent s
(Whatman). Plates were developed in 1:1 acetone:dichloromethane. Depudecin viad dete

using an epoxide-specific reagent (Hammock et al. 1974).
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For HPLC, 20 ul of extract was combined with 60 pl of acetonitrile and 20 ul & steri
distilled water. The sample was injected onto a C18 reverse phase colunemi{&giipse
XDB-C18 silica, 5 pm, 4.6 x 150 mm) and eluted with a linear gradient of 10% (v/v) agkgonit
in water to 100% acetonitrile in 30 min at a flow rate of 1 ml/min. The eluant was mdratore

210 nm.

Genedisruption.

To disruptDEP5 (AbPKS9 by the LME method (Cho et al. 2006), two primers were
designed, one at the 954-bp position (in relation to the start codon) with an added Hindlll
enzyme site and the other at the 1442-bp position with an added Xbal site (see Fig. 8 and
Appendix |, Table 7.1 for all primer sequences). These primers were used tty an019-bp
fragment from genomic DNA. PCR products were digested with Hindlll and Xbalgatddito
the corresponding sites in pCB1636 (Sweigard 1997). The ligation was transformed woito E. ¢
strain DH%. (Invitrogen). The plasmid was isolated and used as template for PCR aattiphific
using M13 forward and M13 reverse primers. The PCR product was purified and cordewotrat
1 pg/ul.

To disruptDEP6, DEP2 andDEP4 by the LME method, two primers for each gene
(DEP&KOFor andDEP6KORev forDEP6 DEP2KOFor andDEP2KORev forDEP2, and
DEP4KOFor andDEP4KORev forDEP4) were used to amplify 751-bp partREP6, 812-bp
partialDEP2, and 807-bp partiddEP2 sequences from genomic DNA. Another set of two
primers for each was used to amplify cassettes of hphl (encoding hygromycin
phosphotransferase) from the plasmid pCBl&EEPaHygFor andDEPEHygRev,

DEPZHygFor andDEP2HygRev, orDEP4HygFor andDEP4HygRev. The resulting fragments
for each gene were mixed and subjected to a second PCR reaction with ptRékOFor and
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DEP&HygRev,DEPKOFor andDEPZHygRev, orDEP4KOFor andDEP4HygRev. The
resulting final products were used to transf@nbrassicicolao makeDEP6 DEP2 or DEP4
mutants, respectively.

In order to complement tH2EP5 mutant, the wild typ®EP5allele fromA. brassicicola
genomic DNA was amplified using primer set P9comF and P9comR. To complemB&RBe
DEP2 andDEP4mutants, a 2.7-kBDEP6 allele with primers TfcomF and TfcomR, a 2.6-kb
DEP2allele with primers MolcomF and MolcomR, and a 3.DHEF4 allele with primers
Mo2comF and Mo2comR were amplified from genomic DNA. Separately, a 1449-bp
nourseothricin resistance (NAT) cassette carrying the noursenthoetyltransferase-encoding
gene natl was amplified using primer set PNRcomF and PNRcomR from plasRiid pN
(Malonek et al. 2004). The final two PCR products, each target gene fragment, Aiid a N
cassette were used to transform simultaneousl|pEf?2, DEP4,or DEP6 mutant strains, and
transformants were selected on PDA plates containing nourseothricin.n&lamaants were
subjected to two rounds of single-spore isolation.

For disruption by gene replacement, primer pairs 1 and 2 were used to amplify 575-bp
and 476-bp fragments from the 5’ and 3’ end®BPS5, respectively, overlapping the
transcriptional start and stop sites (see Fig. 8 and Appendix I, Table 7.1) painsel and 5
were used to amplify 476-bp and 507-bp fragmenBERG. The internal primers had an
additional 25-30 bp complementary to hphl of pCB1003 (Carroll AM 1994). Primers 7 and 8
were used to amplify hphl and had an additional 25 bp complementary to the target gene. The
upstream and downstream flanking regionBBP5andDEP6were combined with hphlin a

second round of PCR using the outside gene primers.
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PCR products were ligated into pGem T-easy (Promega) and transformed inio E. col
DH5a (Invitrogen). PCR products were purified with the QIAquick PCR purification Kit
(Qiagen) and used directly in transformation of protoplasts (Cho et al. 2006).0fnazsts

were purified by two rounds of single-spore isolation.

DNA extraction and analysis.

DNA isolation and blotting were performed as described previously (Kitn 20@7).

The DNA blots shown in Fig. 9B was performed and hybridized according to the mianerfs
instructions (Roche Diagnostics, Mannheim, Germany) using digoxigenin (Bi%&led DNA
probes. A total of 2-gg of genomic DNA was digested with EcoRI for analysi®B&P5

(AbPKS9), with Xhol and BamHI for analysis DEPG, with Pstl for analysis dDEP2, and

with BamHI for analysis oDEP4. The PCR DIG Probe Synthesis Kit (Roche) was used to label
a 509-bp fragment dVEP5, a 751-bp fragment @EP6, an 812-bp fragment @EP2, and

807-bp fragment dDEP4. A 500-bp fragment from pCB1636 and a 1-kb fragment from pNR1
were used as probes for the selectable marker genes.

For the DNA blots shown in Fig. 10, DNA was extracted from lyophilized mycelitd ma
of 5-7 day-oldA. brassicicoldMUCL 20297 grown in potato dextrose broth in still culture
(Pitkin et al. 1996). DNA (15 pg) was digested with NIDEP5 mutants) or Mlul DEP6
mutants) (Fig. 8B, C). DNA was transferred to Nytran SPC (Whatman) andiagdrwith 32P
probes (Panaccione et al. 1996).

RNA was extracted as described (Hallen et al. 2007). Reverse tptaser(RT)-PCR
followed by 5’ and 3' RACE was done with the SMART RACE cDNA amplification kit

(Clontech). Overlapping gene-specific primers were designed fromlaleaganomic sequence.
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In most cases several gene-specific primers were utilized. PCR [wodre cloned into pGem
T-easy (Promega) and transformed into E. coli BiiBvitrogen).

For RNA blotting, 15-20 pg of total RNA was used per lane. Internal gene-specifi
probes using primers given in Table S1 were generated directly frorA t&hplates. rRNA

bands on the blots were stained with 0.02% methylene blue in 0.5 M sodium acetate, pH 5.5.
Virulence assays.

Pathogenicity assays used wild type and mutant strains of ATCC 96836. Conidia were
harvested from potato dextrose agar (PDA) plates incubated for 7 d at 25°C and suspended in
sterile water at 2 x 104 conidia/ml. Conidial suspensions (10 pl) were appliezbasodrthe
surface of leaves at the fifth through sixth leaf stages. Inoculated plametplaeed in a plastic
box at room temperature (21°C) and kept at 100% relative humidity for 24 h in the dark,
followed by 4 d under fluorescent lights with a photoperiod of 16 hr light/8 hr dark. Lesion
diameters were measured. The experiments were repeated four timed Svglants per
treatment. Results were analyzed using a pair-wise t-test usingSIMR Cary, NC).

Arabidopsisplants (Col-0 and pad3) were grown in a growth chamber at 20°C, 70%
relative humidity, and a 12-hr light/dark cychke. brassicicolaspores were collected from PDA
culture plates in 2 ml 0.1% Tween-20. The third through the seventh true leaves fro-dldvee
plants were spot-inoculated with fiDof 10° spores/ml. Plants were covered to maintain high

humidity. Lesions were measured and photographed 4 d after inoculation.
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RESULTS

AbPKS9 encodes the depudecin polyketide synthase.

We identified nine genes encoding putative polyketide synthases (PKSs), tdgkigna
AbPKS1throughAbPKS9 in the genome oA. brassicicolaDisruption mutants for each PKS
gene were generated in strain ATCC 96836 using the linear minimal eldrivet ihethod
(Cho et al. 2006). The strategies and expected results for homologous integrabiBiK 8Bare
shown in Fig. 8A, B. Mutants &fbPKS1throughAbPKSSstill produce depudecin (Fig. 9A, and
data not shown). Of three transformants obtained using LME targetdadPt6S9 DNA blotting
indicated that two are knockout mutants and one is an ectopic transformant (Fig. 9B,.panel 1)
Both the wild type and thegks9-1strains contain a 1.6-kb EcoRI fragment hybridizing to
AbPKS9%and strairpks9-1has a 3.6-kb band hybridizing to hphl, which together indicate that
pks9-1lis an ectopic transformant. In bgiks9-2andpks9-3transformants, the 1.6-kb band is
replaced by a ~12-kb band hybridizingAbPKS9(Fig. 9B, panel 1), consistent with
homologous tandem integration of five copies of the construct (see Fig. 8). The 1.6-kpwild t
band is restored in the complemented mutant PKS9-2C (Fig. 9B, panel 1). Based andl'L
HPLC analysis, neither of the knockout mutapiss@-2andpks9-3 produces depudecin,
whereas the ectopic transformapk$9-1 and the complemented strain do (Fig. 9C, D).

Additional mutants oAbPKS9wvere made by double-crossover gene replacement in a
different strain ofA. brassicicolaMUCL 20297. Two independent mutantsAddfPKS9 called
pks9-4andpks9-5 were verified by DNA blotting (Fig. 10A, B). Neither produces depudecin
(Fig. 10C, D). Together, these results indicate ARKS9encodes the PKS responsible for
depudecin biosynthesis. In light of subsequent characterization of the depudecirhbiisynt

cluster, AbPKS9was rename®EP5 (see below).
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The depudecin biosynthetic cluster.

The protein coding regions in 72 kb of genomic DNA surroun4ingKS9were
predicted with FGENESH (www.softberry.com) using the Alternariaifipdraining matrix.
The genes adjacent RKS9are predicted to encode two monooxygenases, a membrane
transporter of the major facilitator superfamily (MFS), and a transmmiféctor, all of which
could have a plausible role in depudecin biosynthesis and regulation. The two monooxygenases
and the transcription factor were chosen for mutational analysis. Disruptionmftdtere MFS
transporter was not attempted because genes of this class are oftearnéaesslf-protection,
in which case a mutant would be lethal (Pitkin et al. 1996).

The LME strategy was used to construct mutants of the two monooxygeDas&sand
DEP4). Two independent mutants of each gene were obtabEeRZ2, DEP2-4, DEP44, and
DEP45) (Fig. 9B, panels 2 and 3). BditEP2 mutants fail to produce depudecin as judged by
TLC and HPLC, but do produce smaller amounts of an epoxide-containing metaboligatbyf sl
higher Rf than native depudecin (Fig. 11A, lanes 3 and 4). This compound is not depudecin as
judged by HPLC (Fig. 11B). BothEP4 mutants also produce a trace of an epoxide-containing
compound of the same Rf as native depudecin (Fig. 11A, lanes 5 and 6). Again, however, this is
not native depudecin as judged by HPLC, in which no compound of the same retention time as
depudecin is seen (Fig. 11B). Complementation oDiEE2-4 andDEP44 mutants DEP24C
andDEP44C) restores depudecin synthesis (Fig. 11B). The mutants have no other
distinguishable phenotypes (growth, color, morphology, and sporulation). These rescéieindi
that the two putative monooxygenase genes are also required for, and dedicated toirdepude

biosynthesis.
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Two engineered mutants of the putative transcription factor gene, b&llR6 made
with the LME methodDEP6-1 andDEP6-2), do not produce depudecin (Fig. 9B, panel 4, and
Fig. 11A, lanes 7 and 8, and Fig. 11B). Complementati®Ed6-1 restores depudecin
production DEP6-1C) (Fig. 11B). Three independeREP6 mutants DEP6-3, DEP6-4 and
DEPG6-5 constructed using double-crossover gene replacement in MUC 20297 also fail to
synthesize depudecin (Fig. 1PEP6 mutants have no discernible phenotype other than loss of
depudecin production. These results indicate &R 6, like AbDPKS9DEP2 andDEP4, is

required for, and dedicated to, the biosynthesis of depudecin.

DEP6 regulates the depudecin cluster.

DEPG6is required for biosynthesis of depudecin (Figs. 11, 12). Its sequence shows some
similarity to known fungal transcription factors (see below). Thereforaghtbe a pathway-
specific regulator of the expression of the genes involved in depudecin biosynticestsiln be
used to help define the depudecin cluster. In order to test this, expression of the putative
depudecin cluster genes was analyzed by RNA blotting. As shown in Fig. 7, RNAssapref
DEP2andDEP4 (the monooxygenase®)EP3 (the MFS transporterDEP5 (AbPKS9, and
DEPG6itself are dependent dEPG. Furthermore, expression of another gene upstream of
DEP2 calledDEP], is also dependent @EP6 (Fig. 13). On this basiQEPL1is part of the
depudecin gene cluster. Expression of the genes immediately upstrB&R band downstream
of DEP6 (genes 4 and 11) are not affected in@DigP6 strain, and therefore are not part of the

co-regulated gene cluster (Fig. 13).
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Genes of the depudecin cluster.

Reverse transcriptase PCR and RACE were used to determine the stiamdupestein
products oDEP1throughDEP6 DEP1has no introndDEP1, the protein encoded WEP],
has 580 amino acids and a molecular mass of 40.3 kDa. RegulafiH$(Fig. 13) and
synteny analysis (see below) suggest a role in depudecin biosynthesisidtdeisctable
conserved domains. The best match by BLASTP in GenBank is to a predicted protein
(CIMG_02399) fromCoccidioides immitigscore 303, expect 2e-80, 48% amino acid identity).
The second best hit, a predicted protein fitataromyces stipitatyss considerably less similar
(score 132, expect 5e-29, 28% identity). Several additional hypothetical prooems fr
ascomycetes give weaker scores (>1e-22). There are no strong ortholdgs Plebsporaceae
(Fig. 14). None of the putative orthologs has a known function.

DEP2has three introns. Its predicted product has 528 amino acids (59.1 kDa). BLASTP
results indicate that it has conserved domains corresponding to the pyridine nuclisoiitte
oxidoreductase superfamily. It has an FAD-binding domain (pfam family 018892 is also a
member of COG0654 (UbiH) containing 2-polyprenyl-6-methoxyphenol 4-monooxygemase a
related FAD-dependent oxidoreductases. The best BLASTP hit against theadbRsaas to a
hypothetical protein (CIMG_01450) fro. immitis(expect score 1e-135, 53% identitEP2
is also similar (expect scores <l1e-50) to a number of hypothetical FAD-dependent
monooxygenases from other ascomycetes. By BLASTP against Swis3PR&shows weak
amino acid similarity to salicylate monooxygenase (EC 1.14.13.2) and zeaxanthin ep{&idas
1.14.12.4). These monooxygenases are all in class A (van Berkel et al. 2006). A number of
monooxygenases of this class have been shown to be involved in secondary metabolite

biosynthesis. For example, atmM of Aspergillus flavus and paxReafcillium paxilliare
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predicted monooxygenases involved in the biosynthesis of the indole-diterpenemadiadre
paxilline, respectively. These compounds contain hydroxyl groups and aflatresimsant
epoxide (Young et al. 2001; Zhang et al. 2004). In the biosynthesis of depuRieRaMight be
responsible for the epoxidations or hydroxylations of depudecin (Fig. 7). The novel product
made in thdDEP2 mutants might be depudecin with one less hydroxyl and/or epoxide (Fig.
11A).

DEP3has eight introns. Its product is 564 amino acids (60.1 KDEpP.3encodes a
membrane transporter of the major facilitator superfamily (MFS). s are found in many
fungal secondary metabolite clusters and presumed to be responsible for expodimdasy
metabolites and/or to provide self-protection (Pitkin et al. 1996).

DEP4 has four exons and its product is 581 amino acids in length (66.0 kDa). Its best hit
is CIMG_02397 ofC. immitis(expect score 0.0, 66% identity), followed by a large number of
hypothetical proteins in other ascomycetes. Conserved domains include COG2072 (TrkA,
predicted flavoprotein involved in K+ transport), and pfam00743 (flavin-binding
monooxygenase). AlthoudbEP2 andDEP4 are both predicted to encode monooxygenases,
they are of different classes. Wher&dsP2is in class ADEP4is in class B (van Berkel et al.
2006).DEPA4is related to cyclohexanone 1,2-monooxygenase (EC 1.14.13.22), 4-
hydroxyacetophenone monooxygenase, and dimethylaniline monooxygenase. Like
monooxygenases of class A, enzymes relat&bEB4 can catalyze epoxidations (Colonna et al.
2002; van Berkel et al. 2006).

DEP5 (also known a&bPKS9and as AB01916 in the recently released annotatién of
brassicicolaat the Department of Energy Joint Genome Institute [DOE-JGI] and at thei&irg

Bioinformatics Institute [www.alternaria.org], has five exons, and its ptdthgs2376 amino
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acids (259 kDa)DEP5is a polyketide synthase (PKS), the central enzyme in depudecin
biosynthesis. Of characterized PKSs in the SwissProt datdbaB& shows high overall amino
acid similarity to the lovastatin nonaketide synthasgspfergillus terreugHendrickson et al.
1999).DEPS5is a Type | reducing PKS with modules for ketoacyl synthase (KS), awwslarase
(AT), enoyl reductase (ER), and terminal acyl carrier protein (ACP)elibalso probably a
dehydratase (DH) module.

DEP6 has four exons and encodes a 646-amino acid protein (72.6 kDa). At its amino
terminusDEPG6 contains a GAL4-like Zn2Cys6 binuclear cluster DNA-binding motif typatal
fungal transcription factors. The best hit against GenBank NR is to SNOG_06678,\&eputati
transcription factor irfstagonospora nodorurithe dependence of expressio&P 1 through
DEP50onDEPG6is consistent with it encoding a pathway-specific transcription factdig¥Pet

al. 2001).

A related gene cluster in Coccidioides immitis?

The best BLASTP hits against GenBank NR for three of the depudecin clusteaggenes
proteins fromCoccidioides immitiseven though GenBank contains many complete genomes of
fungi more closely related #. brassicicolaDothidiomycetes) tha@. immitis
(Eurotiomycetes). Furthermore, the two best hits to the produbt&i®t andDEP4 areC.
immitisproteins closely linked to each other (CIMG_02399 and CIMG_02397, respectively).
This raises the possibility th&t immitishas a gene cluster related to the depudecin clusker of
brassicicola

To test this possibility further, additional BLASTP queries were perfdyespecially
specifically against the genome®@f immitisRS. The best match GfEP1to any protein in

GenBank NR is CIMG_02399 (see abo\uREP3 encoding the MFS transporter, has numerous

36



very strong hits in GenBank NR. However, the third best hit in GenBank, and the beghihit wi
C. immitis is CIMG_02396, which is now re-annotated as CIMG_10938 (score 676, expect 0.0,
identity 63%). The best hit @EP4 (monooxygenase) to any protein in GenBank is
CIMG_02397 (score 769, expect 0.0, 66% identity), which is also clustered with CIMG_02399.
PKS genes are common in fungi, d8P5 (AbPKS9 aligns with more than 50 proteins
in GenBank NR with expect scores of 0.0. However, the fourth bestDEBS against any
protein is CIMG_02398 (score 2390, expect 0.0, identity 5PPaR2 andDEP6 do not continue
the same pattern of clustering@ immitis The best match toEP2 of any protein in GenBank
NR is clearly also &€. immitisprotein (CIMG_01450), but this is not clustered with the others.
Finally, the best hit dDEP6in C. immitisis CIMG_10246, which has relatively poor similarity
(score 103, expect 8e-22, 24% identity).
In conclusion, four of the six genes of the depudecin clusteP{, DEP3 DEP4, and
DEPY) have as their best, or among their best, BLASTP hits four clusteredig&hdasmitis
(CIMG_2399, CIMG_2396, CIMG_2397, and CIMG_2398, respectively). This sugges. that
immitishas a gene cluster that is evolutionarily or functionally related to the deputlester of
A. brassicicolaand raises the possibility that immitismakes a secondary metabolite that is

chemically related to depudecin.

Synteny of the depudecin cluster region between A. brassicicola and other Pleospor aceae.

The predicted protein sequences flanking the depudecin cluster and the expdyiment
deduced proteins fWEP1throughDEP6were used to search the genomeS.afodorum
(Phaeosphaeria nodoruniSn) andPyrenophora tritici-repentigPtr), which are also
Dothideomycetes in the family Pleosporaceae. The four contiguous genes dnfldeklef the

depudecin cluster @&. brassicicolanumbered 1-4 in Fig. 14) are contiguous in Ptr and Sn. The
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seven genes on the right side (genes 12-18) are also contiguous in all threethmgihahere
is one local rearrangement in Sn (inversion of SNOG_8336 and SNOG_8334) (Fig. 14). In both
Ptr and Sn, the syntenic regions on the right and on the left are linked on the same sgpercont
but are not contiguous, i.e., there is a 396-gene gap in Ptr and a 51-gene gap in Sn between the
left and right flanks. The closest hits to the depudecin genes themselvestaredtaroughout
the genomes of Ptr and Sn, representing other members of the same gene famitithge(i.e
PKSs, MFS transporters, monooxygenases, etc.). There is no evidencerferchugter similar
to the depudecin cluster in either Sn or Ptr.

These results indicate that the genomes of these three fungi are symeheuggion
surrounding the depudecin cluster, but not the cluster itself. The depudecin clustpp#ars a
as an indel of ~25 kb in the genomeg\obrassicicolaSn, and Ptr (Fig. 14). These results also
support the conclusion drawn from analysis of @6 mutant thaDEP1 throughDEP6
constitute the depudecin gene cluster (Fig. 13). In this regard, gene 11 is atyaitasnnot
regulated bYDEPG6 (Fig. 13), nor is it syntenic with Ptr and Sn (Fig. 14). It is unlikely to be
involved in depudecin biosynthesis because it is predicted to encoele, &n
mannosyltransferase. This gene is a single copy in Ptr and Sn. One possdiatexpfor how
this situation arose is that the presence of gene 11 is related to the indel eygmhawed by
chance with the cluster to its present location in the genoelwhssicicolaeither from

elsewhere in the genome or from another organism.

Depudecin contributesto virulence on cabbage.

Virulence of the wild type, twBOEPS5 (PKS9 mutants, an ectopic insertion mutant
(which had wild type production of depudecin), and a complemented mut2&RFwere

compared omBrassica oleracedégreen cabbage) leaves (Fig. 15). We observed a small but
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statistically significant (p <0.01) reduction of ~10% in lesion size betwddrtype and mutant
strains (Fig. 15B). Depudecin is thus a minor virulence factér bfassicicolaon cabbage. No
statistically significant difference in virulence among the straingidoellseen oArabidopsis
however, even the pad3 mutantishbidopsisis more resistant tA. brassicicolahan cultivated
Brassica species and detection of statistically significant changeseasdidevelopment may

require much larger experimental sample sizes (Fig. 15C).

DISCUSSION

In this study we have identified a gene cluster involved in depudecin biosynthesis and
have constructed multiple depudecin-minus strais. rassicicola The depudecin cluster
appears to comprise six genes, four of which we have shown by gene disruptiomaree re
for depudecin biosynthesis. We cannot exclude that additional, unclustered gengs are al
required for depudecin biosynthesis. With the exceptidDER1, the genes of the depudecin
cluster have plausible roles in depudecin biosynthesis based on our knowledge of siredar ge
in other secondary metabolite pathwad)&P6, a putative transcription factor, is a positive
regulator of the other genes of the cluster.

Based on the pathogenicity assays it appears that while depudecin daemplay role
in virulence ofA. brassicicolaon cabbage, it is not a major virulence factor like HC-toxin is for
C. carbonunon maize. It was not possible to detect a statistically significant effelepudecin
on virulence orArabidopsispad3plants.

There are several possible reasons why HC-toxin but not depudecin is a suteTgeir
factor in their respective pathosystems. One possibility is that depudemhmade in

sufficiently high concentrations, or penetrates insufficiently well, taceifely inhibit HDACs
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during infection of cabbage @rabidopsis Compared to HC-toxin, depudecin is a relatively
weak HDAC inhibitor; whereas Aeo-containing cyclic peptides such as HG-¢axse half-
maximal inhibition of in vitro HDAC activity at <10 nM, depudecin is active onlyZQ uM
(Kwon et al. 1998; Monneret 2005; Deubzer et al. 2008).

Another possible explanation is that HDAC inhibition is an effective virulemategly
against grasses but not against other plants, inclédgdopsis(Sindhu et al. 2008). That is,
HDACs might be required for defense against pathogens in some plants but not othets. Despi
many lines of data suggesting that HDACs have at least an indirect dd&emse signaling in
Arabidopsis none of the evidence is as strong as that fronCtlearbonunmaize pathosystem
(Devoto et al. 2002; Zhou et al. 2005; Walton 2006; Thines et al. 2007; Kim et al. 200&rDhaw
et al. 2009). A possibly relevant consideration in this regard is the apparentizpgorabdf the
generdAlternariaandCochliobolus Although both make a number of host-selective toxins,
Alternaria tends to pathogenize dicotyledonous plants, wh@®adiobolusis specialized on
cereals (Walton 1996). It is possible that defense in cereals differs fumi@dgnom other
plants in the involvement of histone acetylation.

A third possible explanation for our results is thabrassicicolanakes additional
HDAC inhibitors, which mask the loss of depudecin production. In addition to at least five
known cyclic tetrapeptide inhibitors related to HC-toxin, there are a number ohatineal
products that are HDAC inhibitors (Monneret 2005; Walton 2006). Depudecin itkalhwn to
be made by two fungi other th#&n brassicicola(Tanaka et al. 2000; Amnuaykanjanasin et al.
2005). IfA. brassicicolamakes additional HDAC inhibitors, the mutant strains generated in this

study will be useful for finding them.
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Figure 9. Characterization of depudecin mutants and complemented strairsassicicola

ATCC 96836.
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Figure 9. Cont'd A, Lanes 1-8: TLC analysis of culture filtrateAlmbks1-Abpkséutants.
Depudecin was detected with an epoxide-specific reagent. B, DNA blot anaflysi
transformants. In each pair of panels labeled 1-4, the upper panel was hghsitliza gene-
specific probe and the lower panel with a fragment ohgitelgene. Panel 1 shows three
independenBbPKS9ransformantsRKS9-1 PKS9-2 andPKS9-3 and a complemented strain
(PKS9-2G of mutantPKS9-2 DNA was cut withEcaRl. Panel 2 shows two independent
mutants DEP2-2andDEP2-4 and a complemented stralDEP2-4Q of DEP2 DNA was cut
with Pst. Panel 3 shows two independent mutabiSR4-4andDEP4-5 and a complemented
strain ODEP4-4Q of DEP4 DNA was cut withBanHI. Panel 4 shows two independent mutants
(DEP6-1andDEP6-2 and a complemented straDEP6-1Q of DEP6. DNA was cut withXha
andBanHl. C, TLC analysis of ATCC 96836 wild typBKS9-1ectopic mutant, anBKS9-2
andPKS9-3disruption mutants. Lane 1, 5ug depudecin standard; lane 2, 10ul extract of ATCC
96836; lane 3, 10 KS9-1ectopic extract; lane 4, 10 RKS9-2mutant; and lane 5, 10 pl
PKS9-3mutant. D, HPLC analysis of transformants. Note that 20-fold more cultuateiltras
injected of the four transformants than the wild type. Depudecin was eluted framluhen at

~6 min and was detected at 210 nm. The identities of the compound eluted at 6 min and the
compound with the same Bn TLC as authentic depudecin were confirmed by mass
spectrometry (data not shown).
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Figure 10. Characterization of depudecin mutants in MUCL 20297. A, DNA blot analysis of
wild type (lane 1) and two disruption transformants (larfék%9-4 lane 3,PKS9-5 probed

with the deleted fragment 8boPKSYDEPY) (see Fig. 2). B, DNA blot analysis of the same
three strains probed with a fragment of tiphh1gene. C, TLC analysis of crude extracts of wild
type andPKS9-4andPKS9-5replacement mutants. Lane 1, 5ug depudecin standard; lane 2, 10
pl wild type; lane 3, 10 YPKS9-4 lane 4, 10 puPKS9-5 D, HPLC analysis of wild type and
replacement mutants. Note that 20-fold more of the two mutants than the wild &/jpgected.
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Figure 11. Mutational characterization of genes in the depudecin cluster.
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Figure 11 Cont'd, A, TLC analysis of depudecin production. (flesmude extract were applied to
each lane. Lane 1, depudecin standard; lane 2, wild type ATCC 96836; RIEE3.2 lane 4,
DEP2-4 lane 5DEP4-4 lane 6, DEP4-5 lane 7,DEP6-1, lane 8 dep 6-2 B, HPLC analysis of
wild type, depudecin mutantBEP2-2 DEP2-4 DEP4-4 DEP4-5 DEP6-1, andDEP6-2), and
complemented mutant®EP2-4C DEP4-4C andDEP6-1Q. Depudecin is the peak eluted at
~6 min.
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Figure 12. Analysis oDEP6 mutants in MUCL 20297. A, DNA blot analysis of wild type (lane
1) and three mutants (lane2EP6-3 lane 3 DEP6-4 lane 4 DEP6-5. Blot was probed with a
fragment ofDEP6. B, DNA blot analysis of the same strains except probedhypitil DEP6-4
shows multiple bands hybridizing bphl apparently due to a multiple integration event or to an
additional ectopic integration. C, HPLC analysis of depudecin production by theypd and

the mutant strains.
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Figure 13. The depudecin gene clustefAobrassicicolaATCC 96836. Arrows indicate the directions of transcription. The
sizes of the mature proteins are indicated in amino acids (aa). RNA anakyachadene in th@ep6mutant are shown under
the map. In each panel, the upper two panels show RNA hybridization to the inderaed\gld type is on the right and the
dep6mutant on the left. The two lower panels show the major ribosomal band stained on thihbiwttwlene blue; wild type
is on the right and théep6mutant on the left. MO1, monooxygenase 1; MFS, major facilitator superfaamiypiorter; MO2,
monooxygenase 2; PKS9, polyketide synthase 9; TF, transcription factor. “Gene“géaad 1" refer to two flanking genes
that are not regulated loep6(see Fig. 8). The depudecin gene cluddEtH1- DEP6) has been submitted to GenBank with
accession number FJ977165.
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Figure 15. Virulence analysis 8f brassicicolaDEP5(AbPKS9 mutants. A, Conidial
suspension (10 pl of 2 x 16onidia/ml) of ATCC 96836 wild type, two mutan&KS9-2and
PKS9-3, or a complemented straiRKS9-2G were inoculated on green cabbage leaves. Five
days after inoculation, disease severity was calculated based onahediesneter. B,
Quantitation of virulence. Column heights and error bars represent average and standard
deviation, respectively, of four independent experiments, each experimentingeasigast 15
lesions. Stars indicate lesion diameters statistically signifiga@.(1) from the other®KS9-1

is an ectopic transformant (see Fig. 3). C, Virulence of the ectopic tramsfoamd two mutants
on Arabidopsispad3plants.
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CHAPTER 3: BIOSYNTHESISOF HC-TOXIN FROM ALTERNARIA JESENSKAE
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INTRODUCTION

Fungal secondary metabolites are complex molecules not specificaliseretpr the
normal growth and development of an organism; however, they often play criticainrole
lifestyle-related processes and to response to environmental cues (e.ganu@lhbotic stress).
Secondary metabolites usually require multiple genes for biosynthesis andioegwhich are
frequently clustered together in the genome and are often co-regulatied ¢Kal. 1997; Shwab
et al. 2008). Clustering of genes has led to speculation that the ability to produceasecond
metabolites may be a result of horizontal transfer of gene clusters from cresspeanother
(Walton 2000).

The first reports of horizontal gene transfer (HGT) were in the 1990’s in za@#dario
et al. 1993; Boto 2010). Since that time evidence of HGT between prokaryotes, and from
prokaryotes to eukaryotes has been reported (Dunning Hotopp 2011). HGT between eukaryotic
organisms has been harder to establish. However, with an increase in the nurakeryotie
genomes available and the ease with which large scale phylogenefsearan be performed,
evidence for HGT between eukaryotes has been on the rise. Some of the first exdidQ@e
among fungi includd OXAbetweerStagonospora nodoruandPyrenophora tritici-repentis
(Friesen et al. 2006) and tA€E1cluster fromMagnaporthe grise#o Aspergillus clavatus
(Khaldi et al. 2008). More recently, evidence was provided for the horizontaleraoisthe
large sterigmatocystin biosynthetic gene cluster (23 genes in a 54KB)r&om Aspergillus
nidulansto Podospora anserinéSlot et al. 2011).

The plant pathogenic fung@ochliobolus carbonumauses northern corn leaf spot on
maize (Ullstrup 1941; Scheffer 1965; Walton 2006). While there are sevezalofie.

carbonum only race 1 produces HC-toxin, a critical virulence factor (Walton 1996). HEx
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a cyclic tetrapeptide that is an inhibitor of the RPD3 class of histone deasestylWalton et al.
1982; Kawai et al. 1983; Brosch et al. 1995; Brosch et al. 2001; Baidyaroy et gl\V2&if@h
2006). Like many secondary metabolites, the genes involved in HC-toxin biosyrattees
clustered together in the TOX2 locus (Ahn et al. 1996; Ahn et al. 2002). Thexeleast seven
genes involved in HC-toxin biosynthesis, and each gene has multiple, nearly Ideapcss.
(Walton 2006).

TOXAis a member of the Major Facilitator Superfamily of transporters believied t
involved in transporting HC-toxin out of the fungibsl S1is a 5233-amino acid non-ribosomal
peptide synthetase encoded by a 15.7-kb open reading frame, and it contains four core
adenylation domains (Panaccione et al. 1992; Scott-Craig et al. T&@93(is likely involved
in the biosynthesis of the decanoic acid backbone of 2-amino-9,10-epoxi-8-oxodecanoic acid
(Aeo) (Ahn et al. 1997)TOXDencodes a putative dehydrogenase, which may be involved in
oxidation/reduction reactions, but the specific role in HC-toxin biosynthesis hbserot
identified (Pedley and Walton, 200T)OXEis a fungal specific transcription factor that contains
four ankyrin repeat domains at the C-terminus and a b-zip DNA binding motif at grenitais
(Pedley and Walton, 200I)OXFencodes a putative branched-chain amino acid
aminotransferase. It is required for HC-toxin biosynthesis but its exadidime not known
(Cheng et al. 1999T.0XGencodes an alanine racemase. It produces the D-Ala that is
incorporated into HC-toxin by HTS1 (Cheng et al. 2000).

Natural toxin nonproducing strains @f carbonuncompletely lack all of the genes of
the cluster (Baidyaroy et al. 2002). How didcarbonumacquire the ability to synthesize HC-
toxin? Or did other strains @ocholioboludose the genes? Based on increasing reports of HGT

of gene clusters, the TOX2 clusterGncarbonunmay be the result of HGT (Walton 2000).
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However, the absence of any other known HC-toxin producing microorganism has mrevente
testing of this hypothesis.

Alternaria jesenskaes a newly described speciesAlfernaria (Labuda et al. 2008). It is
a large-spored filamentous fungus morphologically simila&.tmmatophilaand
phylogenetically related tA. multirostrata(Labuda et al. 2008). It was isolated from seeds of
Fumana procumbensg shrubby perennial with a wide geographic distribution (Labuda et al.
2008).A. jesenskaeavas suggested to produce HC-toxin (Roman Labuda, personal
communication) making it the second organism daftecarbonunknown to do so. The goal of
this study was to determineAf jesenskaeontains a gene cluster similar to TOX2f
carbonum and if so, to determine the evolutionary relationship between the two clusters and the

fungi themselves.

MATERIALSAND METHODS

Fungal growth and HC-toxin analysis.

Cochliobolus carbonurstrains tox+ and tox- (strains 367-2A and 164R1 respectively)
were maintained on potato dextrose agar (PDA) in 100 mm petri dishes, 26°C for 7-10 d under
32 watt fluorescent light (Philips 432T8/TL741 Universal/ Hi-Vision Hg)carbonunspores
were collected from PDA culture plates in 2 ml 0.1% TweenAR@rnaria jesenskawas
obtained from Dr. Emory Simmons (Wabash College, Crawfordsville, Indiana). Thesfwas
grown and maintained on V8-juice agar petri dishes at 4°C. Spore suspensions were store
frozen in 25% glycerol at -80 °C. Sporulation was obtained by growing unsealed o ali

26°C approximatelyl0 cm from a 32 watt fluorescent light (Philips 432T8/TL741 UnivElisal
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Vision Hg).A. jesenskaspores were collected from V8 culture plates in 2 ml 0.1% Tween-20.
For HC-toxin production, the fungus was grown in stationary culture in 1-liter ftagkaining

125 ml of potato dextrose broth (PDB; Difco) for 7 to 10 d at 26°C in ambient light. At harvest,
the culture fluid was filtered through Whatman #1 paper and then extracteditithcequal

volumes of dichloromethane. The dichloromethane fractions were evaporated under iacuum a
40°C and the residues were resuspended in 3 ml methanol. After concentration of the 3ul of
methanol under vacuum; the residue was dissolved in 10-&0vater. This crude extract was
used for analysis by thin layer chromatography (TLC), high performamned chromatography
(HPLC) and massspectrometry. HC-toxin fr@uachliobolus carbonurwas used as a standard.

For TLC, concentrated crude extract in water ff)Qvas spotted onto 250m silica
plates with an adsorbent strip (Whatman). Plates were developed in 1:1
acetone/dichloromethane. HC-toxin was detected using the epoxide-specifitsehde
nitrobenzyl)-pyridine and tetraethylenepentamine (Hammock et al. 1974).

For HPLC, 20ul of extract was combined with @0 of acetonitrile and 2Ql of sterile
distilled water. The sample was injected onto a C18 reverse phase colunemi{&giipse
XDB-C18 silica, 5um, 4.6 x 150 mm; Agilent, Santa Clara, CA) and was eluted with a linear
gradient of 10% (vol/vol) acetonitrile in water to 100% acetonitrile in 30 min at aréitenof 1
ml/min. The eluant was monitored at 210 and 230 nm. HC-toxin eluted from the column at 9
min. HC-toxin standard amdl. jesenska&actions eluting at 8 and 9 min, were collected and

analyzed by the MSU Mass Spectrometry Facility by Electrospraydtion.

DNA extraction and analysis.

DNA was extracted from lyophilized mycelial mats of 5- to 7-dAlgesenskagrown
in PDB in stationary culture using the Gentra Puregene Tissue DNAtextrkit (Qiagen,
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Valencia, CA) using the mouse tail protocol (Pitkin et al. 1996) with the following
modifications: Approximately 5 mg Lyophilized tissue was ground to a fine powvaker liquid
nitrogen in a small mortar and pestle and transferred to 1.5 ml eppendorf tube. 150 ul of Cell
Lysis Solution was added and tissue was resuspended by vortexing. One ul of Rréteinas
solution was added and lysate was incubated at 50°C overnight. 1 ul of RNase A solution was
added and incubated at 37°C for 45 minutes. Sample was cooled on ice for one minute. 50 ul of
Protein Precipitation Solution was added, vortexed for 30 seconds at 12K rpm and incubated on
ice for 10 minutes. Sample was centrifuged at room temperature in metféigl speed for 3
minutes. Supernatant was decanted into a new microfuge tube and 150 ul of isopropanol (2-
propanol) was added. Sample was mixed by inversion approximately 50 times aridgezhtri
at full speed in microfuge for 10 minutes. Pour off supernatant and wash pellet byomveétis
150 ul of 70% ethanol. Spin again in microfuge for 10 minutes. Pour off ethanol, invert tube over
paper towel and air dry for 5 minutes. Pellet was resuspended in 50 ul of DNA Hydration
Solution at room temperature overnight.

For Southern analysis, purified DNA was digested with restriction endonuglease
selected specifically to evaluate each gene copy based on genomic sddiadhe 1). For DNA
electrophoresis, 1-2g of DNA was loaded per lane. DNA blotting was done using internal
gene-specific probes generated based on assembled gene sequenadiXAppaiole 7.2).
DNA was transferred to Nytran SPC (Whatman, Maidstone, England) and walizetwith
32p_labeled DNA probes (Appendix I, Table 7.2)(Pitkin et al. 1996).

RNA was extracted as described (Hallen et al. 2007). RT-PCR followedabg 3
RACE was performed with the SMART RACE cDNA amplification kit (Clonteclouktain

View, CA.). Overlapping gene-specific primers were designed from alaidgnomic sequence
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(Appendix I, Table 7.2). In most cases, several gene-specific primezsugen. PCR products
were sequenced directly or cloned into pGem T-easy (Promega); transfatoieddoli DH5a

(Invitrogen) and sequenced using M13 forward and reverse primers.
Virulence assays.

Seeds of maize were germinated in soil in greenhouse in ambient light.e®ix-oWd
maize plants (genotygenZhml[susceptible to HC-toxin] andm1/Hm1 [resistant to HC-
toxin]) were spray-inoculated with ~ 1xL§pores/ml ofS. carbonuntox+, C. carbonuntox-, or
A. jesenskaePlants were covered with plastic bags overnight to maintain humidity. Observations
of disease progression were made beginning 3 d post inoculation. Photographs weteltake
post inoculation.

Brassica olerace&Capitata group) seeds were germinated in clear scintillation vials on
Whatman filter paper or in trays on moist paper towels for three to four daysinaerd seeds
were transferred to soil and plants were grown in seed trays in a growth clar0dc, 70%
relative humidity, and a 12-hr light and dark cycle. Leaves from 4-week-atdisplvere spot-
inoculated with 1Qul of ~ 1x10 spores/ml inoculum. Plants were covered overnight with clear
tray covers to maintain humidity. Plants were observed for signs of infectyombey 4 d after
inoculation. Photographs were taken after 4 days.

Arabidopsis thalianglants (Col-Opad3and a DELLA quad mutant [Dr. Fumiaki
Katagiri, University of Minnesota] were grown in a growth chamber at 20°C, 7ld%vee
humidity, and a 12-hr light and dark cycle. The third through the seventh true leaves from 4
week-old plants were spot-inoculated with dl®f spores at a concentration of ~ 1X10
spores/ml. Plants were covered with clear tray covers to overnight to maumaicity. Plants

were observed for signs of infection 4 d after inoculation. Photographs were takendays.
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Seeds ofFumana procumbensg, perennial shrubby plant in the family Cistaceae
(Hardyplants, MN, USA), were scarified with a razor blade and germinatgdar scintillation
vials on Whatman filter paper. Seven to ten day old seedlings were transferrédual gwgown
at room temperature under a 32 watt fluorescent light (Philips 432T8/TL741 Univdirsal
Vision Hg) fluorescent lightA. jesenskaspores were collected from V8 culture plates in water.
Conidial suspensions (10 of ~ 1x10 spores/ml) were applied as a drop on the surface of leaves
of 5-6 month old plants. Plants were covered with a standard clear dome lid and kept at 100%
relative humidity for 48 hours. Observations were made beginning 3 d after inoculation.

Photographs were taken on day 5.
Bioinformatic Analysis.

454-pyrosequencing (Roche Applied Science).gesenskawas performed at the MSU
Research Technology Support Facility (RTSF) facility. A singlgddormat (70x75)
sequencing run was completed. BLASTN and TBLASTN analysis with the genestf th
carbonumTOX2 cluster (hereafter referred to as ccTOX2)(Table 2). against flesenskae
genome were performed using stand-alone BLAST version 2.2.15 [Oct-15-2006] downloaded
from NCBI Default parameters were used. Alignments and manual annotatienesf gnd
proteins were achieved using DNASTAR Lasergene software (SeqgBWdgAlign, and
SegMan) versions 7 and 8 (DNASTAR, Inc) and ClustalWw?2
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). SPIDEY was used for iaegs of cDNA to
genome sequences (NCBI). Predicted protein sequences were assembldly maudition to
computational prediction using DNASTAR Lasergene software (SegMan andligiegA

versions 7 and 8 (DNASTAR, INC.) and FGENESH (www.softberry.com) Aliigrnaria as the
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training reference. BLASTP of the final assembled protein sequencexa@sged using the
NCBI nonredundant database.

For NRPS tree, a range of NRPS adenylation domains were selectetidrdiGBI
protein database. Additionally, BLASTP of te carbonumandA. jesenskaadenylation
domains performed against t8e heterostrophuandA. brassicicolagenomes (respectively)
using the JGI Genome Portal. NRPS adenylation domain sequences from botmN 0Bl a
were aligned using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalwil protein
sequences were obtained from Genbank at NCBI (Tab(& 8arbonunprotein sequences were
used as BLASTP queries against fhgesenskagenome survey sequence to obtain orthologs.
Neurospora crassaochliobolus heterostrophpandAlternaria brassicicolgroteins were
obtained by BLASTP with predicteAl jesenskagroteins andC. carbonunproteins against
their respective predicted transcript databases. Proteins weredaligth Clustal\W?2

(http://www.ebi.ac.uk/Tools/msa/clustalw?2/).

RESULTS

Alternaria jesenskae produces HC-toxin

TLC analysis confirmed the presence of an epoxide-containing compoAttdnmaria
jesenskaeulture filtrates at the same & HC-toxin (Fig. 16A). An additional spot at a different
Rswas also detected, but remains unidentified (Fig. 16A). Dichloromethanetexéaalyzed by
reverse-phase HPLC (Fig. 16B), and fractions analyzed by mass spectrghteti6C),
indicate thatA. jesenskasynthesizes HC-toxin, as reported (Roman Labuda, personal

communication).
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Alternaria jesenskae HC-toxin gene cluster

Pyro-sequencing resulted in 483,907,758 bases of sequence from the geAome of
jesenskae An assembly of 34,399,400 bases resulted from Newbler software analysis of the
sequences. The final coverage was estimated to be ~ 10x based on the known gesahe size
other sequenced ascomycetes. BLASTN and TBLASTN analysis of the asdegabhbme
indicated that high-scoring orthologs of each of the known seven TOX2 geneS.faarbonum
were present i\, jesenskaé€Table 4). These will be hereafter collectively referred to as apfOX

genes. Southern analysis confirmed the presence of all seven géngssenskag-ig. 17).

The genesof aj TOX2:

Both BLASTN and TBLASTN identified at least two copiesT@XA (ajTOXA-1 and
ajTOXA-2)(Table 4) with strong homology ©. carbonunTOXA (ccTOXA) The two copies of
ajTOXAare 95% (nt) and 94% (amino acid) identical to each other withimsenskaand
81.5% (nt) and 79% (amino acid) betwéancarbonumandA. jesenskaélable 4). The
manually assembled predicted intron/exon structueggT@ XAis the same axcTOXAwith both
ccTOXAandajTOXAhaving four exons (Fig. 18).

Similar toTOXA BLASTN and TBLASTN results indicated that there are at least two
copies ofHTS1in A. jesenskaéTable 4). The two copies 6fTS1lin A. jesenskaare 99%
identical (nt) and 98% (amino acid) and betwgefesenskaandC. carbonunthey are 84%
(nt) and 82% (amino acid) identical (Table 4). The core four adenylation domaB#&lare
(amino acid) identical to each other between organisiiS1has no introns in either organism

(Fig. 18). Phylogenetic analysis was done using the adenylation domainsfreral NRPS
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proteins. The results indicate thit S1from C. carbonumandA. jesenskaare most closely
related to each other (Fig. 20).

While there are three copiesafTOXCin C. carbonunboth BLASTN and TBLASTN
identified a single copy oFOXCin A. jesenskaéjTOXA)Table 4). Although only one copy of
TOXCwas identified irA. jesenskgene cannot exclude that two identical copies exist in the
genome that were artifactually merged during genome assefjib@XCis 83% (nt) and 78%
(amino acid) identical tocTOXC(Table 4).ajTOXChas two predicted exons of 5.163 kb and
1.062 kb and a single 57-bp intron (Fig. 183TOXChas a single 53 bp intron and its exons are
5.165 kb and 1.078 kb in length (Ahn et al. 1997) (Fig. 18). To demonstrate that this cluster is
responsible for HC-toxin biosynthesisAn jesenskaea gene replacement mutant is currently
being constructed fajTOXCbut has been unsuccessful to date (See Appendix Il for details).

BLASTN and TBLASTN results indicated at least two copies eadfOx¢D, TOXFand
TOXGclustered together on two distinct contig@\inesenskaérable 4, Fig. 18 and 19). Blast
scores for all three genaseraged 81-86% (nt) and 81-85% (amino acid) identity (Table 4).
Gene structures and organization were experimentally verified by seggénend 3' RACE
products. The intron/exon structures ofeggllOX genes are identical ©. carbonun(Fig. 18).

Two copies ofTOXEwere identified inA. jesenskathe two copies averaged 73% (nt)
and 61% (amino acid) between organisms (Table 4). This degree of conservation between
ccTOXEandajTOXEis much lower than for any of the other TOX2 genes. The bZIP domain
and the ankyrin repeats are more highly conserved than the intervening seqigert®.(F
Within A. jesenskaéhe two copies odjTOXEare 85% (nt) and 76% (amino acid) identical

(Table 4).
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In C. carbonumTOXEDbinds to promoters of the TOXj&nes containing the TOX BOX
consensus (ATCTCNCGNA) (Pedley et al. 2001). A scan of the contigs mogtéieajTOX
genes indicates the presence of six TOX BOX motifs (Table 5). Howevieldoitaion in
relation to the genes themselves is unclear at this time, because the tiogaafzae TOX2
locus inA. jesenskabas not been determined.

Organization of geneswithin the cluster

TOXA.is clustered tightly withtHTS1 The ATG start sites of the two genes are 681 bases
apart inA. jesenskaecompared to 695 bases@n carbonum(Fig. 19) (Pitkin et al. 1996). The
two genes are transcribed from opposite strands. The nucleotide sequencesurfittiehs are
64% identical between the two species indicating some divergence. WiXldandHTS1are
tightly clustered imA. jesenskaandC. carbonunthe order of th& OXD/TOXF/TOX@enes are
not the same. I€. carbonumTOXFandTOXGare clustered within ~300 bases, while at least
20 kb separateBOXDfrom TOXFandTOXG(Cheng et al. 1999; Cheng et al. 2000) (Fig. 19).
In A. jesenskael OXD, TOXFandTOXGare within 300 bases of each other (Fig. 19).

Virulence assays

While there is no evidence to suggest thaesenskaes a pathogenic fungus, to test a
possible biological role for HC-toxin in the interaction betwAefesenskaand plants,
virulence screens were done wihabidopsiscabbagemaizeandFumana procumbens
Arabidopsisandcabbage were selected because of their known susceptibility to other sppecies
Alternaria, namelyA. brassicicolaandA. brassicae In neither case were visible symptoms
observed on inoculated plants compared to control plants (Fig. 22 A and B). These results

suggest thah\. jesenskaes not a pathogen of test@dassicaceaspecies.
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Since HC-toxins a determinate of virulence in host pathogen interactiors.for
carbonumA. jesenskawas also tested on maize plants. Lines known to be susceptible and
resistant to HC-toxin-producing isolates@fcarbonunwere assayed. Plants were observed for
two weeks. While susceptible lines inoculated with toxin produ€ingarbonunresulted in
plant deathA. jesenskadid not produce any visible disease symptoms (Figure 22C). While
microscopic analysis indicates thatjesenskaes able to penetrate the leaf surface these results
suggest that it is not a pathogen of maize lines tested (data not shown).

A. jesenskawvas originally isolated from seedskdmana procumbendabuda et al.

2008) Six month oldF. procumbenseedlings were tested for susceptibilityAtgesenskae
Saprophytic growth was observed by day four and death (not shown) resulted by week 2,
whereas control plants were unaffected by the same conditions (Figure 22D)p&hmenrt

was repeated and although some minor symptoms (i.e., chlorosis and necrosis) dtanocula
sites were observed, the symptoms did not progress through the plant and plant death did not

result. Therefore, we conclude thdternaria jesenskaes not a pathogen &f. procumbens

Phylogenetic analysis.

To more fully understand the evolutionary relationship betvi@ezarbonunmandA.
jesenska@nd of their respective TOX2 genes, alignments were performed with fivg highl
conserved (housekeeping) proteins (Table 6). The percent identity of all thegpratege from

76% to 96% (Average 84.2%, standard deviation 8.49)(Table 6).
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DISCUSSION

We have shown th&. jesenskaproduces HC-toxin, making this the first organism other
thanC. carbonunknown to do so. Additionally, we have shown tAajesenskabas orthologs
of all of the known TOX genes @. carbonunsuggesting that the same biosynthetic pathway is
used between these distantly related organisms to produce the HC-toxia thaitHC-toxin
trait a result of convergent evolution, descent from a common ancestor or horgendal
transfer?

There are three hypotheses for evolution of a specific trait: convergent evolutiamal ve
transmission, and horizontal transmission. Convergent evolution is when two unrelated
organisms independently evolve a trait with the same or similar biological funétitamnaria
jesenska@andCochliobolus carbonurare both in the family Pleosporaceae and therefore not
unrelated organisms. Additionally, the biosynthetic pathway between two unrelgasisaons
would have to be independent of each other. The presence of orthologous TOX genesAetwee
jesenska@ndC. carbonumand the high degree of similarity suggest that this is not the case,
making convergent evolution of the HC-toxin trait unlikely.

Descent from a common ancestor is defined as evolution from a common ancestdcaly vert
transmission with all taxonomic branches sharing similar genes for thd tra taxonomic
relationship betweeA. jesenskaandC. carbonumconfirmed by the high degree of similarity
of the housekeeping proteins analyzed, indicates that descent from a common anaestor i
possibility. However, for the HC-toxin trait to be a result of descent from anconancestor, it
would have had to be lost from all otl@ochliobolusandAlternaria species

Another factor in support of descent from a common ancestor is the presence ofra simila

cluster found in another related fungbgsarium semitectunfpicidin is a secondary metabolite
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produced byFusarium semitecturfiPark et al. 1999). Like HC-toxin, apicidin is a cyclic
tetrapeptide that inhibits histone deacetylases (Darkin-Rattrayl&1o8; Park et al. 1999). The
structure of apicidin is cyclo(N-O-methyl-L-Trp-L-lle-D-Pip-dmino-8-oxodecanoyl), which is
very similar to HC-toxin in that it contains four amino acids, one of which is Pre cnémical
homolog Pip, and an aminodecanoic acid. The biosynthetic pathway of apicidin insRE&s
non-ribosomal peptide synthetase (NRRPE$)S2 a transcription factoAPS4 an
aminotransferase; aPS1] a putative efflux carrier (Jin et al. 2010). All of these are
orthologous to genes in the TOX2 locusfcarbonum(Jin et al. 2010). The APS genes are
tightly clustered ir-. semitectunand each is present in a single copy. In this regard, the APS
cluster is more typical of fungal gene clusters unlike the HC-toxin clustérs@denskaandC.
carbonum In BLAST searches, the TOX2 genes and the orthologous genes in the apicidin
cluster are often their best matches. Of particular interest is thenpeestean ortholog of OXE
in the apicidin gene cluster, because this type of transcription factor itnrbgh organisms,
the central NRPSHTS1or APS] is clustered with the transport@@XxAor APS1) and
divergently transcribed. The start siteAd?S1is approximately 800 bases frah®S11similar
to what we see in the ccTOX2 locus. The two NRPS genes are 41% identical ovefdliSdrid
andTOXAare 46% identical. While this suggests that there is likely an ancestrai@vatyt
relationship, possibly from a common ancestor, between the genes for HC-toxin anidthos
apicidin, they are less related to each other than the two HC-toxin genesdlu§tecarbonum
andA. jesenskae

Horizontal gene transfer (HGT) is the transfer of genetic mafesia one organism to
another across taxonomic boundaries. Frequently in the case of HGT, trait geateseaten

closely related species but present in more distantly related sgadies case of the HC-toxin
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trait, out of the literally hundreds of know@ochliobolusor Alternaria species, none are known

to have the TOX genes, making the production of these toxins sped¥igasenskaandC.
carbonum Furthermore it could also be expected that in the event of horizontal transmission of
a trait certain isolates of a species would lack the TOX gene(s). Wérke are several identified
races ofC. carbonunonly Race 1 has the TOX genes while non-toxin producing races do not
have any of the TOX genes present. This suggests that the TOX2 locus hdseeithiest from

other races or was horizontally transferred to Race 1 from a different org&munsreA.

jesenskaavas only characterized in 2008 it is not known if other isolates exist making detaile
comparative analysis of the presence of the TOX genes in other ispiptessible at this time.

Another factor supporting HGT of a trait is that genes involved frequently havarsimi
intron/exon structures and that the arrangement or order of those genes withircolulstbe
similar in both organisms. All of the orthologoGs carbonunandA. jesenskag@ OX genes have
similar intron/exon numbers and sizes. We have also showh@AandHTS1are tightly
associated with each other and divergently transcribed in both organisms. While tlagionient
of TOXD, TOXFandTOXGin both clusters appears to be the same between both organisms,
they have a different arrangementinjesenskaandC. carbonumHowever, divergence in
specific gene order has been reported in other cases of HGT and does ndtedfypothesis of
HGT (Slot et al. 2007; Slot et al. 2011).

The presence afOXEis noteworthy as it is an unusuaednscription factor that has only
been identified in three filamentous fungi. TBLASTNapT OXEagainst the NCBI non-
redundant database indicates that the strongest hits are three transaticen These are
TOXEfrom Cochliobolus carbonur{Score 538, e-value of 0.0, 64% percent identity) required

for expression of the TOX2 genés?S2 from Fusarium semitecturfscore 178, e-value of le-
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28, 44% percent identity) required for expression of the apicidin biosynthetic genet4l.
2010),and a hypothetical protein froRyrenophora tritici-repenti$t-1C-BFP (score 149, e-
value 2e-17,33% percent identity). The rarity of Ti@XEclass of transcription factors and the
high degree of homology betweAnjesenskaandC. carbonunctould support either the
hypothesis that the two organisms either obtained the transcription factonzgnkedrtransfer
or from a common ancestor.

Housekeeping protein analysis indicates that the housekeeping proteins simdeg a s
percent identity to th€ OXgenes themselves (84%). This is unexpected if the trait were a result
of horizontal gene transfer. However, these two fungi are both in the same family
(Pleosporaceae) and a high degree of homology is to be expected. Without a deejpatieram
of the genomes the current analysis is inconclusive and could support either HGTeat desc
from a common ancestor.

While there is no evidence of the mechanism that drives HGT, or that movement favors
particular genes or clusters, maintenance of the transferred clusterecifhent is believed to
occur only if the product confers a selective advantage (Lawrence et glLa986énce 1997,
Lawrence 1999; Slot et al. 2007). While the biological role of HC-toxin has been destexhst
in C. carbonumit is possible that HC-toxin frorA. jesenskagrovides a role other than
virulence, which may include protection against competitors in its niche, involvement i
signaling pathway, or as a self-defense mechanism to protect from pathogens

Future work on this project should include a more detailed microscopic study &.how
jesenskaénteracts with plants, to determine if the fungus is a saprophyte or if it natrge the
leaf surface, which would suggest that it might be a pathogen of a different hostiorfediyit

we previously demonstrated that the depudecin clusterlmassicicolas embedded in a region
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of synteny between three fungi (Wight et al. 2009). A more detailed anafygses
surrounding the TOX2 clusters to look for synteny between the two organisms coulicbg cri

to determining the evolutionary origins of this gene cluster.
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Figure 16. Analysis of H@exin fromA. jesenskaeA) TLC followed by epoxide detectio
Lane 1) HCtoxin standard (20 pg); Lane 2) 10 ul of- old A. jesenskaeulture extract. Th
asterisk indicates an uncharacterized ep«-containing compound. B) HPLC anais of HC-
toxin with detection at 230 nm.10 pg -toxin from Cochliobolus carbonunupper trace). 20 |
of 7 d- oldA. jesenskaeulture extract (lower trace). k-toxin elutes from the column at ~9 m
C) High resolution mass spectrometnA. jesenska&actions.
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Figure 16. Cont'd Note major [MH+] peak at 437.2411 (arrow). HC-toxin has a molecular
mass of 436 and molecular formula gf1830N40g.
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Figure 17. Southern analysis of ajTOX genes. A) DNA was digested watiBavhich is predicted to give hybridizing bands at 5.7
kb and 2.9 kb. B) DNA was digested with Nhel. One band expected at 9.5 kb. For C), D) and E) ®digested with a
combination of Aatll, Bcll and Kpnl and probed wdjTOXD, ajTOXF, andajTOXGrespectively. Hybridization expected at 3.8 kb
and 7.0 kb for both C) and D) and 4.2kb and 7.0 kb for E). F) DNA was digested with Nrul and EcoRlizBiytin expected at 2.1
kb and 1.7 kb. G) DNA was digested with eight base cutters Nael (left lanelnitddle lane) and Aatll (right lane). Hybridization
size was unknown for all three. Additional enzymes and enzyme combinations wetésest@able 3) and in all cases no evidence

for additional copies were found.
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C. carbonum

HTS1 | A. jesenskae (1)

A. jesenskae (2)

Figure 18. TOX gene structures@ carbonumandA. jesenskae
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Figure 18. Cont'd Gene structures &1 OXA ajTOXCandajTOXEare based on mRNA
predictions using SPIDEY from NCBI. Structures &FOXD, ajTOXFandajTOXGhave been
experimentally verified. (1) and (2) indicate copy number.
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Figure 19. Differences in gene order and orientatioh@X genes irC. carbonuntcTOX2and
A. jesenskae
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A. jesenskae Copy 2

332bp 316 bp

Figure 19. Cont'd Differences in gene order and orientatidrOof genes irC. carbonum
ccTOX2andA. jesenskae ajTOXaci. D =TOXD, F=TOXFand G=TOXG Map ofccTOX2is
from (Ahn et al. 2002).
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Figure 20 Phylogenetic tree using adenylation domains flengal NRPS proteins (See al
Table 7).
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Figure 21. Alignment ofcTOXEand the two copies @TOXE The b-ZIP DNA binding region

is indicated by the black box and the ankyrin repeats by the green box.
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Figure 22. Virulence assays. Ajabidopsis thaliana days after inoculation. Al) mock
inoculation control; A2)Alternaria jesenskael® spores/ml. B) Cabbage leaves 4 d after
inoculation. Mock inoculation (left side of vein), and 104ujesenskawas applied on the right
side of the vein. C) Left) Susceptible maize sprayed Mirnaria jesenskaeMiddle)
Susceptible maize sprayed with carbonunilox-; Right) Susceptible maize. carbonunirox+.
Pictures taken four days after inoculation.H)mana procumbeng€ontrol plants (top) were
mock- inoculated; treated plants (bottom) were inoculated with spofegedenskaeSee text
for details. Photographed 5 d after inoculation.
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TABLE 1. List of restriction enzymes used for Southern analysis

Gene Restriction Enzyme

AJTOXA BamHI (Fig. 11), Double digest with Hpal and Bcll (Not shown)

AJTOXC Nhel (Fig. 11), Aatll (Not shown), double digest with BamHI and Aatll (Not
AJTOXD ?’?i([))\lléngligest with Aatll, Bcll and Kpnl (Fig. 11), Kpnl (not shown)

AJTOXE double digest with Nrul and EcoRI (Fig. 11), Nrul (not shown)

AJTOXF Triple digest with Aatll, Bcll and Kpnl (Fig. 11), Kpnl (not shown)
AJTOXG Triple digest with Aatll, Bcll and Kpnl (Fig. 11), Kpnl (not shown)

AJHTS1 Nael (Fig. 11), Eagl (Fig. 11), Aatll (Fig. 11), Hpal(not shown)
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TABLE 2. NCBI accession list faCochliobolus carbonurmOX genes

TOX GENE NCBI ACCESSION NUMBER NCBI ACCESSION NUMBER
Genomic /cDNA Protein
CCHTS1 M98024.2 AAA33023.2
ccTOXA L48797.1 AAB36607.1
ccTOXC U73650.1 AAC62818.1
ccTOXD X92391.1 CAA63129.1
ccTOXE AF038874.1 AAD13811.1
ccTOXF AF157629.1 AADA45321.1
ccTOXG AF169478.1 AAD47837.1
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TABLE 3. NCBI NRPS adenylation domain sequences used in Fig. 20

Organism

Accession #

Leptosphaeria maculans

CBY02117.1

Pyrenophora tritici-repentis

XP_001939433.1

Cochliobolus heterostrophus AAX09990.1
Aspergillus fumigatu&\f293 EAL91342.1
Aspergillus fumigatus1163 EDP52010.1
Penicillium marneffei EEA22218.1
Neosartorya fischeri EAW?22836.1
Aspergillus clavatus EAW15286.1
Aspergillus flavus EED50111.1
Talaromyces stipitatus EED20874.1

Aspergillus oryzae

XP_001825738.1

Penicillium lilacinoechinulatum

ABV48729.1
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TABLE 3 CONT'D

Organism and Protein Accession #
Emericella nidulans AAA03914.1
Gibberella zeae XP_386683.1
Fusarium incarnatum ACZ66258.1
Ustilago maydis XP_759255.1
Neurospora crassa XP_963411.2
Alternaria alternate BAI44759.1
Alternaria brassicae AAP78735.1
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TABLE 4. Percent Identity between indicated TQene and its ortholog i@. carbonunor the
other copies irA. jesenskae

C. carbonum A. jesenskae
Gene DNA Protein | DNA Protein
TOXA (1) 81 80 95.2 94.5
TOXA (2) 82 80
TOXC 83.3 80.5
TOXD (1) 85 81 95 93
TOXD (2) 86 82
TOXE (1) 74 64 85 76
TOXE (2) 72 58
HTS1 (1) 85 82 99 98
HTS1 (2) 84 82
TOXF (1) 84 84 97 94
TOXF (2) 85 85
TOXG (1) 80 81 92 93
TOXG (2) 81 82
Average 81.71 78.57 93.86 85.80
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TABLE 5. TOXBOX and TOXBOX like sequences Gf carbonunandA. jesenskae

A. jesenska&equence and contig/s they ark:. carbonum -Sequence and associated g¢

Ene

associated with (Pedley et al. 2001)
TOXA (1) ATCTCACGCA TOXA/HTS1 ATCTCACGTA
TOXA (2) ATCTCACGCA TOXA/HTS1 ATCTCACGCA
TOXD (1) ATCTCTCGTA TOXF/TOXG ATCTCGCGTA
ATCTCCCGTA
HTS1 (1) ATCTCACGGA TOXF/TOXG ATCTTACGTA
ATCTCGCGGA
TOXC ATCTCTCGTC
TOXC ATCTCTCGAA
TOXD ATCTCTAGGC
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TABLE 6. Housekeeping protein analysis betw€ertarbonunmandA. jesenskae

HOUSEKEEPING PROTEIN

PERCENT IDENTITY betwes
C. carbonumandA. jesenskae

1%

Cellobiohydrolase@BH1J)

Accession AAC49089.1

85%

Exo-beta 1,3 glucanaseXGJ) 76%
Accession AAC71062.1

Glyceraldehyde 3-phosphate dehydrogen&gePD) 96%
Accession AAD48108

Endo polygalacturonase (BRG) 76%
Accession AAA79885.1

Serine threonine protein kinaseNF1B 88%
Accession AAD43341.1

Average 84.2%
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CHAPTER 4: FUTURE DIRECTIONS
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Evolutionary origin of the depudecin cluster from Alternaria brassicicola

Secondary metabolites, by definition, have a disjunct taxonomic distributioe: om
these complex metabolites are made by taxonomically unrelated organismegsaiheother
cases, certain metabolites are not made by strains even within the saie® $f@doxin, for
example, is made b4. jesenskaandC. carbonumbut not by other isolates 6f carbonunor
other species dhlternaria. Another example of this might be the depudecin cluster. nly
brassicicolawithin the genug\ternaria makes this compound. On the other h&lwkcidioides
immitishas a cluster of at least four clustered g€@&&IG_2399, CIMG_2396, CIMG_2397,
and CIMG_2398jhat are highly related to four genes in the DEP clustér. bfassicicola
DEP1, DEP3 DEP4, andDEP5respectively (Wight et al. 2009). These results suggesCthat
immitismay produce a metabolite similar to depudecin. Biochemical analysis was dume usi
thin layer chromatography followed by epoxide detection. My results inditatt¢here may be
an epoxide containing compound in culture filtrate€ ofmmitis Further biochemical and mass
spectrometry analysis of culture filtrates will be needed to confiemptesence of such a

compound.

Nimbya scirpicolehas also been reported to produce depudecin (Tanaka et al. 2000).
However the biosynthetic pathway has not been characterized. From an evoluignspasctive
it would be interesting to determine if depudecin biosynthesis in these twotedrfelagi is a

result of HGT or convergent evolution.
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Alternaria jesenskae

The discovery thahlternaria jesenskaproduces HC-toxin has the potential to help our
understanding of the evolutionary origins of the TOX2 locuS.afarbonumHowever, further
research is needed. First, the HC-toxin cluster needs to be more fully defieeg afe likely
other genes involved in the biosynthetic pathway of this metabolite that need to béecizaxhc
This would help a complete comparison of £hgesenskaandC. carbonumrOX2 loci. For
instance,TOXCis a putative fatty acid synthase (FAS) beta subunit. FAS requires both an alpha
and a beta subunit. Genome sequencing of the TOX2 locus discovered an FAS alpha subunit
gene linked to the other TOX2 genes, but it has not been characterized (J. Walton, hegbublis
results). Additionally, at least two P450 monooxygenase genes and an istuaingl axidase
gene have been found linked to other genes of TOX2, but they are also unchadaicieszele
in HC-toxin biosynthesis. Second, an examination of the genes surrounding the TOX2a locus t
look for synteny would be important to determine if the gene cluster may be thefesul
convergent evolution, descent from a common ancestor, or horizontal gene transfan Suc
analysis should include not only determination of the ends of the cluster itsedthel
sequences flanking the cluster. These flanking sequences might provide irdormath as the

presence of transposable elements which could support mobility of the cluster.

An advantage of working withA. jesenskaes that we have the 10x genome survey which
allows for comparative analysis of gene sequences. However, since it is pigteacoverage,
additional sequencing may be necessary for full analysis @fTi&X2 locus. An additional
obstacle is that we do not have the genonme. afarbonumLastly, very little is known abouA.
jesenska¢hat in order to determine the potential role of HC-toxin more work needs to be done to
characterize its ecological nichdicroscopic analysis to determineAf jesenskaes able to
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penetrate and colonize cells of healthy plants would help to determine if iistae

saprophyte or if it has the potential to act as a pathogen.
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TABLE 7.1: Supplementary TABLE S1. Wight et al. PCR primers used in this study.

primer sequences are shown 5’ to 3'.

5l

31

ME orimore forbeps | ATGCAAGCTTTTCAACAGCT | CGACTCTAGAGGCACA
P ATGCCAACGGC TTGATCTGCCATCCT
DEP&OFor CTTTACGCCAAATTCGTGCT
ATCAGTTAACGTCGACCTCG
DEP&ORev CTCACGGTTCTGCATTCCTT
DEP2XOFor TACTGGCTTCATGCGATGTC
ATCAGTTAACGTCGACCTCG
DEPAORev ACCCCTTCCTCGAGTGAGAT
DEPAKOFor TGGCGCTGGTATGTATGGTA
ATCAGTTAACGTCGACCTCG
DEPAKORev CCACAGCATTACGCTGAAGA
AAGGAATGCAGAACCGTGA
DEP6HygFor GCGAGGTCGACGTTAACTGA
T
DEPEHygRev CGTCGACGTTAACTGGTTCC
ATCTCACTCGAGGAAGGGGT
DEPZHygFor CGAGGTCGACGTTAACTGAT
DEP2HygRev CGTCGACGTTAACTGGTTCC
TCTTCAGCGTAATGCTGTGG
DEP4HygFor CGAGGTCGACGTTAACTGAT
DEPZHygRev CGTCGACGTTAACTGGTTCC
P9cOmF CGCCCACTAACACCTTCAAT
P9comR CCGATAAGACCCTGACGAAA
AACAGAAGTAGCGCCGAAG
TfcomF A
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TABLE 7.1: Supplementary TABLE S1. CONT"D

Wight et al. PCR primers used in this study. All primer sequences are shown 5’ to 3’

TfcomR GGTGTTATCCCGACTTCACCT
MolcomF AAGGAGCGTGAGTTGAGCAT
MolcomR GCAAGCCTCATCCTAATTGC
Mo2comF GCATTCCTCCTCAACGTAGC
Mo2comR TTTACGGAGTTGCAGCAAGA
PNRcomF GAGCGGAGACATGTGAGACC
PNRcomR TCATTCTAGCTTGCGGTCCT

DEPS5 replacement primers

5 end of aene AACATATTCCCGAAAACTCA | AAAACCCTGGCGGTAT
g GACA GGATATGGCAGAACCT
3 end of aene GTTATCCGCTAGACATGCCA | CGATACCCTGCGCCCC
g GCAAAACGAA ACAC
ATGATAGTGGCAAGCAATGG | TCGGCAAGCTCAACAA
DEP5DNA blot probe TG AAGTA
DEPG6 replacement primers
CGTTTTACAA
5" end of gene AGTAGCGCCGAAGATAGC | GATAGTCTGGCGGTTA
GC
GCTCCCACAGTATTTG
3 end of aene GTTTCCTGTG AC
g CGGACAGTGTTTAGGTTG
GCGACGAAGCTCACAGTATC | TTCACACCTTTCAGCG
DEPG6 DNA blot probe AG TAGTTT
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TABLE 7.1: Supplementary TABLE S1. Wight et al. PCR primers used in this study.
primer sequences are shown 5’ to 3'.
hph1 amplification primersfor constructs
M13 hvaDEPS brimer ATATCCATACCGCCAGGGTT | TGGCATGTCTAGCGGA
v P TTCCCAGTCA TAACAATTTCACAC
ACACTGTCCGCACAGG
- CCAGACTATC AAACAGCTATGACC
M13 hygDEPGprimer | 1t 1 A AAACGACGGCCAGT
Primersfor probesfor RNA blots
Gene 4 probe (see Fig. TGAAGCGCGGCGACATCGAA| TTCCTCTTCTCGACAG
7) GACATTGAC CCTCTTTGCGTTCC
CGATACGATAACCCGCACTC | CGAATGACGCCGCACC
DEP1probe
TCCACTTT TCCTG
DEP?2 brobe GACCATCAAAACCCCCAGTA | GCATTGTAGCCCCGAG
P T TTTT
DEP3probe TGGCGAGAAGCATGTTGAAG | CCCCGATGAGAATGTT
P CAGTC GTAGCCGTAGAT
DEP4pbrobe CATACCTGGAGCTGGCCCCC | GTTCACGCCATCCAAG
P GAGACTAA CATCCAAGAGAC
DEPS probe ATGATAGTGGCAAGCAATGG | TCGGCAAGCTCAACAA
P TG AAGTA
DEP6 brobe GTAAAGCCAACCGAGGACCA | TCAGACGACGAGCTTC
P CcT AACACG
Gene 11 probe (see | GCCCGTCGTTACTGCAATCC | TCTTCTTTGCGGCCTG
Fig. 7) CCAATCC GTCACTGTATTC
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TABLE 7.2. CHAPTER 3 PRIMER LIST All primer sequences are shown 5’ to 3.

AJTOXCKNOCKOUT CONSTRUCT
Name Forward Primer Reverse Primer
Primer CGCTCAAGTCAGAGCTCCTT tgactgggaaaaccctggcgCACGCTGTG
Pair 1 TTCCATGTT
Primer GtgtgaaattgttatccgctGCTGGCTTGAT TGAACGTAGATGGGCAACA
Pair 2 GGAGTATTGG
Primer AACATGGAAGACACAGCGTGc | CCAATACTCCTCAAGCCAGCagcegg
Pair 3 gccagggttttcccagtca ataacaatttcacac
SEQUENCING PRIMERS
GENE/ Forward Primer Reverse Primer
CONTIG
ajTOXA CGTTCAACAAGCATTTATTGGT | AACATGACTACCAACAGGCC
GCT
ATGGCAGCAACCAAACTGAG ACGCCCAGCTTAGAAAAGGC
ajTOXC TTCTCCTGGAAGCCTTCGATTC | AGATGGCGGCTGTGAAAAGGTGC
CACGTTTC A
TTGAACGTAGATGGGCAACA
ajTOXD ATGGCCTTTCAAAACGCAGT AAGTTTCTCTCCGCTAACGA
TCAGACATTATACACAAGTTTCTC
TCCGCT
ajTOXF GACTTCCAGCAAACGAGATA GCACGATCAGTGATACTCGA
CTACGGTTGAGAGCAAAACC
ajTOXG CACTTCAATCGCTAAGTGGA TCATGGCCTCATTGTAGCTA
CONTIG ATGAAATAGAGGGCCTGGAACAG
509 C
(@ TOXA

TATCCATCACACAAACC

CGATAGTATCCATCACACAAACC

96

TC



TABLE 7.2. CHAPTER 3 PRIMER LIST All primer sequences are shown 5’ to
3.SEQUENCING PRIMERS CONTINUED

CONTIG | TGCTACTCTCGTGAGAAAGCC
740
(@TOXA
CONTIG | CGCTACTCTCGTGAGAAAGCT
738
(ajTOXA)
CONTIG GTGAAATAGAGGGCCTGGAACAG
819 T
(ajTOXA
ACAGGATCCATCACACAAAAA
Name Forward Primer Reverse Primer
CONTIG | GTGTCGATAGATCACGTGAG TATGGCCAAATTCATGAGCA
130
(ajTOXD/
FIG)
CONTIG | CGAAGCATGAGTGCATTTAC ATCATCCAGCCATCAACTTT
962
(ajTOXD/
FIG)
ajHTS1 ATGCCACGCGAATCGCCA GTGCAACTCGTGGACACA
GCGATTGATGCATGGGAC AGGAGACACGAGCAAGTCTT
SOUTHERN PROBES
Name Forward Primer Reverse Primer
ajTOXA TTGCTCATGAGCGGAACTATG | AAAGCTCCGATCATACCAGTGAAG
CAGCCCCTT GTGGCT
ajTOXC GCTGGCTTGAGGAGTATTGG | AATGTGAGTTGCTCCAGG
ajTOXD TGAAAACTCAAGTTCTCTGGT | GCGACTTCATGAGCTCAAAATTGT
ATCCATGCCTGA GGGGAG
ajTOXF CTTGCGGGCACTGATAGCGGA| GCTCATCCTCTTCTCCGGCCTTTTT
GAAATTTGA CATTC
ajTOXG CATGCTATACACTATGAGGCA | AGTGTGTCTTGACGTTGTTTTCCTT
GGTGGCCCT TGCCC
ajHTS1 GAGATTCTGTACACAGGGGTA | TCTTTGCCCCTCACCACTAACAAT

GGAGGT

GCCGTT
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APPENDIX 11

Genedisruption.

TheTOXCortholog inA. jesenskags currently being disrupted by homologous
recombination (Chapter 2, Fig. 2B). The list of PCR primers used for constructios of t
knockout vector can be found in the Appendix. Primer pairs 1 and 2 were used to amplify 770-
and 811-bp fragments from theamd 3 ends ofTOXC respectively. The internal primers
included an additional 28-30 bp complementarkigbl (for hygromycin resistance) of pCB1003
(Carroll AM 1994). Primer pair 3 was used to amphifjhland included an additional 25 bp
complementary to the target gene. The up- and downstream flanking regicDXGfvere
combined withhphlin a second round of PCR, using the outside gene primers. PCR products
were ligated into pGem T-easy (Promega, Madison, WI), transformed into E. cadi DH
(Invitrogen), and sequenced. Amplification of the knockout construct was done using Reiimer p
1 forward primer and Primer pair 2 reverse primer. PCR products were purifiethevi
QIAquick PCR purification kit (Qiagen, Valencia, CA) and used directly in toamation of

protoplasts using a protocol modified from Cho et al. 2006 (Cho et al. 2006) .
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