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Abstract

Gibberella zeae is an ascomycete filamentous fungus and the ncajse of Fusarium head
blight, also called scab, in small grains. Thssdrtation contains three related studieG.of
zeae. In the first, the genetic map was aligned wité first assembly of the genomic sequence
released by The Broad Institute (Cambridge, MApproximately 99% of the sequence was
anchored to the genetic map, indicating the highlityuof the sequence assembly and validity of
the genetic map. The alignments grouped the lialgrgups and supercontigs into four sets,
which is consistent with the hypothesis that threeefour chromosomes in this fungus. In the
second, the sex pheromone precursor geped @ndppg2) and the pheromone receptor genes
(prel andpre2) were identified and characterized. Deletiopdl or pre2 (4ppgl or Apre2
strains) reduced the number of perithecia prodigesklf-fertilization, but did not completely
block perithecial formation. The proportion of sses resulting from outcrossing increased
when thedppgl strains were used as the female in crosses will strains containing an intact
ppgl gene. Appg2 and4prel mutants had no discernable effect on morphologibehotype or
self-fertilization. Thus, one of the pheromoneéor pairs [fpgl/pre2) found in many
Ascomycetes has a role in, but is not essentiakflfing or outcrossing iG. zeae, whereas the
other pheromone/receptor pgwp@2/prel) no longer has a detectable function in sexual
reproduction. In the third study, spore germimandG. zeae was tested in the presencenef
factor-like pheromone peptides @f zeae or N. crassa. The pheromone peptide Nf crassa

more efficiently inhibited spore germination thad the peptide fronG. zeae. Arginine and
lysine residues were the most important determgamniblocking spore germination. In
conclusion, this research has validated the geneje and the genomic assemblyGofzeae,
characterized sex pheromone functions and charastigpheromone peptide ability to inhibit
spore germination. The pheromone peptidegs.a@kae andN. crassa may be useful as control
agents folG. zeae and pheromone peptide efficacy might be furthéraeed by judicious

substitutions for some of the amino acids.
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CHAPTER 1 - LITERATURE REVIEW

Gibberella zeae

Plant Pathogen: The ascomycete fung@ bberella zeae (Schwein.) Petch (anamorph:
Fusarium graminearum Schwabe) causes Fusarium head blight (FHB), abedcscab, in wheat,
barley, and other grains, stalk and ear rot of camoot rot of cereals, and stem rot with stub
dieback in ornamental plants like carnation. FH&sirst described over a century ago and was
considered an important factor limiting productafrwheat, barley, and other small grains. It
has the ability to completely destroy a crop witaifew weeks (Dickson and Mains, 1942;
McMullen et al., 1997; Stack, 1999). In North Amerida, zeae predominates amorfgusarium
species that cause FHB, while other species malpoprmate in cooler climates or where crops
other than wheat and corn are dominant (Ne&@h., 1983; Sutton, 1982; Tschastzal., 1976;
Wonget al., 1992). In the United States, FHB has occurrezpatemic levels in several years
during the last decade, and direct and secondasgtowere estimated to be $2.7 billion from
1998 to 2000 (Nganijet al., 2002).

Disease cycle:G. zeae overwinters and survives in infected grain, gitebble, and
cornstalk residue as mycelia, conidia, and perigth@atials (Sutton, 1982). Also this fungus
can contaminate seeds internally and externallyk®lband Francl, 2003). The conidia are
produced abundantly during warm and moist condstiom corn and small grain residue and
ascospores are discharged into air under humidittamslin the spring (Sutton, 1982; Tratlal.,
2002). The infection is initiated by ascosporesanidia in wheat florets during the short period

(10-20 days) from anthesis through the soft dougbesof kernel development (Schroeder and



Christensen, 1963). Early researchers reportadatitaers were the initial infection site (Adams,
1921), but recent studies found that hyphae magctlyr penetrate ovaries or the inner walls of
lemmas, paleas, or glumes (Bushigehl., 2003). Infections are most serious when the asthe
are exposed during flowering (Sutton, 1982). Symst develop within three days after
infection when the temperature is between 25 afn@ 3dth high humidity. Symptoms of FHB
begin at the point of infection with water-soakedvn spots. Bleaching of the original spikelet
becomes apparent within a few days (Patil., 1995). Subsequently, the fungus may colonize
adjacent spikelets via the rachis and kill all artpf the spike. In seven to ten days after
infection, salmon-pink conidia form on the baseshefinfected spikelets and these conidia may
cause secondary infections. Perithecia contaiagtgspores are sometimes produced on the
heads late in the season (Lipps, 1996; Malvick6)99

Genetics: G. zeae is homothallic (i.e., self-fertile; Eide, 1935)tht can be outcrossed
under laboratory conditions (Bowden and Leslie,2)9Despite homothallism, genetic
heterogeneity in field populations of this funguggests that outcrossing occurs frequently in
the field (Bowden and Leslie, 1992; Wallatil., 2001). Sexual reproduction in ascomycete
fungi is controlled by a mating type locUdAT) (Glasset al., 1988; Nelson, 1996; Coppet al.,
1997; Turgeon, 1998; Figure 1.1). In most filanoestfungi, there are two structurally unrelated
alleles (idiomorphs) at thAT locus. The structure of th& zeae MAT locus is similar to that
of other heterothallic filamentous fungi but b&AT idiomorphs are tightly linked on the same
chromosome and are not allelic (Yetral., 2000; Figure 1.1A). Functional versions of both
mating type genes iB. zeae is required for self-fertility and the deletion @therMAT1-1 or
MAT1-2 results in the loss of homothallism and rendeesftimgus effectively heterothallic (Lee

et al., 2003).



A. Gibberella zeae
MAT1-1-3 MAT1-1-2 MAT1-1-1 MAT1-2-1
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Figure 1.1 Organization ofMAT loci. (A) MAT1-1 and MAT1-2 loci were tightly linked on
the same chromosome in the homothallic funguSibberella zeae (Yun et al., 2000). (B) In
the heterothallic fungusNeurospora crassa, mating type of each fungal strain is determined

by MAT A or MAT a alleles (Coppinet al., 1997).



A genetic map 06. zeae was constructed by crossify zeae strain Z-3639 and R-5470
isolated from Kansas and Japan, respectively (dsaget al., 2002). The genetic map had nine
linkage groups with 1048 polymorphic markers mapjeedi8 unique loci. The total map length
is about 1300 cM and is based on AFLP markerse &al. (2005) constructed a second
genetic map from a cross between PH-1 (NRRL 31&®4ated from Michigan and a closely
related strain from Minnesota (NRRL 34097). Themetic map has 235 loci with nine linkage
groups and 1234 cM, and is based on CAPs, VNTR A&ildP markers.

Mycotoxins: In addition to direct yield loss 3. zeae, harvested grain may be
significantly contaminated by trichothecene mycatexuch as deoxynivalenol (DON) and
nivalenol (NIV), and the estrogenic mycotoxin, zéanone, which are hazardous to animals
(McMullen et al., 1997). Trichothecenes are sesquiterpenoids tegiaent inhibitors of
eukaryotic protein biosynthesis, and cause fooasadf diarrhea, emesis, alimentary
hemorrhaging and contact dermatitis in animals,aredinked to alimentary toxic aleukia and
Akakabi toxicosis, illnesses characterized by naugemiting, anorexia and convulsions in
humans (Desjardins, 2006).

G. zeae strains may be divided into two chemotaxonomiaigsobased on production of
8-ketotrichothecenes: type | able to form DON withacetylated derivatives and type Il which
produces NIV (Andersod al., 1989; Ichinoest al., 1983; Yoshizawat al., 1977). There are
regional differences in the incidences of the tlWwernotypes in strains isolated from cereals.
The levels of NIV detected in barley and wheat oréa and Japan were several times higher
than those of DON, whereas DON is the major comantiin Argentina, North America, China,

Poland, and Germany (Kiet al., 1993; Sutton, 1982).



Biosynthesis of trichothecenes has been charaeteiizthe fungu§usarium
sporotrichioides and the pattern is similar (&. zeae except for the acetylation (Lekal., 2002)
and oxygenation patterns (Lekal., 2002; McCormiclet al., 2004; Meelet al., 2003). Many
of the trichothecene biosynthesis genes are tigimtked in a gene cluster. The cluster includes
trichodiene synthetasé&ri5) (Hohnet al., 1989), P450 oxygenasér{4 andTrill) (Alexanderet
al., 1988; Hohret al., 1995), acetyltransferasér(3 andTri7) (Brownet al., 2001; Leest al.,
2002; McCormicket al., 1996), transcription factor3i(i6 andTril0) (Proctoret al., 1995; Tag
et al., 2001), a toxin efflux pumpT¢il2) (Alexanderet al., 1999), and hypothetical
uncharacterized protein$r{8, Tri9, andTril4) (Hohnet al., 1998; McCormicket al., 1998;
Dyeret al., 2005). Another acetyltransferase gehel01) (Kimuraet al., 1998) is unlinked to
the cluster.

Zearalenone (ZEA) is a polyketide metabolite tlaatses estrogenic disorders in swine
ingestingFusarium-contaminated maize, wheat, barley and sorghumo@ia and Christensen,
1974). Molecular genetics of the biosynthesis BAZ4n G. zeae has not been described
extensively and two different polyketide synthaseeg are involved in its biosynthesis (Kam
al., 2005; Lysget al., 2006).

Pathogenicity factors: Disruptants of th@ri5 gene (Proctoet al., 1995, 1997), which
encodes the first enzyme in the trichothecene bib&gis pathway (Hohet al., 1989), oMgvl
gene, which encodes a mitogen-activated proteiasdrand is homologous to thigsl gene of
the rice blast fungul. grisea (Hou et al., 2002), have reduced virulence. These resultsesigg
that trichothecene production akffjv1 contribute to the virulence @. zeae on wheat but are
not essential for pathogenicity. The only pathaggnfactor known so far is thielapl gene,

which is a homolog of a pathogenicity genévbfgrisea, the mitogen-activated protein kinase



genePmkl (Nishida and Gotoh, 1993; Xu and Hamer, 199@ap1 disruption mutants ic.
zeae lost their ability to form perithecia and pathomgty (Urbanet al., 2003).

Species conceptsTwo populations oF. graminearum were recognized based on
distinct ecological traits (Burgessal., 1975; Francis and Burgess, 1977). Group | issldie¢
not form perithecia in culture and were thoughbédheterothallic. They are primarily soilborne
and have been found in arid regions of Austral@tB Africa, and North America. The Group |
strains were described Basarium pseudograminearum (Aoki and O’Donnell, 1999). Group I
is homothallic and produces abundant perithectherfield and under laboratory conditions
(Bowden and Leslie, 1992, 1999). Group Il wasd#d into seven phylogenetic lineages based
on DNA sequences of six structural genes (O’'Doratell., 2000) and recently was subdivided
into nine phylogenetic species based or the gegealloconcordance phylogenetic species
recognition (GCPSR) concept (O’Donnetlal., 2004).

Fertility barriers between the lineages (or spgaesl lineage 7 have not been found
(Bowdenet al., 2004; Bowderet al., 2006) and putative interlineage hybrids havenkdeand in
field populations in Korea, Uruguay and southeraziir(Leslie and Bowden, 2005). Both
laboratory crosses and the existence of putatibeithy under field conditions suggest that
significant gene flow could occur between the lge=aif different lineages are present at the
same location (Leslie and Bowden, 2005). Pendiagluéion of these biological questions,
Leslie and Summerell (2006) recommended usingitiggesname~usarium graminearum for
all members of th&. graminearum clade proposed by O’Donneli al. (2004).

Expressed sequence tags and genomic sequenéaialysis of expressed sequence tags
(ESTs) was performed i@. zeae (Trail et al., 2003). The EST database contains 2,110

predicted genes from carbon-/nitrogen-starved nigy@gld cultures of maturing perithecia.



Whole genome shotgun sequencing was performedebBribad Institute, Center for Genome

Researchviww.broad.mit.edu/annotation/fungidsariunV). The sequence has approximately 10

x coverage of the genome and the total size oaAsisembly is about 36 Mb. Tke

graminearum genome contains ~ 11,600 predicted genes and 5itihsan 43 scaffolds.

Initial Interaction for Fertilization in Fungi

The initial interaction between male and femaladtires during sexual fertilization has
been well described iN. crassa. Although filamentous ascomycete fungi do notéhav
differentiated sexes, most of them have clearlyngef mating types and strains that are self-
sterile hermaphrodities (Backus, 1939; Cayley, 18Rfilge, 1932; Shear and Dodge, 1927). In
N. crassa, both mating types constitutively produce prot@pecia, the female structures, that
develop into perithecia following fertilization Wit nucleus of the opposite mating type.
Special hyphae called trichogynes from the protitipersia are used to retrieve the male nuclei
for fertilization. Asexual spores or hyphal fragmemay serve as the source of the male
nucleus. Bistis (1981) found that there are cheopat interactions between trichogynes and
conidia of opposite mating-type h crassa. When a conidium from an opposite mating type is
placed near a protoperithecium, the trichogyne gbsiits growth to reach the conidium with the
nucleus of the conidium eventually moving into gnetoperithecium through the trichogyne.
Once fertilized, the protoperithecium developed mimature perithecium that contains
thousands of sexual spores, termed ascosporesch&hmotropic interaction suggests that the
conidia constitutively secrete a pheromone-likessaitice and that protoperithecia have a

mechanism to recognize the substance.



Pheromone Response Pathway in Yeast

The recognition between male and female strucisreggered by an interaction
between sex pheromone peptides and pheromone sex@pthe ascomycetaccharomyces
cerevisiae (yeast hereafter). Yeast can exist as two haglelidypes, a and, which are
morphologically indistinguishable but which candistinguished by their ability to produce and
respond to extracellular signaling molecules (Hewskz, 1986). The a mating type cells secrete
a-factor and encode a receptor defiactor, whereas mating type cells secretefactor and
encode a receptor for a-factor. Interactions betwbese pheromones and receptors on cells of
the opposite mating type cause a set of respomstsding cell cycle arrest in the G1 phase,
morphological alteration, induction of cell surfaagglutinins, and stimulation of transcription of
certain genes (Manney al., 1981; Spraguet al., 1983).

a-factor: a-factor is encoded by two similar structural getdBa1 andMFa2 (Kurjan
and Herskowitz, 1982; Singhi al., 1983). Theu-factor precursors contain tandem repeais of
factor sequence (Kurjan and Herskowitz, 1982). piteeursors are glycosylated and processed
within a classical secretory pathway to produceungat-factor: YeasKex2 protease recognizes
lys-arg doublets and is involved in C-terminal mesing of pheromone repeats. C-terminal lys-
arg residues exposed Kgx2 protease are removed Kgx1 carboxypeptidase. The mature
pheromone is an extracellular oligopeptide, 13dwss long (Fulleet al., 1986; Juliust al.,

1983).

a-factor: The structure of a-factor is characterized byytdrophobic nature that results

from an isoprenyl group on the C-terminal cysteesdue. ThélFal andMFa2 genes encode

small precursors for two forms of a-factor, bothwdfich are 12 residue lipopeptides (Anderegg



et al., 1988; Betat al., 1987). The precursors undergo complex post-tasinsial processing:
S-farnesylation at the cysteine residue by Ram2pRam1p (farnesyltransferasendp,
respectively), proteolysis of AAX residues by Rcedgarboxymethylation of the exposed
cysteine by Stel4p (methyltransferase), and two @teteolysis of the amino terminus by
Ste24p (aminopeptidase 1) and Ste23p (aminopeptBlasThe mature pheromone is secreted
directly across the membrane via Ste6p, an ATP+iligod transporter (Davey al., 1998;
Kurjan, 1993; Michaeligt al., 1992).

Pheromone receptors: Ste2p and Ste3p are tedactor and a-factor receptors,
respectively (Jennessal., 1983; Hageret al., 1986). Ste2 provides the specificity for the
response to the differentfactors produced b$. cerevisiae andS. kluyveri (Marsh and
Herskowitz, 1988). Expression &2 in a cells allows response tefactor and expression of
Se3in a cells allows response to a-factor (Bender@mague, 1986)3e2 andSe3 contain
seven transmembrane (TM) domains, an extracelNd&rminus and a cytoplasmic C-terminus
(Cartwright and Tipper, 1991; Hagenal., 1986). These receptors are coupled to a
heterotrimeric G-protein complex consisting af (&palp) bound to GDP and{(Ste4p and
Stel8p). The binding of pheromone to its compldaargreceptor causes exchange of GDP for
GTP on G, which releases [& to propagate the signal and activate a mitogeinadet! protein
kinase (MAPK) signal transduction pathway (Stel3te,7p, Fus3p). The MAPK pathway
ultimately activates the transcription factor Sgg2®hich promotes the expression of over 200

genes to mediate various mating specific outputdéRet al., 2000).

Functions of Pheromones and Receptors in Filamentsu~Fungi

In the heterothallic ascomycdie crassa, mfa-1, an a-factor-like pheromone precursor

gene, has multiple functions (Kiebal., 2002) including the attraction of trichogynes, &en



sexual development and ascospore production bipstoé both mating types, and vegetative
growth in strains of both mating types. Deletidrihe prel gene, a receptor for timafa-1
peptide, results in female sterility in crossehwWitAT-A because the chemotropic growth of
trichogynes towards tHdAT-a conidia no longer occurs (Kiet al., 2004). InC. parasitica,
mfl-1, thea-factor-like pheromone precursor gene, is requioeadnale fertility but does not
affect either vegetative growth or female fertilffyurinaet al., 2003).

In the homothallic ascomycefe nidulans, pheromone receptor gengpi(A andgprB)
are required for self-fertilization. Deletion adah gene reduces the number of ascospores
produced, and deletion of both genes blocks honimtlt@velopment (Seet al., 2004). Two
pheromone precursor and receptor genes are exprieste homothallic ascomyce$e
macrospora (Pdggeler, 2000). Deletion of any individual gelie not trigger phenotypic change,
but double deletions reduced self-fertility (Mayfécet al., 2006).

In some fungi, pheromones play a role in post-fugeents as well as in cell-cell
recognition and fusion; the induction of meiosisSohizosaccharomyces pombe (Chikashigest
al., 1997), stimulation of filamentous growthstilago maydis (Debuchy, 1999), and
internuclear recognition iBchizophyllum commune andPodospora anserina (Spelliget al.,

1994).

Pheromone-Related Inhibition of Conidial Germination and Mating

In yeast, pheromone induces the competence of mesgocells to mate with cells of the
opposite mating type by causing G1 cell cycle ammed differentiate into mating-competent
gametes (Herskowitz, 1995). Yeasfactor inhibits appressorium formation by griseain a

mating type-specific manner and protects plantsfktatl-2 strains (Beckermaet al., 1997).

10



In N. crassa, macroconidial germination was inhibited when igcroconidia were placed near
protoperithecia formed by a strain of the oppositging type (Bistis, 1981).

Mating inhibition by pheromone-related compounds heen described B pombe
(Davey, 1991)U. maydis (Spelliget al., 1994), andJ. hordei (Kostedet al., 2002; Sherwooet
al., 1998). Thes pombe andU. hordei compounds were oxidation products of the pheromone
(Davey, 1991; Kostedt al., 2002). Similar compounds were foundSrcerevisiae extracts
(Betzet al., 1987) and these compounds had less activity ti@ndtive pheromone peptide
(Caldwellet al., 1994; Marcust al., 1991).

Although the mechanisms by which mating pheroma#iges inhibit conidial
germination are not known, competition for recefimding (Beckermast al., 1997; Zhanggt
al., 1994), loss of a pheromone gradient (D&el., 1995), and transport inhibition of the

pheromone (Zhang al., 1994) have all been suggested as possible exasat

Objectives

The objectives of this study were (1) to align gemetic map with the physical assembly
of G. zeae, (2) to characterize the functions of pheromorezprsors and pheromone receptors in
G. zeae, and (3) to check spore germination inhibitiongneromone peptides as a possible new

control method against Fusarium head blight.
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CHAPTER 2 - ALIGMENT BETWEEN GENETIC AND

PHYSICAL MAP IN GIBBERELLA ZEAE

Abstract

Jurgensoret al. (2002) previously published a genetic majsdiber ella zeae (Fusarium
graminearum) based on a cross between Kansas strain Z-36&&a¢e 7) and Japanese strain R-
5470 (lineage 6). The genetic map was based o8 AB&LP markers and consisted of nine
linkage groups. We aligned the genetic map wignfitst assembly of the genomic sequence of
G. zeae strain PH-1 (lineage 7) that was released by Titoad® Institute (Cambridge, MA). We
used 7 sequenced structural genes and 108 sequ&RtPdmarkers from all nine linkage
groups (LG) of the genetic map and aligned therh wihe supercontigs (SC) of the genomic
sequence. LG1, LG7, LG8 and LG9 aligned with S@@ 8C5; LG2 aligned with SC3, SC8
and SC9; LG 3 aligned with SC4 and SC6; and LG4, B6d LG6 aligned with SC1 and SC7.
The nine linkage groups in the previous genetic meare reduced to six linkage groups, and the
total size of genetic map decreased from 1286 40d¥. Eight markers had no-hits on the
genome assembly and were located in regions thegspond to the ends of supercontigs. Four
of these markers were linked and mapped to theoeh®2, which suggests that at least 155 kb
of genomic sequence could be missing from the éi&C8 in the genome assembly.
Approximately 99% of the sequence was anchoreda@énetic map, indicating the high quality
of the sequence assembly and the relative compeleseand validity of the genetic map. The
alignments grouped the linkage groups and supegsomto four independent sets, which is

consistent with the hypothesis that there are ébwomosomes in this fungus. The alignment of

25



genetic and physical maps was generally excelberittwo nonsyntenous regions were
consistent with putative inversion regions on L@# 4G4 as suggested by Jurgensbal .

(2002).

Introduction

Gibberella zeae (Schwein.) Petch (anamorphusarium graminearum Schwabe) is the
most important causal agent of Fusarium head b(igHB) of cereals (Leonard and Bushnell,
2003). FHB has recently re-emerged worldwide dewastating disease of wheat and barley
(McMullen et al., 1997). In addition to direct yield losses, FHBuees grain quality (Seigt
al., 1986), and infected seed is often contaminatel migcotoxins such as nivalenol (NIV),
deoxynivalenol (DON) and zearalenone (ZEA) (Maragas., 1984; Mirocha and Christensen,
1974). In the United States, direct and seconlieses were estimated to be $2.7 billion from
1998 to 2000 (Nganijet al., 2002).

G. zeae is a homothallic (i.e. selfing) Ascomycete fungbigle, 1935) but it can also
outcross. For genetic studies, special methodeegrered to distinguish selfed from outcrossed
progeny (Bowdemt al., 2004). Bowden and Leslie (1999) developed arktboy outcrossing
method using nitrate non-utilizingif) mutants of differen®. zeae strains, which eventually led
to several genetic maps and QTL studie&afeae (Jurgensoret al., 2002; Galeet al., 2005;
Cumaguret al., 2004). Leeet al. (2003) overcame the problem of homothallism irsses by
partially disabling the mating typ®&@T) genes. In addition to outcrossing under laboyato
conditions, high levels of genotypic heterogeneitfield populations of this fungus suggest that
outcrossing frequently occurs in nature (Bowden lagslie, 1992; Zelleet al., 2004).

The genome of. graminearum was sequenced at the Broad Institute (Cambridde, M

with F. graminearum strain PH-1 (lineage 7) and was publicly release2D03
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(http://www.broad.mit.edu/annotation/fungi/Fusarfjumr he first genome assembly contains 36
Mb total length, 11,640 annotated genes, 511 centig kb, and 43 supercontigs, with more
than 10 x genomic coverage.

The first genetic map db. zeae (Jurgensoret al., 2002) was constructed from an
outcross betweenit mutants of Z-3639 (lineage 7) and R-5470 (line@geermedr. asiaticum
by O’'Donnellet al., 2004). The map was saturated with 1048 polymarptarkers that mapped
to 468 unique loci on nine linkage groups. Thaltotap length was 1286 cM with an average
interval of 2.8 map units between loci. Toxin typeduced (DON or NIV) was controlled by a
single locus linked to trichodiene synthetaBRlb). About half of the genes required for
trichothecene biosynthesis are located in a 25ikbdthecene gene cluster (Kimuetzal., 2001).
The genetic conclusions were confirmed by Eeal. (2002), who showed that tA&I7 and
TRI13 genes determine which toxin is produced and tiestd loci are located in the
trichothecene cluster nedRI>5.

The genetic map also was used to map loci for gahigity and aggressivenessGf
zeae towards wheat (Cumagua al., 2004). A single QTL for aggressivenessofzeae was
detected on linkage group 1 and was linked tolfI& locus, consistent with previous reports
that trichothecene-deficie@. zeae mutants were less aggressive than wild type st@&roctor
et al., 1995). PathogenicityPATH1) segregated qualitatively and was tightly linkedPERL1 (a
locus for perithecial productionPl G1 (a locus for red pigmentation), am@®X1 (a locus for the
amount of toxin produced).

Several questions remain regarding this genetic idawWhy do five of the nine linkage
groups show segregation distortion? (2) Why isdis&ibution of crossovers across the linkage

groups apparently not random? (3) Are unusuabregin two of the linkage groups large
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heterozygous inversions? (4) APATH1, PER1, PIG1, andTOX1 the same locus? (5) Where
arenit-1 andnit-3 (the heterozygous loci used to force the cross)?

A second map oB. zeae (Galeet al., 2005) was based on cross between two closely
relatedF. graminearum strains PH-1 and 00-676. This map had 235 lotti wine linkage
groups and a total length of 1234 cM. The secoafd mas aligned with the first assembly of the
genomic sequence . zeae. The nine linkage groups aligned with 22 superigsrand were
combined into four groups that were postulatecefesent chromosomes (Galal., 2005).

Our objectives in this study were (1) to validdte first genetic map d&. zeae
(Jurgensoret al., 2002) and resolve questions arising from that {@o validate the proposed
sequence assembly, (3) to estimate chromosome manbesize, and (4) to compare the first

Jurgensoret al. (2002) map with that of Gakt al. (2005).

Materials and Methods

Genetic map and genomic sequence assemblyhe genetic map db. zeae based on
the cross of strains Z-3639 and R-5470 (Jurgessah, 2002) and the physical genomic
assembly of>. zeae strain PH-1 of the Broad Institute (Cambridge, MA;
http//www.broad.mit.edu/annotation/fungi/Fusariumgre used in this study.

Isolation and reamplification of AFLP fragments: The protocol of Shaet al. (1999)
was modified slightly to amplify AFLP markers aldggplaced on the genetic map. For each
primer pair, AFLP gels were run using genomic DNAGo zeae strains Z-3639, R-5470, and
PH-1, and polymorphic bands were correlated withkers from the map. Dried AFLP gels and
x—ray films were aligned and needles used to ntalpblymorphic fragments. A razor blade
was used to excise the portion of the gel contgitiie targeted DNA. Each gel slice was placed

in a PCR tube with 20 ul of sterile water overnightt®C. Two pl of each sample was used for
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reamplification in a MJ PTC-200 Thermocycler (MJsRarch, Watertown, MA). The reaction
was performed in a total volume of 30 pl as; 1 ati®4°C, followed by 30 cycles (30 sec at
94°C, 1 min at 56°C, and 1 min at 72°C) with alfexdension at 72°C for 10 min. The
corresponding unlabeled selective AFLP primers wsesd to prime the reaction. A 10 pl
aliquot of each PCR product was resolved on a h§&tose gel to estimate band size and
number.

Sequencing of AFLP fragments and selection of close Thirty-one reamplified PCR
products were sequenced directly with an ABI37002DAhalyzer in the DNA sequencing
facility at Kansas State University, after puritica with a PCR clean-up system (Promega,
Madison, WI). Ninety-eight fragments were clonetbia pGEMT-easy vector (Promega) by
using a kit and following the manufacturer’s instians. Three clones were selected and
sequenced for each of these 98 fragments.

For selected markers, we designed extended AFlorepsi with three additional bases on
each end to confirm polymorphism in the progenhese PCR reactions were performed under
the same conditions as described above with amget@mperatures of 59°C to 64°C depending
on primer pair.

The program AFLPs in silico (Rombawsal., 2003) was used with th&. zeae PH-1
genomic database to generate virtual AFLP marked$aSequenced clones were compared
with bands from the virtual AFLP analysis to confitheir presence and size.

Alignment of two maps: The sequenced genetic markers were found inrdtegenome
assembly of>. zeae with blastn (Altschukt al., 1990), and the genetic map and the genome

assembly were aligned manually.
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Mapping of nuclear genes: Seven structural genes, elongation fadibi-{«),
phosphate permeadeHO), trichodiene synthetas&Rl5), trichothecene 3-O-acetyltransferase
(TRI101), a regulator for trichothecene biosynthg3iRI15), a putative reductasED), and
mitogen-activated protein kinafGV1), were mappedTRI5 was mapped previously by using
restriction fragment length polymorphisms (RFLRR)rgensoret al., 2002).

Six genes were mapped by cleaved amplified polylmorpequences (CAPS). Each
gene was amplified from both parental strains RE5&iTd Z-3639, with specific primers. Except
for MGV1 primer sets, all of the primers used were thog@’Dionnellet al. (2000). Primers for
MGV1 were designed this study (forward primerCACAAATACACCATGGGCGACCTA-3,
reverse primer: 85>GACACCCTGGCCCTGAAGACCTC-3 and synthesized by IDT (Coralville,
IA). Amplified DNA fragments were sequenced afterification with a PCR clean-up system
(Promega, Madison, WI). Sequences from both paksttains were compared to identify
polymorphic restriction sites. CAPS markers facltegene were checked in all 99 progeny of
the mapping population used to construct the iestetic map (Jurgensehal., 2002). The
genes also were placed on the genetic map by dapgManager QTX11
(http://mapmgr.Roswellpark.org/mm PTX) on a Macsit@4 Power PC computer (Manly and
Olson, 1999).

Location of nitl and nit3: To localizenitl andnit3 of G. zeae in the genomic database,
nit-3 (nitrate reductase; Gl 548358) amtt4 (nitrogen assimilation transcription factor; Gl
128353), the homologs oftl andnit3 in Fusarium (Klittich and Leslie, 1988), respectively,
from Neurospora crassa were blasted on the Fusarium genome database.

Switching of upstream regions oMGV1 genes between R-5470 and Z-363%o0ci for

pathogenicity PATH1), perithecial productiorRERL1), red pigmentationRl G1), and amount of
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toxin produced TOX1) were closely linked in the first genetic map (Gguanet al., 2004,
Jurgensoret al., 2002). TheMGV1 gene is associated with all of the phenotypes knfown
these loci (Howet al., 2002). We hypothesized that mutation$i@V1 gene could result in the
different phenotypes observed in Z-3639 and R-54IiieMGV1 gene was sequenced from R-
5470, Z-3639 and PH-1. For functional studiesmaric structures were made to exchange the
regions upstream of tHdGV1 gene between R-5470 and Z-3639, and fungal tremsfiton was
done by a polyethyleneglycol (PEG)-mediated methitkd protoplast as the recipients (Lete
al., 2002; Figure 2.1).

Comparison between estimated and actual size of getic markers: The size of the
genetic markers in the gels was estimated by casgrear with the Low Mass Ladder (Life
Technologies, Bethesda, MD) (Jurgensbal., 2002). We compared the estimated sizes to
sizes of sequences from clones which contain thptad sequence used for AFLPs.

DNA isolation: DNA was extracted with a cetyltrimethyl ammonibnomide (CTAB)
procedure (Leslie and Summerell, 2006). DNA cotregion was determined with a ND-1000
spectrophotometer (NanoDrop Technologies, Wilmingi@E) and adjusted to 20 mfjfor PCR
reactions.

Southern Hybridization: Standard procedures were used for restrictiogreaz
digestions, agarose gel electrophoresis and Saukiyéridizations (Sambroadt al., 1989). 10
ug of DNA was digested completely with restrictiorzgmes and separated by agarose gel
electrophoresis. Fractionated DNA was transfetoddybond N+ nylon membranes (Amersham
Biosciences, Pittsburgh, PA) by capillary transfieder alkaline conditions (0.4 N NaOH, 1 M
NaCl). The membranes were hybridized at 60°C wighAlkPhos Direct Labelling and

Detection System (Amersham Biosciences) per theufaaturer's recommendations.
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Results

Sequencing and Alignment: One hundred and twenty-nine AFLP bands were isdlat
and sequenced from strains Z-3639, R-5470, and .PHAirty-one were sequenced directly. Of
the ninety-eight markers cloned from AFLP bandsesgy were represented by three matching
sub-clones and twenty-eight were represented byotvibree different sub-clones. The virtual
AFLPs were used to choose the correct clone fromngist each of these twenty-eight sets of
fragments by comparing the sequence of the clottelvainds predicted by the virtual AFLP
analysis. For example, the marker band desigria#geMAA0315J from R-5470 was not
observed for either Z-3639 or PH-1. This markerdogielded two sub-clones, one of which was
282 bp in length and the other was 283 bp. ThealAFLP based on the PH-1 genome did not
contain the 283 bp-fragment but did contain the 82ragment. Thus the 283 bp-clone was
associated with EAAMAAO0315J.

One hundred and twenty-nine AFLP sequences wesgcolan the first genome
assembly. One hundred and nineteen AFLP sequéaddsits on the genome assembly. Two
AFLP sequences from R-5470 were in the excludedsreftheF. graminearum sequencing
project, which includes highly conserved repetiseguence and ribosomal RNA genes. Eight
AFLP sequences had no hits. PCR amplification thithe additional bases showed that 11 of
the 119 AFLP bands were monomorphic on the parantsthat the wrong AFLP band probably
had been cloned.

The 108 AFLP markers and seven structural genes usad to align the genetic map
with the genome assembly. LG1, LG7, LG8 and LG§nald with SC2 and SC5; LG2 aligned
with SC3, SC8 and SC9; LG3 aligned with SC4 and; 306 LG4, LG5 and LG6 aligned with

SC1 and SC7 (Figure 2.2). These alignments redehdd several of the linkage groups were
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overlapping and could be combined. The nine liekagpups identified in the first genetic map
(Jurgensoret al., 2002) were reanalyzed and reduced to six linkggaps. Linkage groups 1, 7,
and 8 were merged into LG1, and LG 5 and 6 wergetemto LG5 in the new genetic map
(Figure 2.2). The total size of the linkage masweduced from 1286 cM to 1140 cM. The
alignment grouped the linkage groups and supemg®iriio four sets, which is consistent with
the hypothesis that there are four independentebsomes irG. zeae. The estimated sizes of
the chromosomes are 11.54, 8.57, 7.66, and 7.8¢Tkltle 2.2). Of the 108 remaining AFLP
sequences, seven (one from PH-1, two from Z-363® feur from R-5470) were present in part
in the genome assembly. The other 101 markers present in their entirety in the genome
assembly with 83 to 100% identity (Table 2.1).

Markers without hits on the genome database:Eight AFLP markers (4 from Z-3639
and 4 from R-5470) were not found in either theameea assembly or the excluded reads in the
genomic database, and did not have significantimiggther a blastn or a blastx search against
sequences of other organisms in the NCBI dataltdg®/(www. ncbi.nlm.nih.gov/).

Two of these markers (EATMCAO0383J and EAAMTGO03288ye located at the end of
linkage group 6. EAAMAGO0123K and EAAMCAO0680J wédoeated at the ends of linkage
groups 7 and 9, respectively. The other four markeTGMGA0314K, EAAMGC0142J,
EATMGA0624K, and EAAMAT0513K) were closely linkeahdhe end of linkage group 2. In
Southern hybridizations, all of the markers werespnt in R-5470, Z-3639 and PH-1.

Sequence similarity of genetic markers with the gezme assembly:Fifty-five of the
AFLP markers sequenced (total size: 12.63 kb) waigid from R-5470. Fifty-one of the 55 had
sequence similarity of 83 to 100% with ~ 96% aversgguence similarity. Four AFLP markers

were not found in the genomic sequence (Table Z8jty-one of 45 AFLP sequences (total
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size: 11.33 kb) originating from Z-3639 had seqeesimilarity from 87 to 100% with ~97%
average sequence similarity, but four AFLP markegee not found in the PH-1 genome
sequence (Table 2.3). All eighteen markers ortgiggrom PH-1 were identical to the genome
sequence from that strain except for a few bass paable 2.3).

Localization of nitl and nit3: nit-3 of N. crassa had a hit on FG01947 in tli& zeae
genome database (E-value of 0.0). FG01947 isddaa contig 1.104, which is consistent with
the location fonitl suggested by Jurgensetral. (2002). nit-4 of N. crassa had a hit on
FGO02799 (E-value of 0.0), but the location of FG82¥ on a different chromosome from the
expectation by Jurgensehal. (2002). Five other genes (FG03929, FG04666, F&8D64
FG07927, and FG07079) with low E-values were mitdd to the location of that3 locus
suggested by Jurgensetral. (2002). TheG. zeae genome sequence has 65 homologsted of
N. crassa below an E-value of 1e-3. FG04901 (contig 1.19®ich is consistent with the
location suggested by Jurgensial. (2002), is ranked as the"16est match with an E-value of
le-12.

Analysis of MGV1: The R-5470 amino acid sequencéiisV1 was identical to that of
PH-1 and differed by only a single amino acid frim@aMGV1 sequence in Z-3639. The
upstream region of R-54MGV1 contains a 10 bp deletion that might be respoasdii the
unusual phenotype observed in this strain. Howewvleen the upstream region of Z-3639
MGV1 was replaced with that of R-5470 and vice versgue 2.1), no change in phenotype in
either strain was observed.

Comparison between estimated size and actual sizegenetic markers: The actual
size of genetic markers was compared to the estarsre reported in the genetic map (Figure

2.3). The correlation equation was Y = 0.91 X +828and the Rwas 0.98. The correlation
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was high but the accuracy had a little variati@maller fragments (approximately < 200 bp)
were under-estimated, middle size fragments (20048)®) bp) were properly estimated, and
larger fragments (400 bp - 700 bp) were over-esgthaFragments larger than 700 bp were not

reliably sized, and the variance in size estimatoorthese fragments was large.

Discussion

We aligned the genetic map with the first asserobine genomic sequence Gf zeae
strain PH-1 (lineage 7) that was released by Tlwa@institute (Cambridge, MA). We used 7
sequenced structural genes and 108 sequenced Akikenms from all nine linkage groups (LG)
of the genetic map and aligned them with nine suguergs (SC) of the genomic sequence. LG1,
LG7, LG8 and LG9 aligned with SC2 and SC5; LG2radid with SC3, SC8 and SC9; LG 3
aligned with SC4 and SC6; and LG4, LG5 and LG6radywith SC1 and SC7. The nine
linkage groups in the previous genetic map wereaged to six linkage groups, and the total size
of genetic map decreased from 1286 to 1140cM. éyiprately 99% of the sequence was
anchored to the genetic map, indicating the highlityuof the sequence assembly and the
relative completeness and validity of the genetapmThe alignments grouped the linkage
groups and supercontigs into four independent sétish is consistent with the hypothesis that
there are four chromosomes in this fungus.

The alignment between the genetic map and the germssembly is consistent with the
results of Galet al. (2005). The results are also consistent withptiegious cytological
research (Howsod al., 1963; Tagat al., 2003). Tagat al. (2003) showed tha®. zeae, F.
pseudograminearum, F. culmorum, F. cerealis, andF. lunulosporum all have four large
chromosomes which is amongst the lowest for filaioes fungi. Mycosphaerella graminicola

has 20 chromosomes, 12 of which were < 2 Mb intleng. verticillioides (Xu et al., 1995),M.
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grisea (Skinneret al., 1993), andN. crassa (Orbachet al., 1988) contain 12, 7, and 7
chromosomes, respectivelft. oxysporum has a range from 9 to 14 chromosomes which is
associated with vegetative compatibility groupsé€Bmet al., 1994).

Eight genetic markers from the cross were not fanrttie genome assembly (Table 2.1).
Four (one from R5470 and three from Z3639) of threaekers occur in a SC 3 region at the end
of LG2. Based on Southern hybridizations, PH-b alsntains these fragments, which suggests
that the assembled genome may not contain thismedn this study 1140 cM of the genetic
map was aligned with 35.63 Mb of the genomic ass$gmnid at least 155 kb corresponding to 5
cM could be missing in the genome assembly of SO% other four markers (6A, 6E, 7B, and
9D) not found in the genome sequence were locateegions that correspond to the ends of
supercontigs, suggesting that the genome databagb®emissing terminal regions of SC1, SC5,
and SC2.

Seven AFLP markers had partial hits in the genosserably (Table 2.1). One of them
(EATMCGO0165KH) was isolated from PH-1, suggestingttthe genome assembly may still be
incomplete around this fragment. Six other markeve from Z-3639 and four from R-5470)
were located in a nonsyntenous region (Figure 2Bich could be explained by a heterozygous
chromosomal rearrangement or transposition.

Severe segregation distortion on three of fivedgé groups in the first genetic map
(Jurgensoret al., 2002) could be explained by the selection mettsatiuo obtain the progeny.
The genetic map was constructed by crossing conmgiaarnynit mutants of Z-3639 and R-5470.
The progeny analyzed were selected for the wilé @jfeles at bothit loci and segregation
distortion of some markers in progeny can be exgoecurgensoe al. (2002) suggesteaitl

andnit3 might be located at 4AC and 2C, respectivelitl is located on contig 1.104 of the
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genomic sequence, which is consistent with expectaf Jurgensost al. (2002). Segregation
distortion around 4AC in linkage group 4 could lefnom selection for the wild type allele at
nitl. Two other linkage groups (LG5 and LG6) showiagregation distortion were aligned
with the same chromosome as with LG4 and the distocould be affected by thet selection
process.

Localization ofmit3 in theG. zeae genome remains an open question. Jurgeesan
(2002) predicted that this gene was located neasl@C of linkage group 2 because markers
around 2C were extremely skewed to R-5470. Barealsearch of th€&. zeae genomic
sequence with theit-4 gene ofN. crassa, the best match (FG02799) is located on contig1l.1
which is aligned with LG1. FG02799 probably is ndB because there is no distortion in the
region where this sequence currently is placedcG02799 isnit3, then either the genetic map
or physical assembly of the genome is wrong. Ehislikely because the region of contig
1.141 was properly aligned in both analyses andhritye of Gale et al. (2005). Alternatively,
another sequence might represet®. The best possible candidate based on the 2@ locu
predicted by Jurgensa@bal. (2002) is FG04901 (contig 1.199), which is th& bést match (E-
value of 1e-12) fonit-4 of N. crassa. Asnit3 is a regulatory gene, the constraints on sequence
identity may be less than those on a gene sualtlthat encodes a portion of a functional
enzyme. Alternatively, theit3 region could be missing from the genome assemBbur of the
unrepresented markers are closely linked to lo€ljsathich increases this possibility.

Segregation distortion also could result from npldtisequences that fortuitously were
the same size, as noted by Jurgere@h (2002). In silico AFLP analysis found that onel4&F
band may contain several fragments with differeguences. For example, we found one locus,

ECCMCGO0177J with the band originating from R-54that localized to the center of LG1.

37



This band contained two DNA fragments of the samne @68 bp), one of which is found on
contig 1.111 of the genome assembly (LG4 on thetyemap) and the other on contig 1.450
(LG2 on the genetic map). In silico AFLP did ndémtify either fragment in PH-1. Since the
two fragments were unlinked, we expected 75% ofptiogeny to have an R-5470 marker
pattern with segregation distortion. However, $bgregation ratio observed was 1: 1. This
seeming contradiction is resolved since the sequkmated on contig 1.111 is tightly linked to
nitl and the other sequence is located on a chromosdimeit3. Thus, this genetic marker was
mapped incorrectly on LG1 due to the selectionafitd-type nitl andnit3 alleles. Such

mapping errors appear to be relatively few.

There are portions of LG2:chromosome 3 and LG4mlasome 1 where the order on the
map does not correspond to the proposed physigaksee. These anomalies could result from
mapping errors or errant assembly of the genonguesgce. These alignment problems are not
present in the map of Gageal. (2005). An alternative explanation suggestedurgensoret al.
(2002) was that large heterozygous inversions lecadroed in these regions in their cross,
specifically from 2F to 2AJ and from 4C to 4P. Tdignment problems for both LG2 (2T to
2AE) and LG4 (4C to 4K) are contained within thgioms predicted to be inverted by Jurgenson
et al. (2002).

Jurgensoret al. (2002) reported recombination suppression on lfoakage groups.

Three of these linkage groups (LG7, 8, and 9) aWgh chromosome 2, which carries mating
type (contig 1.358). Recombination suppressiondegs reported for chromosome 1 of the
pseudohomothallic specidkeurospora tetrasperma (Gallegoset al., 2000), where mating type is
included in a large genomic region that fails to- paoperly during meiosis (Gallegesal.,

2000; Fraser and Heitman, 2004). Mating type tetated recombination suppression also has
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been reported in the basidiomycetésilago hordel (Leeet al., 1999) andCryptococcus
neoformans (Lengeleret al., 2002). IfG. zeae has a chromosomal rearrangement around the
mating type gene, then recombination suppression asi that observed M tetraspermais to
be expected.

Another possible explanation for the recombinasappression could be high levels of
polymorphism on chromosome 2@f zeae. InN. tetrasperma, chromosome 1 has high levels
of heterogeneity that are related to recombinatigupression (Merinet al., 1996; Gallegost
al., 2000). In the genetic map of Jurgensbal. (2002), the number of polymorphic markers
per Mb of physical sequence was 25, 38, 26, anfdr2dhromosome 1, 2, 3, and 4, respectively.
Also in the map by Galet al. (2005), the number was 6.0, 8.6, 5.1, and 6.3hdrboth maps,
the number of polymorphic markers is higher forochosome 2 than for the other chromosomes.
Such an increase in heterogeneity could help ttagxthe recombination suppression observed
in the first map (Jurgensaal., 2002).

O’Donnellet al. (2004) separated different lineages=okzeae into nine different species
based on the genealogical concordance phylogesyites recognition concept. They
misinterpreted several properties of the Jurgemssah (2002) genetic map as support for their
hypothesis that the parents of that cross belotgdalifferent species:. graminearum (Z-

3639) and~. asiaticum (R-5470)

They claimed that high levels of segregation digiarare indicative of large-scale
chromosomal rearrangements between parental streiowever, the selection method used to
obtain the mapping population explains a large priopn of the observed segregation distortion.
Chromosomal rearrangements are not uncommon vathingal species, e.beurospora

(reviewed by Perkins, 1997), although there has Ib@esystematic search for them in
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filamentous fungal plant pathogens. There areratkplanations for segregation distortions
other than chromosomal rearrangements, e.g. thre &plers known inF. verticillioides andF.
subglutinans (Sinhu, 1984). The putative chromosome rearrangésme the Jurgensaat al.
cross are associated with segregation distortibynare to their linkage to thait loci.

O’Donnellet al. (2004) also confused linkage groups with chromasmniinkage
groups always are the number of chromosomes. In both this alignnaswitthat of Galet al.
(2005), the number of linkage groups is > 4. THed&ge groups are assigned to chromosomes
through associations with common supercontigs.y ©Onlusing information from both the
genetic maps and the physical sequence can theamwohbhromosomes iG. zeae be
determined to be four.

A third problem claimed by O’'Donnett al. is that the gene order established by the
linkage relationships was inconsistent with thattfee PH-1 genome sequence. As shown here,
there are only two regions in which the genome erge and Jurgensehal. map are not well
aligned. These two regions are the location cafpee inversions that were predicted on the
basis of unusual recombination patterns in thog®ns. A few other loci, e.g. 6F, elongation
factor, and 3B, appear relatively out of placectBmisalignments are not uncommon Ifor

crassa, A. nidulans, andM. grisea (http://www.broad.mit.edu/annotation/genoiméi which the

genomic sequence and genetic map were independkeniyed. Galet al. (2005) used both
recombination frequency and the genomic sequenceetde their genetic map.

Finally, O’Donnellet al. claim that a significant number of orthologs ao¢ shared by
parental strains of the Jurgensbal. (2002) mapping cross. However, half of the AFLP
markers not found in the PH-1 sequence databasefreen Z-3639. In addition, all eight

missing markers were detected in PH-1 plus botamarby Southern hybridizations. Thus the
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problem is with gaps in the PH-1 sequence datatadlser than unshared orthologs. The
sequence similarity of the AFLP markers from the parents with PH-1 also were similar, with
an average of 96% sequence similarity between S&erafrom R-5470 and the PH-1 genome
sequence and 97% sequence similarity between 4ensdrom Z-3639 and PH-1 (Table 2.3).
The good alignment of the Jurgensbal. (2002) map with the physical sequence of PH-1 and
the overall similarities amongst PH-1, Z-3639, &8470 do not support the hypothesis that
these three strains belong to distinct species.

One objective of this research was to evalbB/1 as a candidate f6tATH1 identified
by Cumaguret al. (2004) and several closely linked loci for perdiad production PERL), red
pigmentation PIG1), and the amount of toxin producéldX1). Although the knock-out
phenotype oMGV1 and chromosomal location was a good match, we waable to
demonstrate that!GV1 accounts for the mutation in R-5470.

There are still significant areas to explore indle@etic map of. zeae. For example,
what is the mechanism that results in multipledigé groups on a single chromosome even
when both of the available genetic maps are rabtiwell saturated? Similarly, do the
centromeres and telomeres of these relatively lelhggmosomes have any unusual properties?
Given the regions identified as missing from the Pskquence, are there significant portions of
the genome that have somehow been excluded froavtible sequence? Finally, as
sequencing becomes less expensive, more stramsmfiare lineages can be sequenced. In the
future, comparative genomics will elucidate theytrency and biological significance of

chromosomal rearrangements in Ehgraminearum clade.
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Table 2.1 Markers sequenced in this study

Location on Origin Size
Marker namé Supercontig  Contig

genetic map RP Z° P (bp)

Chromosome 1
EATMCAO0383J 6A + - - 291 no hits
ECCMCGO0580K 6 - + *+ 422 1 4
EAAMTG0323J 6E + - - 266 no hits
EATMCGO0731K 6E - *+ + 489 1 6
EAAMAA0090J 5E + - - 65 1 10
EAAMGCO0435J 5E + - - 392 1 13
EAAMCAO0404J 5E + - - 373 1 15
EAAMAC0295K 6F - *+ + 239 1 10
EAAMCAO0557J 6F + - - 466 1 20
EAAMAAQ0717J 6G + - - 610 1 25
EGAMATO0721J 5D + - - 614 1 32
EAAMCA0246J 5G(H/L) - *+ + 201 1 37
EAAMAGO0388K 5H - *+ + 349 1 45
EAAMATO0097J 5J + - - 62 no hits Ex
EAAMGCO0111K 5J - *+ + 81 1 52
EATMCA0352J 6M + - - 223 1 52
ECCMGTO0362K 6l - + *+ 243 1 53
EATMCGO165K(Hf 5K - + *+ 84 1 69
EAAMCCO0116J 6K + - - 82 1 76
EATMGAO0374J 4 + - - 327 1 111
ECCMGT0614K 4AC - + - 505 1 112
EATMGAO0676K 4AA - + *+ 503 1 114
EAAMAC0217J 4T + - - 183 1 122
EAAMATO0192K 4P - *+ + 160 7 420
MGV1 MGV1 7 425
EATMCAO0305J 40 + - - 195 7 426
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EGAMTAO0339F
ECCMGTO0582K
EATMCA0199J
EGAMATO0378K®
EGAMAA0344J

EAAMGCO0119K

ECCMGTO0714J
EAAMACO0350K
EAAMCA0491F
EAAMAGO0158K
EAAMGC0320J
Elongation factor
ECCMGTO0315J
EAAMAGO0123K
EAAMAA0675K®
EGAMTCO0740K
EGAMATO0181J
EAAMCCO0237J
EAAMTG0298J
ECCMCGO0193K
EAAMATO0263K
EATMCG0329J
ECCMGTO0168J
Reductase
EAAMAC0392K
EATMCA0327K
EAAMAA0347J
EATMGAO0657J
TRI5

EGAMAA0177K

4K
4
41
4F
4D
4C
Chromosome 2
8
8G
7
7P
7L
Elongation factor
7
7B
7B
8C
8B
7A(HIL)
1A
1
1D
1E
1F
Reductase
1
11
1L
1

TRI5

*+

*

4

*+

48

280

478

94

361

289

87

461

294

422

121

263

257

90

559

646

144

196

240

163

214

271

74

355

266

290

480

139

No hits

5

5

446

446

441

436

433

433

323

323

323

323

329

355

348

358

358

353

360

143

145

145

148

148

150

153

153

158

159

159

161



EAAMCAO0294K

EGAMTC0600J

EAAMAAQ0377K

EAAMTGO0185K

EAAMGCO0387K

EAAMAGO727K

EAAMCA0283J

EATMCA0194K

ECCMGTO0347J

EGAMATO0360J

ECCMAT0288J

EGAMTC0432K

ECCMGT0446J

EAAMCAOQ0680J

EAAMATO0100K

EATMCA0149K

ETGMGAO0314K

EAAMGCO0142J

EATMGA0624K

EAAMATO0513K

EATMCGO0537K

EATMCAO0309K

EAAMAA0185J

EAAMCAOQ307K

EATMGAOQ797K

EGAMATO0800K

TRI15

ECCMCGO0652K

EATMCA0602K

EAAMTG0174J

1P

1AD

1

1z

1z

v

9N

ON

M

oL

9K

9D

9C

9B

Chromosome 3

2H

2H

2l

2J

2J

2N

20

2

2R

2T

TRI15

2V

2W

*+

*

*+

*+

*

*

*t

*+

*+

ot

*

49

237

496

329

151

354

624

230

163

229

307

180

384

332

578

72

107

259

107

508

430

445

250

154

249

660

751

536

492

133

no hits
2

2

2

2
no hits
2

2

no hits
no hits

no hits

no hits
3

3

162

162

168

167

170

179

179

181

Ex

187

190

192

192

194

194

197

234

237

240

254

451

457

460

463

463



ETGMGAO0127K
EAAMAGO0314K
ECCMATO0417J

EGAMTCO0386K
EAAMGCO0297K
EATMGAO0279K

EAAMAT0323J

ECCMATO0358J
EATMCA03778
EAAMCAO0271J
EAAMACO0186K
EAAMAA0119K
ECCMCG0418J
EATMGAO0455J
ECCMAT0528J
ETGMGAO0145J
EAAMCCO0239J
ECCMATO0278K
ECCMGTO0373K

TRI101

Phosphate permease

ECCMATO0117J

ETGMGAQ0677K

ECCMCG0627K

ECCMGTO0251K

EAAMACO0786K

ECCMCG0544J

EAAMATO0188J

EAAMATO0270K

EATMCA0212J

2X
2AB
2AB
2
2
2AE
Chromosome 4
3A
3B
3
3
3F
3H
3H
3J
3J
3K
3K
3K
TRI101
Phosphate per
30
3S
3S
3T
3uU
3
3X
3

3z

*

ot

*t

ot

*

*

*+

*+

50

93

253

322

289

241

164

264

244

279

221

153

96

330

397

441

107

196

150

270

69

570

520

149

734

448

155

217

102

464

465

469

470

459

459

459

370

320

373

377

373

373

382

382

384

395

398

401

321

321

320

318

318

318

318

318

315

315

316



EATMGA0123% 3 + - - 68 4 316
EAAMTGO0506K 3 - + - 431 4 310
EAAMAGO0216K 3AC - *+ + 183 4 313
EATMGAOQ0170K 3AF - + - 133 4 308
EAAMCAO0327J 3AG + - - 270 4 301
EAAMCCO0186K 3Al - *+ + 151 4 297
EATMCGO0704J 3AL + - - 547 4 275
EATMCA0196J 3AM + - - 167 4 266
ECCMGTO0482K 3 - *+ + 413 4 259

8The markers were named in the previous work (Jweet al., 2002) using the
nomenclature E_M_0000_, where E_ denotestio®l primer with the two additional selective
nucleotides, M_ denotes tMsel primer with the two additional selective nucleesdthe four-
digit number is an estimate of the size of the bharuhse pairs, and the final blank is either “J”
or “K” and denotes the parent that was the souftked“band present” allele or was the source
of the larger band of a size-different polymorphism

b.c.and qnarkers from R-5470, Z-3639, and PH-1, respectively

*the origin of sequenced marker.

®sequence with partial hit to the genome database.

"hits on the excluded reads of the genome database.
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Table 2.2 Chromosomes of. zeae

Chromosome Supercontig Linkage Size No. of
numbef (SC) group (LG) cMP Mb° markeré
1 1,7 4,5 329 11.54 29

2 2,5 1,9 368 8.57 37

3 3,8,9 2 238 7.66 18

4 4,6 3 205 7.86 31
Total 9 6 1140 35.63 115

@Chromosome number was ordered by Gakd. (2005).

P Centimorgan.

“Megabase pairs.

9The number of genetic markers used for alignmetwden linkage groups and
supercontigs.

® This estimate does not include 155 kb of sequestimated to be missing from the

SC3 genomic assembly.
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Table 2.3 Sequence identity of genetic markers viitthe G. zeae genome assembly

No. of marker8(No. of no  Total size of Identity (%}
Origin®
hit-markers) markers (kb) Minimum Maximum  Average
R-5470 55 (4) 12.63 83 100 95.82
7-3639 45 (4) 11.33 87 100 97.19
PH-1 18 (0) 5.90 99 100 99.73

8The origin of markers; R-5470 and Z-3639 were Usethe genetic map, and PH-1
was used for genomic sequencing.

®The number of markers sequenced.

“The number of markers which do not have hits onlRi¢nomic sequence.

d|dentity based on blastn (nucleotide to nucleottde?H-1 genomic sequence.
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Figure 2.1 Diagram to switch the upstream regionfoMGV1 gene between Z-3639 and R-
5470. There is a 10-bp deletion in the region upgtam of R-5470MGV1 gene. (A) The
region upstream of R-5470 was amplified for fusingvith the MGV1 gene of Z-3639. This
chimeric structure was transformed to Z-3639 strain (B) The upstream region of Z-3639

was fused to the R-54701GV1 gene and transformed into R-5470 strain.
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Figure 2.2 Alignment between physical (left) andenetic (right) maps. The numbers on
the left side of the physical map indicate contigsThe number of each supercontig on the
physical map is designated S1-S9. The number of éalinkage group on the genetic map is

designated LG1-LG9.
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Figure 2.3 Comparison between estimated size (Juegsonet al., 2002) and actual size of

genetic markers determined by sequencing.
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Supplementary Material

Sequences used to align the genetic map and the ploal assembly:

> 3AL (EATMCGO0704J)
AGACCTAGTTCATCGTAGCATTCGATCATAAACYJCTGGACTTGGGGTCAAGTCATGACTTGTCAGGTTGGCAGTCGAATAIATAAT
GTCTACAGGAGAAGTGTCGGTATTGACYJGGTAGGTTGATCACGGAAGAGAGCATCGCACACAAACACGCTGGGCAAGAATCAC
CATGTTAGTTACCTGTAGCGCAATATGTAAAGTAGCATGAGAAACTCACCCITTCACCTCCGTTGCTGGCAGAAGCTGGTGCATCG
GTACCTGGCACTATGCCTTTGCCTCCCTGCTTTATGAAGCTCATTTTTTGIGCAAAGAAGATTCCTCAGGACTGTTGGAACGGCTG
AAATCTAATGAAGAGATGGTCGGTGCCCCGGGGCTTGGCGTGCTGGGTT@AN TGCTACAGCATTCGATCGCCTGGCAAGGTAGA
AAAGCTTGTCAAGGACAGAAAACCGTGGGAATCTCGGAGAACGGATGGGAGTTGTGCTTGCACGCGCGCGAGGTCACACTTCTT
CTGCTCAGCGCTGATACGATCGTTCTCAGCGTTA

> 6E (EATMCGO0731K)
CATACCACCAGCCCATAGCAACCATAGCCGTGCTCCTTGAGNTTTGGCAAGTGTGTCTTGACCAATCCCACGGGGGNACNAGCG
CAAATGGGCTTTTGCGTATCAGGTATCAAGAAAGTCGACCAAAAACAGCGRCACATTGTCCTNCCAGGGAATGCGCCTAAAGGTA
GAAAGGTCTGGTATCGCTAGAAGATCATGGTAACCGTTCTCGGCATTTGABTCTTGAGCTCGCNGACATATGTGCGGTCGTGCAT
GTCCCAACCAAAGATGGACGGAGCAGAAACCGAAGCCGGCTTCTGCGATGACAGGAACTTTTTCTTGGAGACGAGCTTTCCGCG
NAAGGATGCCGTCGACCGTCGACGCCTGCGAGTTTGACCATGTTGTCATTICGAGGACTTGGGCGAGATTGTCAGACGGTTGAC
CGGCTTTGCTGAGGAAAGCCATNTTCTGGGAGTATGTGAGGAGAGCTACTBGGCTTCCAGAGGAGCAGT

> 5K (EATMCGO0165K)
TCCCAATGNACAAGCGATGTCTGTGTAATACCATTGGCGTACTGCTCCATAATAGAGCAAGTGAGGTGCAGAGTTTGTTTCCGTT
ACCTCAGGACTCATAC

> EATMGA0657J
GAATGCTTGAAGATTGTCGAGACACCTGTATCTTCCTGCATCTTTGTCGAGACAAGGCAGAAAACGTTGTTGCCGCGCAGACCCT
TGGTTTCAAGAGTATCGTATTCAGTGATACTGACAATCTGGTCAGAGACCTCACAACCTCCTTGGTGACCCTGTTGCACGTGCAA
ATTCGTTTCTTGAAGGCAAGTTGAAGAGCACTGGTAGCATATTGTTGGACATTACTCTCAATTTATCGTGCTTCAAAACACGGGA
ATCCGGTATGTCTGTCAGCATCTCTCTTATCAGGCTGTTGACTAATTCTTCAGGGATCTGATCATGCCAGAGAGTGACAGTAGGG
ACTATTTCCAGCAAGGATCGCCGATACTGACGACCACGGTCCATCCCGAAGCTCTGACACCACATCTCTGGTGTTGGCAGTCTTG
GACAATGTTCCAATGGATACGAAGCTCAAGGCCAGAGATGAGATACTCTTANCNNGGGAACTCATC

> 3H (EATMGA0455J)
GATGAGTCCTGAgTAAGAAGGTATGTCCGAGATaAGTTTGGAGGCTTGGAGTAATATTGAGGCTCAGGATAGCCACATGATTCCC
GATTGGATATTGTTTTGTGATGGAAGCCATGTTCGAGGGATTTACATGGGAGGTCAATATCACGAGATACTGTTCTGACAGTCTA
GATGTATCAGCTTGtACGGAGCYCTCGACTGTSGTATCGTTGACCCCTT@GCGATGACAATTACAGCACAACCTCCATAGGATA
CGATGATGGGTGCGTCGTTTATTGTTGCCTGTTTTGTTTGACGTIGCGTABGGTASaGTAGATAACCCCAGGACGACGGATSGGCT
AGACTCTGCGACTATACCACTTACAGCCAACCGGTTGCTGAGCAAAGAAGBTGTAATGATGAATTGGIACGCAGTCT

> EATMGA0123]
CGCTATGAGAGTTGATGAGCAGAATTGTGTACAAAAAGGACGTCTTGTTCETCATAATCATGCTCTTACTCAGGACTNATC

> 2| (EATMGA0624K)
GATGAGTCCTGaGTAAGAGATACTGCAGGGCGATCTCGTTTTGCGTGTCGICCGCGITACGAGCAGTCCATTTGCCAATCATATCT
TCCAAGCCCCCCATCAGGTGGTACAGTCGAGACGAGCTGTCAGGAATCTAGICCTCCAGCGAGCCACTTCACGIGTCAAATTCGT
CTGATATTGTTGCAGTTTTATCGACGTCGTCTTCCGTCCGTTCGCTCATEIGGACATTCTTGCCAGGTCGTTCTCAGACCCCATCT
CAGGTGAWTAAGAAGAGTCTTTATCGTCTGGATTCAAATCCCAAGGAAGGGATTTCAATGCCCATGAATGAAGGTGCTCTGAAAT
GTGATTATCTTGATCTGGCCTCGgAGTATCCACATGGCCGTATACAAAGAGACACTCGGCTAACTGGGCGAGGACTCTTTTGCTC
ATACTGCAGAGGAGTTTCAAACGATCATCCGAGCAGACGNGANNGGATCNATGTGGTTTTCCCAAAGNTCCTGGTTTTCCAAGA
TCTAATTGGTTACNC

> 2R (EATMGAQ797K)
TTATCCGATGAAAAGAAGCACNCAGAGAAATGTAAAAAGCGAGTGGGCGGNATTACANGAGATGAAAAAGGAGAAGGAAGACG
AGCAAGATGTTTTTATACAACCTTTGTTTTATGTATGATCACCTATATTATCTATCATAGAGCTAGGGCCTCTATGTATCAACACCC
AGAGGTCAAACAAGTATCGCAGATTCATGATTGCGTATTTCTGAGGCCCAAGGTTGACTTCTTCACTGTTCGGGTCAACGTCGTC
CCTCTTCTCAAATCAGCATGCCAACGAGGCTTCAGTATGGGTGTAATGAGTAGCTGTTACTCTCATGAGGTCATGTCGAATAGTT
AGACCGACCCATCGACTGGGTAATCGTAAGGGGTAGACGGGAAATCGCCCLIGTCGAAAGGATGGTAAAAGTACTATCTAGCT
AATAGAGATCATAGGCCGATCAACCGGCTAAAGACTTATAGTGACTGCACTTGACTGATTCATGGTCAGCTACAGCATTGAAAGT
AACCAATGGTTATATCAAGCTGCGACAAAAATCCCTTGGATGACTGTAAGAAAATGAGTGCATGCAGAAGATCTTCCCGCGTCTC
AACAATTGGACAGTTTTCGCTCACCACTCACGCTTTTGGTTAGGCAGTTCGGACTCGGCTTCTCT
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> 4AA (EATMGAOB76K)
CGTGCGTTCACATCCACCATCACCACCTTCTCCATCACTGTCAGTGCCAGBCCCGCTGCCCTCTCTGTCTCTCTCCCTCTCCATCCT
TGCCTACACGCCATGCCCACCAGCGCAGCCGTTTTTGCCATGCTGGCGTGTCATTCGACAACTTCTCAATCATCACATTCTTATT
GCGTCCTCCTCCCGATGCCCTTCCAAGCCGCAGCAGAGCCGCAGAATCGETICCGCAGAATCGGCTTTTGGCCAGGCGAATCA
AGACCTTTCTTCCACTCAACTGCGCAATTGTTACCCCGAACGCGATACGASTACGCGATGAAATTGCCTGACCTGATCGATGGTT
CTTGCGCTGCGGGTTCTATTGCTAGAACAAAATGATTTGCGCCTTTGCTGECATGAAGCGAAATGCGTGAACTCCAGCTCGGATC
TCAGCAATAACGAAGAACGCAATTGAGGCAATTTGGGCCCGTTTGAAACGAMGTGGTACGTTGACAATGTCTTCNCANGGGNACT
CATC

> EATMGAO0279K
CAATTCTTCTTCTTATAACTGACACGGACCCCTTTCACCTTAGGCACGCATTCTTACAAAGATCTGGCGGAGTAAGAACCTGAGT
AAACCGCCGTGGTAAGCGCTATCCTTAGGGAAGAACCTTCCGTTCTCAACBTATAATCCTGTAGCTGCTTCAGGTTCTTACTCAN
GGACTCATC

> 2AB (ECCMAT0417J)
GtGTCTGGAGCAAGCGTGTGCTGACTATGGGTCTTCTTGGTTCCTGATCAGAGGTGACATGATTTGAAAGAAATCTAGATTTCA
GACAGGGGACATCTTGTGGCACATTCAGGAACTCACTGCACTACTGAATGTAACTGCGCCATCCGACGCAGGAACGGCAGGTAC
AGTTGTCGAAGTTTTCAGGTCTTAGAAGTTTATTCCCATCTATGTGATGTAAGTCAATTTCTCCTTCGGAACAGTTAGTAGTTCACA
TTCTGGAACGATCAGTAAAAGGTCAAGGCAACCTGTTGTTGCTATTCAAGTGCTCATATACATTTCCCNGGGGAACTCATC

> 3A (ECCMATO0358J)

CACACCTGGTCTTCTGTGCTGTTAGGGACATTGCCAGCTGTTATCGTTGABT TACCTGGATGTAGTGTAAAGGTCGGGTGGTGAA
TGGAGCTAGACATTCTTTATCATCTTATTGTTTTCTTGGCATATTTGATATATCCAGAGAACATGGTTTTGTACAATACTGTGGTGG

ATGAGATGCAGGATCAGGGACACTACCAAATTGAGCAGAAACAATGGTATTTGACATTTCAGGAGTTATTTATCCAGGGNACTCA

TC

> 9M (ECCMAT0288J)
TAACATCGGCGACACAAAACATTTACATCATTGGTGAGGAGTTGTAGGAAACATGCAATTTTGAAGGGGAACTACGGTACCCTAC
GTCATTTGGAACaGCaNAATATTTTGATACCCTTGTGTCATTATACACCATTTCTTTTTTACATAGGCAGCTAAGCTCTGCAAAAG
CTTTTATTTATCCANGGNACTCATC

> 30 (ECCMAT0117J)
GACAATTATACGTAGCATATTCCTTCGTATTGCATTTATGAGGCTCAATATTGACCAGGNATGTGCATTTAACTCAGGACTCATC

> 3K (ECCMAT0278K)
AACCCCCCGGCCGATTATCCACAGACTCGAGGIATTTGTTGGAGATATTCARACTCACGAGTTTCTGTTGGTTATTATTCTGCACAT
GCGTTAGAGGTTACACTTGGACTTTGTTCACTGCAGICCCTCAGATACCTECAAATCTTGATTTATCCAGGGACTCATC

> 3H (ECCMCG0418J)
CAAATCTTGAATGAAACAACTAACATGTGGTCCAACACAGTCACGATCTACACACAGACAGTGGAACTACCGCGCGGTAGAAGA
AAACAAGAACAGAAAGAAAGAAAGAAAGAAAAAAGATGCCTCGCAGGTTTC ATCTGTAGATTGAGAGTAGGGATCGGCCCGTTG
TTTCTGCTACGCTTTGTCCAGGGTAACTCCCAGCTCTCGACAACGCCATTIGCACGGTTGAAATAGTTTCAGATATGAGAAGGGT
TTTCCTTCGATAGATGGATCAGTGCTTTCTTTTAGTAGATCAACAAGAGATCAATGCTTTTGTTTAGTCAGTCGTTATCNNGGGACT
TCATC

> ECCMCGO0580K
CTGCAAGCCGGCTCCAATAGCGCGTGCTGCTCCAGCATGATCATGAGCTERAGCAGTATCTAAACGGTCAATTAGCAATGCGAA
TTTTGTAGtACAATATGAAGATAAACTCACGAATAACAATCATCAGCCTCT GAAgCAgCCTTCTTGATAACGTCGGAGTCGTCTAGT
GATCCAATGGCCAGCTTCACATCAGGATATTGTTTCTGGACATCCTTTCCTTCTCTTCACTTCTGACGAGAATAGGGTACTTCCAG
CTTGGCTGCGCTTTTGTCAATGCATAAAATGCGTCGCCGCCGATGAAACCGTAGTACCAGTGCTGATCTCATGTTAGAACATGAA
TGGTCAATTGAGTAAGAAGCTTACATGAAAACGTTCTTTGAGGTGCATCTTGATTGAGGTGTTCTTTCGATTGCAGTCGTCNNCNG
GGGAAACTCNTC

> ECCMGTO0714J
GCCAATCGTAACaCCGCCCCAGATAAACATGATGGCAGGGGAGATATTGCABTCGTGACGGCTTCOtGTGAGGATCATGTTGGAAG
GTACTTCAAAGAGAACGTATCCGACGCAAAAAGCACAACTAGGACGACGGAAGTACTTGTTGGAATCGAGGTTGAGATCTTTGTC
CATGCCGGCGATTTTCGCGTTGCCGATGCTGTTGAAGATGGTCAGCTTTGHN GAAAGCGGAAAGGGTCAATGGGAAACTCACTT
GGTTCTGTCCATGTAGGATAGGAGGTACATCAGCCACATCATGGGCAGGAGTAgAJGATCGATTTTGCGAACAAGCTTCTTCTCTG
CTTCAGTATCGGGTATATAGTCATCAACCGTGGAGGATACATCCTTTGGGTAACGACGTTATCGTCATGTTCAAAGGATTGCTTG
GTCTCCATCTTCTCCATCTGATGAGGGAACTCGCTAAGAAGAGGC

> 9K (ECCMGT0446J)
CAATGCGTACAGGACACATGTCAGATTTCTACGGGACCAGATGGACAGTCTGCAATGGCGTCGGCTGGAGACCAAGATGAAAT
ACACCAGTACCTTCCAACGGCGATGCACTGTCATTATGACCTGCCAATTTGGCTCTTGTGGGCGACGAAGACACTGATACTAGAG
GGAGCAGACGTGAACGCACAATATGACCGGTTTGGCACCGTCTTACAGATECCGCCCTGATGGGCCACCTGGAGATTGTGCAAC
TGCTACTAGACAATGGAGCAGACGTCAACGCAAAGAGTGTCATATGCGTGAATGCTCTATACACCTGACTACACTTCTCAGGGG
ACCTCATC
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> 9N (ECCMGTO0347J)
TCATCCTCCCAGCTTCTGATATAAATTTCAGTATCGCAAAGCTGCAAGTTICATCTCTACGAGCACATAAGCCCAAGTAAGAAGAA
GTACACAAATAATCTGGCTAATACAAAATATGATTTACCTAAGTGAGACTA TGAATGCTCGTAATGCAGCCCTGAAGCGTCGAAT
ACACGTGTCCTTTCAGGTTGTTGACCAATTTGCCGAACTGTACAAATGCTGGAACTTATCCANGGGACTCATC

> 1F (ECCMGT0168J)
CGTTTTCAGTCAAGCTGACAAGCTTATTCTGCACAAAGTTTGTATAGCATICCTTGTGTGGGATTCCACAACTTACGTCAGGACTC
ATC

> 3K (ECCMGTO0373K)
ATACTGTACATCAAATATATGCGCATCTGTTTCTTTCGTCCTAGTCTCGCTGTGGTCTTAGTCTCAGGCGTCGCTTCTGTCTTGGG
ACTACATTCTCGTCTTCTTCCCAGCAAGATCAAAATGTTTTCCTTGCTATAMTGGCTCCCGTTGCTATCCTGGTCGCTTGCTAACTA
GTCTGTTTTCCTTCTTCATACTGCCCTTCGTTCTGTCAATTCCATCTCTT®GGACAGCCGATACCGAGCCCAACCAGTCGGCGCGG
GCCCGACTTCTCAGGGACTCATC

> 6l (ECCMGT0362K)
AGGCTTATCTGGGCCTTTGTCTGTTGTTTGGACAACCAGGCCCTGTTTGATGTTGATTCTTGATGTAACTTTTCTGGTACCTAGC
AGTCTGCCTTGAGGTAGTTAGTAACCTTTTTGTCCAGGAGTCTAGCAAAAMAAAAGTGGGAGGAAGTAAAAATGACAGGTGAA
AGTTTCTAAGGGNCTATGAGGCACATGGGCATCGTGATATTACGTTGATTCATGATAGIGATAATCTTACTTANCCNGGGACTCA
TC

> 3T (ECCMGT0251K)
TTGCCGCTTAGCCGGTGCTTACTTGGGGATATCCCTGTCATTTCGACCTAGTCAGTATAACGCANAGTATGCTTTGACCAAATAT
AAATACAGAACCAACAACCAACAACCGAACACCAACAGCTAACCAAGAATC TACAGGATACTTACTCAGGACTCATC

> 2AB (EGAMTCO0386K)
GTATGAGATTTTGAGAAAGCTTATTCAAATAACGCCGCAACCACAGACAGGAAAGCATCATGACGTCCACAATACTGTATTGCAT
TCATTCTGTAAGATTGACTCTAGAGGTATACTCTCATCGAAGAACGAGACGAATAAGCGGATTTCGCCTGCAACCTCGCGGCAGA
GATACCCATGGTTTCGAGACATGTCTGATACTTTTACAATGCAGTGTACTACTCGGGACACGTAGTAATGTAACCGTGCATGTCA
TCTTTCACACCGCCGACAATAAGTAAGTAGATTACTCANGGGACTCATC

> 6A (EATMCAO0383J)
GAGGCCGGATATACATATTGCCAGCAAAGTCATAGGGAGGAACAAACTCTGATTTTTGGCTACTGCCAATATGAACACAATCAA
GAAAAAGGTTTTCTGGGACTTGCGGCATGCTGACTACCGACGCTGAGTGTARCAAACGTGCTGCGTGTGACGTTGGTCGGAATAT
CAGAATCTTATTATCAGCAGTTCTGTGTGCTGAGAGAAGTCAACTGCCAATRTTCCGACTAAAAAGGGATTGTGATGCCAACCCA
AGAGTCCTTCGAAGACTTGTTGTCCTGGAAAGTGTTACTAAGGGACTCATC

> 3B (EATMCAO0377J)
GCTAATAGGACGACATCACAATTGAATGGTCGCCTGGTTCATGCCAGCGGBGGTGCCGCTCATCATGTCTACGTCGTAATATTAG
GCATATGGATGGTGGTTCAAGTTTGTATGGCTTACCACCCGAGTCACACGGAAGTTTGGTAGTTCACTTCAGGCAATAAAAGCA
AATTCTGCAGGACTTTTGTCCTGCTCTAGTGGGTACTACAGCTCATCAGGATCATACTGCCACATTTATCCACCAGTCTAGGCAT
AAGGATGAATTATTTTTGGTGTTACTCAAGGGACTCATC

> 6M (EATMCA0352J)
ATATCGCTCCCACGAGACTAATTCAGGCACAAGTGAAAGCGACAACGACTGTACACGAGGAGGCCGAGAGCAGATAGCTTCTC
AAGTGATGATTTTGATCCCTACGATAAGTTTGATTTCTCCACCCAGGCTCATCTATAATCACAGAGTCTTCAAAGGGTGACGATT
CTGATGCTGAACCGCCCGAGTCTGAAGAACATGTCGCTCTTGCCAAGGGTITACTCAGGACTCATC

> 40 (EATMCAO0305J)
AGCGCACCATCTACGAAGTCTCCGATCCTGACCATCACAAGTATGGCAAGBCCTCTCTCGTGAATCTGCCAAAGCTCTCCTCAGA
CCTTCCAATGCTGCTACCAAGTCTGTACAAGCGCTGGCTCTCCGAGGCT@GTTCCCGACCATCACGTCCGTGACGAGGGCGAA
TGGCTTCAAATTCGGACCACTGTTACTCCAGGACTCATC

> 3Z (EATMCA0212J)
TCACCCgAAATCAACATCTCAACGTCATGAATGGACCCGATACGCTGGTGTTGCTCCTATTTTCGATGGTTACAGTGGTCATTGAC
TTTTGCTTGTTGTCTACTCAAGTACTCATC

> 4] (EATMCA0199J)
CTGGATATCGGTTTTGTGGCAJAACGCCAGGGCACCATGCAACTTGAAGAGTGGGAGAGTGTGGGTATGTATGAGGAAGTAATT
TCTTCTGTTACTCAGGACTCATC

> 1E (EATMCG0329J)
AGACTGCGTACCAATTCATATGTGATGGTACGGATGGTAACCCAAAGGTCATAATTTTGACGGGATGGTAACGCAATTCGGCAT
TTTGCCCTACATCCGGCACAAATTCAACAGAAACACCGCCCTTTTCCATCBGTTCCAACAAGACACTCAGTAGGACTTCTAGAAC
AGCCGAGTTTCTACTACAACAAGGAGTACGACAGCCTGTAGTGCTGTCTCAGTCACTTCCCGCTGTTTGTGTTGTCCAAATGAAG
AAGAGGCTCAACACCTGGATTCCGTTACTCAGGACTCATC
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> 2J (EATMCGO0537K)
GATGAGTCCTGAGTAACGTGGGTCGTTTCACAGCCCGATTGCAAACTGAAACATGCTTACAGACCACTATTTACTACCCTGCAA
ACATCAAAAACTCCTACTGCATGAAAATTTCTACTTCCAATCCGCTGGGTAGACAGGCCATCATCATCTCGTTACGTTGGAGGGTA
ACATCTGTTGCAACAGCAAAGTCGTGATAGTGGAGTCGCCGCAATGTCGCTBCTGTTTTGGCGAACTCTAAATGTAAATCTAATCT
GACTTGGGAAATATATTCGTTGGCGGGCCCGGACCGCATAGCTAGTTGTIOTTTCAGCTGGCGACTAAACTATTGAAAAAAGCA
ATGAGCTGATACTGCCGTGTGCATCCAAAGTCAGGCATGTAAATGATGATGTTGCAGATGGTAAGCTGAATATGGACAATTATC
GTTCCCAGAGTGTTATAAAACCTGGATGAATTGGTACGCAGTCT

> EATMGAO0374J
GATGAGTCCTGAGTAAGAGCTTAGCTCCGCCACTCTGCTTCACCATTGAACATACATCTTCATAGTGTCCTCGATGCTGGGGTCT
GAAAGCGACTTGAACTCGTGACCCATGCCTGCTGAACCAATAATGTCGAGASAAGCACGACTTGCCCAGTCTGCAATGTCGATCT
GAGAACCTGGAGCTTCTGCCATTTCCTTTTCGATCCCGTGGACAAGATCTEGGCTTTGGACCAAAAGACTGTGTAGAGTTCCTTG
ATATGGCGGAAGCTGAATGCCGGCATGAGATTCTTTCTTTGCATCTACGATATCAGATGGGTATGATTGCAGAGATATGAATTGG
TACGCAGTCT

> 3AF (EATMGAO0170K)
AGACTGCGTACCAATTCATATCGTGCTATGTGTACTCGAGTGAATGATAGASTTTCTGTGAGGTGAGAGTATGCCCCTGACTATAT
CGCTGGACAATCGACTGGGCTGCCATTTATAAAACAACCTCAACCGAGGACGAATCTTACTCAGGACTCATC

> 3J (ECCMAT0528J)
AGACTGCGTACCAATTCCCCCTAAATGCTGTAAGCCATTCGATGAAACAGOGTCGCGCTCTCGGGCTCCCCTTCTCTGGTCCATC
TCTTTCGCCAGATGAAAGAGGAAGAAGAGCTCCCGATTCCTGATCGAGTGACTGCTACCAAGGCAACTGCGCAGCGTTTATCCC
ACCCGACCTAAAAGGACAATGCCCTATCTGTCCCTACAAAACCTGCGTCGRTGTGGTGAAAAAGCCCATGATGGATGCCCTGCG
CTGAAGGAGATGCACTGGAAGATGTCTGGGCCACCATGGACGCCAACAAATCGTGAACTGCCCCGATTGCGGTAGGATGATCC
AGCTGTCAGAAGCATGCAACCATATGACTTGTCCCTGCGGCGCTGAATTTETTTTCTTTGCGGCGTGAAGAGTAGGCGCTGCGGT
TGCCCTCCATATAGGAACTTCGATTTACTCAGGACTCAT

> ECCMCG0544J
GATGAGTCCTGAGTAACGAGGAGCGAAAACACAACACCCCAGAAGAGACCEAAATTGTCAACAGCGCGTTGATGAGAGTCTGG
GTTTCCTGGGAGCGGTAGCCGATGGAGTTGAGGATAAGAGTCAGGTAGTAGTGATCAAACCATTGCCACTCCACTGACCGAAGA
AGCCAACCGACAGAATGATAAAGAAACGACGACGGTTTCCCTTGGTCTTGAGAAGGAGAGATAGCTTGTGGATTCCATAGCCTC
ATTCTCAAGACGGATCGCAGCACGAATCTCTTCCATCTCAACCCCAACAGCGGGTTGTTGCTGTCGCCGTTGGCGTGGTACCTGA
TAAGAAGCTTCTCAGCCTCAGCATCTCGGTCTTTGGCGACAAGCCATCTGGTGACTCGTCGATAACAAAACACAAACAAATCTG
CAAAACACTAGACAAAGCCTGCAGAATAGAGGGAATTGGTACGCAGTCT

> 2V (ECCMCGO0652K)
GATGAGTCCTGAGTAACGGTAATCCAGGCCATGCCTGATCCTGAGCCAGTCAAAGTCCGATGGCAACGATGAAGCAACCGGCG
AAGCTCATGGCTTGGTTGTAGTTGGCAATGAGGAGGATGTAGCCGAGCATATGACAAGTCCACCACCAATGCAAAAGAGTCCTC
GTTGTTGAGGTGCGATCGCTGATCCTCGCGCAGATCAGGTAGGTAGCAAAGCAACGACATAAACAGGGTCAGTCATGCCCTGGA
TCTGCTTGAGGGACCAGTCGCCCATCTCCCTGATGATGGTGGGCAAGAATPACTGAAGCTGTAGAGGACTGAGTGACTGCAGTA
CGGGGCAATGGAAAGGGCCCAGATCTTCCAATCCTTGATAGCAGCGATGARTCCTCCTTGTGCATCTCCTGGCCAGATGCTGTCT
GACCAATCTCCGCGCTTCGAAGATCAATGAGAGCTCGGCGGTCCTCTGGABAGGCACTTGGCTGTACCAGAGGTGTTTGGGAG
GACGAAAGGAACATCGAAAGCAGTCGGTACAGTGGGGAATTGGGTACGCAGCT

> 3S (ECCMCGO0627K)
GATGAGTCCTGAGTAACGATTATCTGTATCGCGGTATTGTTCACGCAACCTTGATATGGATATTTTATCTTATTATCCGACGAAG
ATTGGATGTCTCAGCTTCTCCCTACATGGTTCCTATGCGCGGCTTCTACAITCACTTGTTATTCTAGGAGTATTCAAGAAGCCTGG
TGTGCACAGAGAATCAGAATCGGATACCGGACCGCCACCGTCGTGGACGGICGCCTGAGTTATACAATAAGTCTAATGCTTTGC
GTCGCTCTCGTCAGCACAGCTGTGACCNAGATACTAGATACTCTCGGAAAARTGGTCTCTCGTGGAGAGGATGCGGTGTCAGCAA
TCGATGTCCCATCTGACATACCGACCGAGGGGCCTTCGCCCGAACAAGAAGCACCTCCAATGATGATGCGGATACCAATGTGCC
GCTGTCGGTGGGACTAGCTGCGACTTGGTTTGGAAGACTTGGCGCTATTGTGACCGCTGGCTTGTACGTGCCCTTACCATACACT
CAAGGGGCTAGTGTGGGAATTTGGTACGCAGTCT

> ECCMCGO0193K
GATGAGTCCTGAGTAACGATAGCATCGCACGTCTGCATGGATCGTCATTGAAGTTAGTCTCTACTGTGTCTCTGTACTCTGTCTA
AGATAGGTATCATTTCTCAATCACGTGAATCTTATCTATGCGTGTCATGGATGAAGCCAAGAAGTGGTATCGGCAATTTCTGATTG
GGAATTGGTACGCAGTCT

> 4AC (ECCMGT0614K)
GATGAQTCCTGAGTAAGTCATTGCTGGGGTAGCACTCGATCTAAGCACTTACAACACGTACAAAACATATCGGCCAATGAGTCA
GGAATACCCCTACTTGAGTTACCCAAGACATTTCAGGACGCCGTGTATATABCCAAGGCCCTTGGGATTCGTTATCTATGGATCGA
TACATTTTGTATCACCCAGGATGATGAAAAGGACTGGGAGACACAGGCGTGCTTATGGCGGCAATATACGAGAATGCCTATATC
ACTATAGCAGCAGGGGCAAGTGACGACGATGATGGCGGATTCTTCTCAGABGCTGGTGAGAGATACGAAAAACCGCACAAGTTT
CACTTGAGTATTGATGGCATTGATCATGAATTTTATGTTAGAGATGCTGTICCACATCCAGGTAATGAATGGCCAGGTGGACGACT
ACTCCCGTTGATGACCCGTGCTTGGACTATGCAAGAGCGCCTACTCGCAABAGATATTTGTGTTTTGGTCACGACGAGATATTTT
GGGAATTGGTACGCAGTCT
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> ECCMGTO0582K
AGACTGCGTACCAATTCCCGAATACACTCGGGACAGTTTGGCGAGTATGGBCAGGGTATCGGATTACCCCCGGATCCCAGATTC
AGATCCAGCGACAACTTGATAGGCCGCAAAGCATGTTGGGGTTTGGTAGCGTGGTCTAGACTATGGCCTTGGAATGGTAGACAT
TGAGCCTGCCTAGTTTCAAGAAATGTTTTTGAACTTTTCGCGGTATACATTTACCAAGCTGCCCAGCCTTGGCCTAGCGATAGATTT
TGTTTCACACGCACTCAAGAGTTCCATACAACGCTGTTTGTCGAATCAGAGAGATGGACGATCATAGCAAAGCCGTATTTACCC
ACCCGAGGAGCTCTGTCCCACTGGATATCATCATCGTAGGTGCTGGACTIBCGGTCTTGCTGCAGCTGTGTCGTGTTCACTGTCG
GGGCATAAAGTCACCATATTCGAGTCTGCAACTGCACTACAAGAGGTAAGOACAACGACTTACTCAGGACTCATC

> ECCMGTO0482K
AGACTGCGTACCAATTCCCAGTCGTCCCAGCCGCTGTTATTCGACCTCAABCGTCATCCAAGTCGCCGAAACTGTCAAGTGCGCC
ACCAAGCATGGAGCCAAAGTGCAAGCCTTGTCTGGAGGTCACTCCTACGGGATGGATCCCGACCAGAGAGCATGACAGAGCTA
ATTTCTGTAGAAACTATGGTTTGGGAGGTGTAGATTGAGCTATATCTATTGATTTGGACAACTTCAAAGATTTTAGCATGAACAAC
AAGACGTGGTATGCCTCGTTTGGCGCAGGCATGAATCTAGGTGAACTGGAGAGCATCTGCACGCAAATGGGAGACNAGNCATC
NCCCACGGAACATGCCCAGGAGTAGGCACTGGAGGGCATCTGACANTGGTRGTCTACCGGCCTTTATCTACTCGTNTGACACTT
ACTCAANGACTCAT

> 4D (EGAMAA0344J)
GATGAGTCCTGAGTAAAAATCCGTCGCTCGTCCATTGTAAGACCAATCGCTTCCCCGCCCCATCGAAGAGGATCATTCTTGGGCC
ACTCCAACCTCTCCAGTCTTGGGGTTCACATCGCCCTCAAATTCTGGAGGECACCCCGGAAGTAGNCCACGTTCATATCACCATC
TGTCTTTTTCTCAGGTGTAGTTGTATGCTCGATTTGTGAAGTAGCAGGTGEGCTCCCGTGACCTCTGCTGTTTTCTCTGTGGGCTG
GAAAGCAGATGATACAGACGCTGCGCGCTGTANACGCTCGAATTGGTACGEGTCT

> EGAMAAO0177K
AGACTGCGTACCAATTCGATCTAGCCAGGAGAGGAAGTGTGCTCCAGCAAGAAAGCTTTTGACACTAGAAGAGTGTTGAAGAAC
AATATGTACGAAAAACTGCCGAAATCTGTTCACTATTGTTTTTCTACCCTAATCTTCTGCCATTTTACTCAGGACTCATC

> 5D (EGAMAT0721J)
agactgcgtaccAaTTCGAAGCGCGTTATGAGGCTGCTTTGCACGATGCAGGACCAGGAGCGTGAGATCTTGAAAGAGGCAGATGCA
TTGCAAAGGTaAATGTTTTATGTATTTTACAACCACTGACAAAGCTAATGCGCTTACAGTATTTCAAAGTCTGGGCAGCCGCAGCA
TCAGCACATGATGATGAGCGGGCAGCARAGCGGTTGCAAACTCGAAGGCGLTITGTGAATCTTGCCGAAGACAAGATGGAACGA
AAACAGCAGCACTGTAAGATTTCACTGCTGGACGCCTCTTTCTGGACGAATCGACAWTCCCCCAGACGATCAAGTTGTAAGGGCC
TTTGAGAATGCGCTGGCTCTTCTCAAATCCCTGTGAGCGTTGTACTCTACBGCTTGTGGTYTTTGACTTGAGTTACATTTCCAGGC
GAATGCATATTTTACCCAAACCTCCAGACCAAAAaCTTTTAGCCYTACTTYCCAACCACACTCCTTAITTTGGCCCTTATTCCTTTCC
GTTTGGATCCAGGTCCGTGGCTTWTCATATACCGACACGTGACGTAATTABGCCTGGAGCTCCAGCTGTCGCGTCTCCCCAATCT
CGCCARAWCGCAAAT

> 9N (EGAMAT0360J)
GATGAGTCCTGAGTAAATTCAATTCAATCTTGCGCTTTTATTGTCAAATTTCAAGTACCAAACACCATTACGCTCCCCAAATATTTA
CTCACAGAAGCCAAGTCAAGTTGACTGAAACAAGACCTACTTACAGCTTCGATACGTTTTCCTGCTTTCGCAAAAGATCTTCACCC
AACTTCGCCATCTCGAATTTACGCACTTTACCACTTCCTGTCAGAGGAACGTCGCTGGCACATCATCATGGCCCAACCAGAAGAC
GTGGGCTGGTGACTTGTGACCGCCGAGTCTCTTGCGACACCAGTCCTTGABCCTCGAATTGGTACGCAGTCT

> 8B (EGAMATO0181J)
GATGAGTCCTGAGTAAATCATGATCTGTATCCATCAAGGTGCCGTCCTACBTGGGACCTAACCATGTCTGGCAACCATACACATT
GTTTCAGAGTTTCGGCAAGCTACCCTAGATCCCTCCTCAAGTTATTGATTTGTTGACAGCTGATTCGAATTGGTACGCAGTCT

> 4F (EGAMATO0378K)
GATGAGTCCTGAGTAAATACAGAGGCGACTTGTGGGCAATCAAGGGTTTCTCGAAGTCACTCTTGGCTGGGGCAAACTGAGCTT
TACGGTCGCCAAGCTCATTGATGTGACATGGGACTTGGTAAGACGTATGCBAGATCATACAATTGCTGTTTCTGATTTGTATTCT
TCCTACAGGTTATTGGTAGAGGATGTCAGGCCGTTATGTCTCTAATTGCTEGAGGGTATACACCGAATATCTCGAGGTGTCAATA
GCCATCCGACCAGCGACATACAAAACGGTGTGGCTAATGCGATTTTACCABATACCTCCTTGCTATCATCAATGCACCTGTTTGT
CGAATTGGTACGCAGTCT

> 2T (EGAMATO0800K)
GATGAGTCCTGAGTAAATAAgGGATATCACCAATACAATTCGAAAGCTCATGGACTCTCCCGCACTCAAGACTACCAAGAGCGTT
TCCCAGGGGCCGACAAAGAATAGTTTCAAGATCGATAAAGCACAAAGCTCGITAGTAAACTACAGCCCGGAGGTCATCCAAAAA
CAATATTCAAAGATTCACGATAGTCWTACCAATGGACGGGCTAGGGGCTTG&GGTGCCCTTGAAAGACTGATCAACGCTCATTTAC
ATGCTGCCTGGCAAAGCGGTTTCCCTAGTGGTATCGATGTTCTCAGCCCATTCTGAATACACAACAGCGATGATCGCCCCCGCC
CTAAATCTTGCCAATTCACTCGCCCTTTGCCCCGATAACCCTATCCCCTCIBCATGCCCCCCTGGGGTTTCGAAATGCAATCGTTGT
GCTGCCGGCACCACATCGATGAAGGTCACTACCTCTGACCAGTATCATAATCGACTGACGAATTTGTGATCGGGACAATTCCTC
ACCCCTGGACCCTTGCTACCTTGACCAGCGGCAAGGAAACGGTCGATGTABCTGGATTCGTAAGGAGGCTCCTCGGGACCCTTG
GCTTGAGACAACCACCAAGGGCTTATTAGGCTCAaGAGTCTCCAGCAACTGCGAATTATGAGCTTCAaGCAAGCGGKGACaAATG
AGCAAGCACCTACAIATGCACTTTGGCTGTACAGCTGAAGCCGATATTCCGCTGATCTGGAGTGGCAATTTGGATTTCGAATTGG
TACGCAGTCT

> EGAMTCO0600J
GATGAGTCCTGAGTAATCTTACTCCTATTTGCAAAGAGTGAAGCATGACTAAACGTTGTGTTATTGATGCTGGTACGGGAAGRGG
AATATGTACAATCGACTTTGCTGATAAGCACCCCGATGCAATTGTGACTGA GTAGACTTGAGCCCAATCCAGCCATCTATGGCGC
CCCCRGTGTTGAGTTCCATATAGATAATATGGAGGACGAAACGACTTTCTOGGAGCCATTTGATTGCATGTATTGCTGTTCCATGA
CCGCTCCTTTCGCTAACTGACAAAGGCCTTTCGAACAAAGCTTTATAAACTGACACCTGGTGGCTGGTGGCTGGATTGAGGTTGT
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AGATATTCTACCTCCYACATCTGATGACGGCACCATGTCTCCTGATACGGGCTTTACAAATGGTCaGAAGTCGAGaTTgGGATGTG
TTGCTCACAGACTTGAGAGAAGATATCAGAAACAACTCAATACATGCCTACTGACCTGTGTAAATTATTTATGTCaGAATTGGTAC
GCAGTCT

> 9L (EGAMTCO0432K)
AGACTGCGTACCAATTCGACGTATTGGCACTTCTCGTAGCTGTGTCGCTCPRCCTAGTCAACCCCCTATGTGTAAGCATGTTTCGTC
TATTGATATCTCGGCAATGATCGGCTTTTGTGTTTGGGTCGGTCGGTCGATITGGTTGGGCTGAGCACGTTCGGTGCAGGCGCTT
GGGACTCGACTCGGGCTTGCTCTAGATAATGATTGTTGACTTACGGAGCACTCCAAGGGGCATACCAGGTATCCCGACGGCACT
TGTTGAGGGGAATCAGAAGGTGGGCGCAGCTGTCTCGGTAGGCCAGAGGEN TTGGCATCGCGCATCTCCTCGCGGGTCGCTTC
TGCTCAGGAAGTCAGCGGTCGAGGTTCGGGTGGTGAAATATCTGCTGGAGA ACTCAGGACTCATC

> 8C (EGAMTCO0740K)
AGACTGCGTACCAATTCGAACGAAGTTTTCGTTTGGCCTAAGACTCAATGGTAGCCAGGATTGCTTATCCAAGGCTCAGGAGCA
CACTTTTTGTTCTTCATTCCGTATTCTAGAAAGTTGACTCAACTGAAAGTGSAAACTACGCATACCATCNAGGCCCAAGACTTGAT
GGTCTTCCGATCTTGCGATGGTCAAAGTGATCTTTCCCATATCTCCATCTBCTGANATATGCTCCGTGATGTTGCCGGCTGGGACT
AGTCTATCCATGCCTCTAACGCCGAGCCATACAGTAAGTAAGCTTGCTGAACTTTGGTTAGCCTCTTTCCCAAATTGCCAAATAG
ATCATTCTGATAAGAGACGTGATCGATGTTTCTCTGGTCAAGGTGCCACATTCGAAAGGATTTGTGACCAAGGTTCAGTTTCGAG
CAGGTCCAGCTGATCATACCAATCGTGCCAGGGCCTTTTATTTTCTCAAABTATATAAAAAAAAAACTCNAAGGTTTTTCTCAGG
GGCTACGGATCCATCGTCGGTAGATTGAATCTCGTACATTTCCTCGGCTTBTGTCCCGTCTCGTCGTCTCACNTCTTTTGACTATC
AAACCAATAACTGTTAGTNTTCTNTACGATTCTCAACTTGAATATTGGGTCTGATTNCTCNGGATNATN

> 3AM (EATMCA0196J)
AGACTGCGTACCAATTCATCTTGTGCGAGCCTTGCCGAGACGGCAGACTABGGTGAGAGTACAGTATAAAACAATAGACGAGC
AGTGAGAAAAAAAGAGAAACTGAATTGGAACAAGTCGAGAGAAGTAGCCGA CGGAGATATGGCGACTTTGATAAAATCAGGTC
AACTTTTCTGTTACTCAGGACTCATC

> EATMCA0602K
GATGAGTCCTGAGTAACACTGGTTTGCGAGAGTCTCGAGCTACATTGAAACGCAATGCCTGCACCGTCCCTCCCATCCCATACAT
GTTGAATACGTTCCATAGTTTCAGTAAATATCCGAAGCCCACTCTTCTTARAGAACTTTGAAACCACTGGATAAACGAGTCTCTG
ATACCAGCATCGTCTGTTTCACAAGCTGCAATAAATGCAGGCCATATCAACCTCAAAGACCCATATCCCATCCCTGCATCAGAATC
GTCAAACTCAAGTAGCCTATCACGTACACCAAGGACATGTTTCTCAAGCATGCTAGGGTCCAAGTCGTAGATCCTTCGGTAGAAA
TAGACAGAAAGGGCATGCTGCATCGTATCTGCGAGACTGTTGAGAAGATCBAGGATTGTTGTTGTTCTGTGTCCACAGGTGCTTC
TGTCATCCATATTGACTGTCGGAGGATATGGAGTTGCTTGATCCATCTCTBACAGCCTTTGCGCGAGTCATGAATTGGTACGCAG
TCT

> 2N (EATMCAO0309K)
AGACTGCGTACCAATTCATTTCGAACAAAGATATCNAGAGTGACTACAATTGACAAACTATGGCAACCAGGGCGGCCCTACAAGA
AAAGGCGTCATGGATAAGTGCAAAGCAGTCCAAACACATGCGCGCAGGCACTAGTATTGGGTCTTCTGCGATTCGCCTTACGGA
ATGGGTCTATATACTATGAGGACCTTGCATATTGGAAACGGAGACCTCTTGGGCTGATACACAGTGATTGTGCACTAATCAACA
CGCTGTTACTCAGGACTCATC

> 11 (EATMCAOQ327K)
AGACTGCGTACCAATTCATGCACTCCAAGAGAATGCGTCCAGAGCAGGAATATCTGATACTTTGTACTTTCCCAACTGATCTATG
TGATGGATGTATACTATTTTGTCAATAAGAGTTGCTGCTTCCATGAGCCATGTGCCGCTTGACAACGTTCTGATCTGAACGTACTG
AGTCACGGTAGTGGTGTAGCGTATTCAAGATTCATACTTGTTAGCTTGGTAAACCGCCAGACTTGCATAGCATCAAGGACTCCTT
GTATAGATTAGCAAGTCTGTTACTCAGGACTCATC

> 1V (EATMCAO0194K)
GATGAGTCCTGAGTAACAACTGTCACGATCACTTACCGTAACTGCCTCTTCTTGGAATGACCTACCGGACTTTGTGCCCTTGGCA
TCAACATACCAATTTTCACGGGCATCTCCAAGACACTCTCCAACAGGGACACACGGTATCCTCTAGCTTTTAGAGTCTTGATCAT
GAATTGGTACGCAGTCT

> 9B (EATMCAO0149K)
AGACTGCGTACCAATTCATATCCAATTTTCTCCAAAGCAGGTTTTGGATGGTGAAGCTTCCCAAATATCTTGACTTGATTTCAGC
AGACTCTTTATAGGGGGACATAGGTTCCCTGTTACTCAGGACTCATC

> 4K (EGAMTAO0339J)
AGACTGCGTACCAATTCGATGATATCTTTCGCATATTTATCGATGCTGTT@ACGTCTTTGGTAACGCAGGCATATTCTACTGTTTG
TGTTGTTTCATCGATATTACGTTGCTGAAGAGTGGGAAAAATCGACATTTITAGATGAAAAGTGAATATAGGAAATTTTCTTATTT
GAAAGCGGTAGAGATCGGCAGAATCTAAAAAGGAAGCAGCGACCCAGCGTATCCGGAGTGTCTTTATCCTAGCTAATAAGCTA
TTATACAATCTATACATCTGCATTACTTTATTATTACTCAGGACTCATC

> 3S (ETGMGAO0677K)
GATGAGTCCTGAGTAAGAAGAATAATATCAATCAATCTCTCGGGAGAGTCTCCGTCCTCCACTTGGGTACCAAAAGGTGCATGAT
GGACGGGCTTAGAACCTCCCTCGCTCTCCGCAAGGAGCGAGGATCACACTGIGTTACATCATAGTAGTCCGAATAGACACCTCGA
TTCCGATGCCCCGATGCAGGGAGTTCGATCGGGTTATCTTGTTGTTGCAGCGTCCATATCCCCGTCTTTGTGAGACACTAGTAC
ATCCACGGTACCTTGCACTAGGAGCCTCGGAGTTCGGACATCCAGTCATTRACCGAAACAGATGCGTACTCGAACACGGCAGAG
GTGACTGAGACAAGATCAGAGATCACTCGTATTTATGTCTCACTAGAGGCACGAGCCGCGTTCCACCCGAGCCGCCTTCCAACC
ACGCCTCCTCCCCCATGCACCGCGGAGTCGTCAACGTCCACAACTACGAGJGTGCATCAAGGTCTGCTGGCCTGAGGAGCCTAC
TTGCCCTGAAGGCTGGGTGAGTGATGCCGAACTCTGTATTTCTCAAGGCTIIGCTAACAACTCGACCAGAATTGGTACGCAGTCT
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> 2H (ETGMGA0314K)
AGACTGCGTACCAATTCTGGTAATCTTCCCATGCCCCGCCCCCGGATATGERCACTTGCTCTCTGCTGCTTCTACGTGCCGTTCCGT
GCCACTTCAGTGCCAGTAGTATCCATATTTGACTTAGTATTACGTACTGARPCAAATGTAATTCGGTTATGGGGATAGGCCATGAT
TCAACTTGTACTACAGATCTCACTGAAGATGACTATCGGACGGTTGCAAATGAAAGAATAGCAGAGCATAATATATTCATGTCTA
TCTTGAGTTTCTTACTCAGGACTCATC

> ETGMGA0127K
GATGAGTCCTGAGTAAGATGGATTCCTTTTCTGTTTCCGCTCCCTCTTCT@CGTCGAGGAAAAGCAGAGCTACTTCCCTTCCGCTA
ACGCTGTCGAGCCCAGAATTGGTACGCAGTCT

> 3J (ETGMGA0145J)
GATGAGTCCTGAGTAAGACTAGGTTTGTCTGAGTAAGGTAAGAACAAGAAACAAGAAACAAGACTGAAGCCATCAACCAACAGT
TGACGGCGCGCAGATATGCATACAAATAACCAGAATCGGTACGCAGTCT

>5E(EAAMGC0435J)
GATGAGTCCTGAGTAAGCATCTAAAGCTCAAGTGTAAGAAGCTCGAGCAGAAGTTATCAACATGGCGCGGTAATCTGCTACATY
GATCAAAACGGGGACTGGGTTTTGTTTGGCGCTCTTATCATATTTTGGTTEBAATTTGAAGTTTGTTTTGCGGTCTCTACGGTTAGA
TAAAAAAAGGAATGATACCATGACCACATCATAATACTCGTCACTCGTTCT TCTTTCCTCCATGACGATACTTGCTCCTCTAATCTT
TGCTATTCATCTGTTTTTCCATTGTAGACTCCCGGTTGACAYGTCCAACGCGAAAGATGCCCAAAATCCTGAACGCCATGTGCCG
ATTTGGGCTAAGGATAGGGTAGAGCTAGGAAGCTGTCTTGAATTTGAAGAMAAGTTGAATTGGTACGCAGTCT

> 7L (EAAMGCO0320J)
AGACTGCGTACCAATTCAAACAGGGCCAGGTACTGAAGGCTCAATGGAAAOTCGCAGGGAAGCATCGTGAGTTGGTGAAGAGA
CAATTTGGAGTCGTAGTCATGAATTAGATGGAAACTCCGGAATATATAGAGGGGAGGTTGAGATGAGTCTTGGAAGTTCAAATCA
ATCCATCAAGGCTTCTAAAAAGAACAACACATCAAATCTCTCAAGACAAAA TAATGGGCAATCCTTTGTCGAATAACACCTCCAC
TCTGTAAGATTACCTTGGCTTACTCAGGACTCATC

> 2H (EAAMGC0142J)
GACTGCGTACCAATTCAATGCTCTCTCTAACATGCATTGCCTTTCTTGGCGATCCCCCAGAGGGATCTGTAGTAAGGGTCTGGGG
GAGTATATCCGTATCCGAGGTAAAGATAGCTTACTCAGGACTCATC

> EAAMGCO0387K
GATGAGTCCTGAGTAAGCCTTTACCACGAAATGGCCAAGTCGCCGGAGCABACACATGTCACCCCTTCAGACCCATTTCGCTGC
GAAATACATGCTATTTTTACTGGAACAGTATATGATAGATCTGATACCAAT CCCCCGGCTAATCCATTGCTATGCGCCGACAAGTC
CAATAAACAATACTGCGTTTCATAATTTCAGACCCGTGAACAACGCTTCGCTATTGGTACGTGGGAGCAAGTAAGACATGTATTGT
TATAAGTCTGTAAAGTAAYTGTATCTCCAAGGTATGGTATGAGAGCCACGTTCTAGTGTGTTGTTGRGCGCAGACAAAGACAGCC
ATGATGAGCTGCTGCTCGCTTGAATTGGTACGCAGTCT

> EAAMGCO0297K
GATGAGTCCTGAGTAAGCCTACCTCGCGACATGCTTCCAAACTTGTAGGGGTGGCTCGATGTTCAGAGCATGACAAAGCTTCTG
CCAATTCTCAAGATTGTCGGGATCTGTTCCATAAATATCGTTGAATTGTTICACCATCGCTGCTTTAAAATCTCGCTTCGCATCATC
TTCATCATCTCTATCCCAGTCGAAGAGATCGCTCATTCTGTTGAACTCTGTCAAATTGGATTTGAAGAGTTGTAATTGAATTGGTA
CGCAGTCT

> 4C (EAAMGCO119K)
GATGAGTCCTGAGTAAGCTAGAAGATATCCCAAAGAGGAATCAACTTTCGAGAAAACGATAAAAAAAAAAGCCATTGACATCCC
TTCTTCCAAGTTGAATTGGTACGCAGTCT

> 5] (EAAMGCO111K)
AGACTGCGTACCAATTCAATATCGCTACGACAAAGCATGAGGCTGGCTACCGTATTTGATATATCAAGCTGGCGAGGTAAGTAA
AACCGCTTACTCAGGACTCATC

> 6G (EAAMAAQ717J)
AGACTGCGTACCAATTCAATCATTCCGTTACCGTTCAAAACCGGTGAATATCACCAAATTTAGAAGGGGGATTCCCACTGTTTTGC
ATGGCCTGGGCGGCTGGAAGTTCTTTGGCTTGGCTGACTCTGGGCGGTGGRACTGAAAGCAGTGGTTCCTGGTGCGACGAGCC
CCTGCATGTCCGTCCGATGCCATGATAACCAAGAGTTTGGGCTGCTGGGGILTGGGCACTGCACTTTAGCCTACCCCTGTAAGAT
ATGGGACCGCCCCTGATCCTTGGAACTTTCAGGTGTCTTTCAGGTCTTCENAACGAGAGAGGAGGGTTCGTATCGGCGCGCTTC
CGAATGGAGTCGAGGGGCGAGAGTTTCAAACCCGACGTCAGGTCGTCTCT&EGCGCGCCAAAAAAAGTATCCGTCCGAAGATG
CAAGGGAGGATTTCTTCCTTTTCTTTATTAGTCCAATTGTTCCGCATGCATTTTCTATTGAATTGTTTTCTGTTTTATTCTCTCTTGT
CTCTCTCTTTTTTCTAACCAATTGATATTATTATTATTCTGTCTTTTTTCTICTTTACTATTGTTCTTTGGKATTTCCATTCYTTTATTT
CCTTCCACTGTCYTTTTTACTCAGGACTCATC

> 7B (EAAMAAO675K)
AGACTGCGTACCAATTCAAGGCAAGGCAGGAGCTGCAGGGCGCTTGGGT T GCAGAGATGCCTGGAGAACAGGAAAGCCTTC
GACCAGTCGAACTGGCTGCTTAGATCTGGAAGAGTTGTTAGTTACGATGTBATAATGAGTGTATGTTGGCGAGTTATCAAGTGA
TGTTCCTAACCGAATAATCAGTGTACATGATTGAAGATCCATAGTTTCGATAAATTATGAAGGGTATATCTTTACTGGCTTTCTTTC
ACTACGAAGGATAGCTCGCCAGCACATATCTTTACTGGCAATTTTGCCTTAAATGCGTTTGCCTTACAATGCGTTTGTTGGTGAA
GCTCAAGATAAGAATGTCAAAATGTCTACTCTAGGTTCGGCCTCTCCCGGCCCTCCGCGGCACGATTCCGGGGCCAGTGGGTCTT
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GACGAATAGGCTGCCAGGCTGCTTAGAACTGTTATTTTTATGTGGATCTCCAGAACCTCGAAAATTCTCAAAGAAGTAGAGAAG
GTTTGACTACATTGTACCGCTATTAGTTTCTTTTCAAGAGACTAGACATTCICTTTTTACTCAGGACTCATC

> 1L (EAAMAA0347J)
GATGAGTCCTGAGTAAAAGCCATGTACATTCCATAAAGGCCTCCAATTGGEATTTGCTCCATAGAGACTTCCAGCTCCATGCCTC
GCCCCCATTCTGGCCATTCGGTCCCTCAAGTTGTTTGACTTTGTCGTAAASTCGGGAGGGTTGTTGCAAAGTAACGTTCCCTCA
AGTTTTGGTACCAGGAATGATCGTACAATTCCCAGAACTTCTCCTTGGTGRGTATGCATGGGCATACAACCACTTTCGACCTCTC
AAGTCTGCCAGCTTCTTCTCCAGGCTGCGGTTTTTAGCCTTGAATTGGTABCAGTCT

> ECCMGTO0315J
GATGAGTCCTGAGTAAAAGGGATTCCAGTTGGTCGCTCATTTGCCTTCCABTGAGATACGCTCGGTTGGGGTCGCTCAGACCGCT
GTGCGCCATATCACCGCCACTCTCCTTGGGCTCATCAACCGCTGCCTCGAECAGGTGTTAGGCGAGCGNACAGCTTGGAGTTCC
AGCGACCACCGAGACTGACGCGCACCTTGCCAGAGGCATCAGTGACCTTIEAGATACTTGATATGCGCTGGATGCCTTCCAGCC
ACGCGGCTTGAATTGGTACGCAGTCT

> 20 (EAAMAAQ185J)
GATGAGTCCTGAGTAAAATGTAATGCCTGTCCTTGTCCTGCCTGTGAATGEATAGGGAATCCTTCTGCACTGTTCGATTCATGTC
ATGTTTTGCCTTGTATTGTCTGATACTTGCTAATTGCGCTGTAGCCGCCGIGCTTATGTAGGACTTGTTCCCATTTGAATTGGTAC
GCAGTCT

> 5E (EAAMAA0090J)
GATGAGTCCTGAGTAAAACTCCCTGTGAGTCTCCTCGTAAGCTGACCTTGIGGCGATTCGCATCGCTTCTGTTGAATTGGTACGC
AGTCT

> EAAMAA0377K
AGACTGCGTACCAATTCAAACCAATCGTGGCGCTTTACTCTGCCTACCTTCCATTTGGCTGCCATCTTGAGTTTCGGGAATTGTTA
CTCAGCGGGAAATTGAGTCACTACGAAGAAGATATGCGGGGAATCGCCTCBCAAGATCGAGTGACGTCGGACTAAACATTGAA
AGACCGAGAGAGCGAACTGCTTTTGCGATGGAACTTGACACTCAGCTTATGCGAGTAAACAAATTCGCCGTCGGCTTATCATGT
ATAGAAAACACCGATATATGACCCAATGACCCAGCTTCGAAGTGCATAGATCATCTTTCTACGTCACATTTTTTATCGTCYTTTTA
CTCAGGACTCATC

> 3F (EAAMAA0119K)
AGACTGCGTACCAATTCAACAAAGTTTAGTCTAGTCAGCGTTGCTTTGTCTGTAGGGTCATAATTTCTTTGTTTATGCGCAAGTCG
TCTTGTTATTCATGCAGTTTTACTCAGGACTCATC

> 9D (EAAMCA0680J)
AGACTGCGTACCAATTCAAGACGGCCTACAAAGTCGCACTCGACGTTTTCGCGTTTTTGAGATCCATCGCGACCCGAGCGATAA
AGAGCAAGTCGGTTGCGTCCTGATCGAATGAGTACACTCTCAATACAACATGCCTTCGTGCATTGAACATGGCCCATGCGTTATCT
CTGCATTTGCGGATCTCTTGTTGCAAGGTTCAAGTTAGCTGAGAAGATAGGGGTATGCATTCATTATTCCGGCCACAATATTCAC
CAAGATACATTTAGATAAACACACAAGTCATGTAGCACGGCTGTCAGTCAGACCCTTACGTACCTTCAGTCCCCGTGAATATATG
GGCGCCAAATTGCGCACGGGCATCCGGTGCAAAGATTICGTCGGCCAATAITTCCCCACGTTGGAATCTTGACTGTCCAGTAGCT
CAAAGAATCGATAAATTAGTYCCTTGATGCTGTTGGGGACGGGGTGGTCCGCCAGACTGTAGCTTCAATGTCGCTGCCCATATCT
TCTCCcTTTCGAAAATGCTTATIGAATAGTAAGCTTGTRTCTKTYTTATATAGCNTCAaaTGGTCTTGCTTGATGTACTCAGGACTCATC

> 6E (EAAMCAO0557J)
GATGAGTCCTGAGTAACATACATACTTGCTCCTCCTCTTTCTTCTCTTCCTTCCATCTCCATCTCTCTCTTCTCCATTCATCTTCCTC
TCCATTGATTGCTTCCATATTGGTTCCCCTTCTACTAATAATCCCCCCTCRACTTCCTTCACAATGGCCAATATTATCAAGAGCGC
GCTGCCTACCCACCTCAAGCCCAACACCGGCGATGAGCAGGGCAACGAGOEGTCATGGCAAGACACGCAGTCACATGGTGAG
TCCAGCACAATCATTCACACTCTAGTGGTCTTGTGGAACAATGCATTCGTGGGAGCTCATGAGGGCGTGAACATGCATCATGCCA
TGATGTTGGTACTGCCACCTAGCCACGGCGAACCTGTGTCTCCAAAGCTTBCAATGGCCTACGACTGCCTCTGCAGTGATGTCGA
AACCTAGCCATCACAGACACAGCTGCGGCTATGAACAAGCTTTGAATTGGACGCAGTCT

> EAAMCA0491J
GATGAGTCCTGAGTAACAATTGCCATAAGCTCTTAGTCTGACGTTCCGTAGTTTTCTCTTCCTTTGTCCACTTTCGAGACCAGAAG
GCTACGAGCCACAAAGATGCAGCGCTAGGATCCTCCAATCTGCACTTCAGTACTACGCACTCTTCAAAGAACAATCACGACATT
TGTTGGCCGGCGGTAAATCGGCTATCAAACTATTGGAGGCGCTCCGGGCA/BGATGTGTCAAAGAAGAGTTGCCCAACAAAGA
ATGTCGGCCGACGGTTCCACGCACGGTGGTTGGAGAGGGAAAAGGTTGAGGTCATCGGATGTTCGAGATGGATGGGTCCGGAA
GGCAGACGCTGGAGATGTTGGCGTCTTTACGAAGCTAGACAACGACGATCIGAGATGGAAATCCTGAAAGAACTGGGATACGTC
TGATTGAATTGGTACGCAGTCT

> 5E (EAAMCA0404J)
AGACTGCGTACCAATTCAAGGAACCTACCCATGTACTTTGTGGATCGGAAAAGTCTTTGGCTTCCGCCTCGAAGAATGGGCCGG
GGAAGCCTTGTCGGCAGCTTCATTGACAGTGCTTGCAGCGCAATGTGCCAGTTACTTGCACATTCTTGGCTGCGGTAGGGAATT
GCTTTCCTTCGGACTTCGCGGTTTTCCTGCTCGTTTCGGGCTGCGTCCGEICACCGGAGGGGACGCTTCTGATCCTTTACTGCCG
TTGTGCCGGACTGCTTGTTGCCGTATGTATACCCCTCAAAAGGACGGAAGITGTTTGCTTGTGCCTAGGACCCGTAGACTCGGTT
GGAAATGTTGTGCTATCGGGGATTAGTAGGCCTTTGTTGTTACTCAGGACTATC

> 3AG (EAAMCA0327J)

GATGAGTCCTGAGTAACAAGACTCGAACATGAGGGTGCTTCTTTTGGTGGSGCGCTTTATGTAAAGAGGGGCGAGACGAGGGCT
TTTGAAGACAAGACAAGACAAGACAAGGTAGTAGGGAAGGTTATTCCGTAACGGCAAGCAACTTTATCGTCTACTACCTACTAGT
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AAGAGAGGAAGGAAACGATACTTTTTTCTTCTTGCTATTTccTCTTATTCACGCCGAAGAAAAAAAGAGAAGCCAAAAGTTGATAA
TGATGACTCTTTTCGGCGTCGTTGAATTGGTACGCAGTCT

> 1Z (EAAMCA0283J)
GATGAGTCCTGAGTAACACCGGTAGCACGACCGTTGTCGAAGGAGACAGGBEGGAGCTTGATCTCAGAGGCGCCAGCGCCGGTG
AGGCGATCAACAGTAGGCATGCGCATTGCGTTGTCGATTTGTGCGTTGCGMTAGGTCTTCTTCGGAGAGGTCTTGAATATCTTT
GAAGTCGGGATCGTCACGGTCCTCTGGGTGGAGGGTTTCGCGGTGTGTAITTGGCGACCAGGTCGTTGAATTGGTACGCAGTCT

> EAAMCA0271J
GATGAGTCCTGAGTAACAGGCAAAATGGACCAAATAAGACTAGCTCGGGGGECGCTGTAGCAAAAACATGCTGCTGCCACAATT
TGGACAAAATGCTTGGTAAACTCAGTGCTCAGCGGAAACGTTATTGGGAT®ACATACGTATGTAAGTGCTGTCGATCTCTGTCG
AGACGGCCCCCAAAGAGACAAGATTCCAGATTCAAGTCAAGCCTTGCGATEGGACGGTTTGAATTGGTACGCAGTCT

> EAAMCAOQ307K
GATGAGTCCTGAGTAACAATGGAAGACGCTCCCGAGACCGAGGAGGAGGAGAAGAGGAGGAAGAAGAAGAAGAGCTCGAAGA
CGACCGTGCCCGAGACGAAGAATATGACAGCGATGAGGAGAACGACAGCACTTTCCCAAGAATGCCGATGGTGAAGTCAACTC
TCAGCTGGCAGTCGGCTACAAGCACGATCGCTCCTTTGTTGTCCGCGGGTBAGATTGGTGTATTCAAGCACACGCCTAATAATC
ACCTTGAATTGGTACGCAGTCT

> 1P (EAAMCA0294K)
AGACTGCGTACCAATTCAACAGACAAGCCCAAGATCAAGGGTATTCCCGAMTTCCTGGTGTACCACTTTTTGGAAATCTGTTCCA
ACTGGGAACAGACCATGCAAGAGTTGCACGAAAATGGGTTGCAAAGTATGRACCTGTCTTTCAGACACGTCTGGGTAACAAGGTG
CGTGTCTAGGGTTGGTACTGTTAGTTGTGTCTCTGACCTTTCTAGCGAGTATTTATGTCAACTCTTATGACGCTGTTACTCAGGAC
TCATC

> 5G (EAAMCA0246J)
GATGAGTCCTGAGTAACATAAACATCTCCAGGTTTCACTCCGGCTTCGCAAGTCTACTCACTGTCGTCATCGCTTCTCGCCGCCC
TCTATCGGCCTAAGTGACAATACAAACAAACCTACCTACAAAACCTCCCGEATCCGGTCAGTGGCCAATACAACGCCACTGCTTT
TTCCGTGAATACCITTTATTCCTTTTTTTATACGAACTTGAATTGGTACGAAGTCT

> 1Z (EAAMAGO0727K)
GATGAGTCCTGAGTAAAGGATATGGAGATCAAAACATACCTCGTGGTCGTAGACAAAGACAACGACAGTTGTTTCTCTTGAAACC
TTCTCAATGGCGTCGAGGTATCCAAGAGCATCCACCTCATCTAGGCGGCCPAGATGCGTACACTAGGACTTGTCCTTCGGTTGTT
TCTGACAGACCGGCTAGCCTCGCTCTCAAGCTCACGTCGACGGCTCTCTCTACTCAGCAAGGAAAGCTTCCTCGTCAGCGTCGC
TCTTGGCGTCATCCTCGCTGCTCTCGGTATCACTTTTGGCGGGAGGAGCAGTCAATGCCGAAAATGCTGTTGCGGGCAGTGCGG
ACGCGGTGTCTCCACTTGTTCTTGCGAGCAGCCTCATAGTTTCGTGCGT@EAATGACGCCCTTGACACCGGTAGCACGACCGTT
GTCGAAGGAGACAGGAGGGAGCTTGATCTCAGAGGCGCCAGCGCCGGTGAEGATCAACAGTAGGCATTCGCATTGCGTTGTC
GATTTGTGCGTTGCGAAATANGTCTTCTTCGGAGANGTCTTGAATATCTTGAAGTCGGGGTCGTCGCGGTCCTCTGGGGTGGAGG
GTTTCGCGGTGTGTGTTCTTGGCGACCAGGTCGTTGAATTGGTACGCAGTC

> 5H (EAAMAG0388K)
GATGAGTCCTGAGTAAAGCCTCGGCCGTTGACAAGATCGTGGGCCCCAGATTAGAGAACCTGGGATAAAGATCCCAAAAGCCC
GATAAAGACTCCAAGATAGTAATAACATGTGGAGGATCCATGTCATGAGTYGCCCTGTTCGTCTCGCTTTGCCTCGCCTTGCYTCC
AGCTTCCCAGGTACCTAACCAACCTCAAYCTAGATGCCCCTGCCATGCTTTITCGGGGTCTAGTTTCATCATCCTGCGCACCATA
ATCATGGCAATTTCCAGRGAAGCCAGGAGATGTTGACGGGATGATCCCATGECGACAGCAACGATGCAATTTGCGGRGATTGCTT
TCCACGGTGACCCAGTTGAATTGGTACGCAGTCT

> 3AC (EAAMAGO0216K)
AGACTGCGTACCAATTCAACCGGAATTTATAACTACCGATTGACCACACAACTCCTAGGATTGAGTTCTGATAGACAACATCCCC
GTTCATCTTCATCTGATACTCCAACACAAGTCCATCTGACTTGAGGCTGATGGCATCAAGATACCTAATTAGCTTCGGCTGTCAA
GGATCGACACCCCAGACAACCTTTACTCAGGACTCATC

> 7P (EAAMAGO158K)
GATGAGTCCTGAGTAAAGATATCTCGTATCCGTTCTCAATAGAACCACTTETACGGCCAGGCTGTNCCGACTCGCCACAATTATG
GCGGACGCTGCCCACGCTATTTACGGCAAAAAAAACAACAACTTGAATTGEACGCAGTCT

> 7B (EAAMAG0123K)
AGACTGCGTACCAATTCAACTCAGGCTCAACTTACTCAACTAATCTAAGGGSTCGTGAGATCAATTGTAGTTAGCATATTGCACTT
CTAAAAGTCACCCTTTACTCAGGACTCATC

> 2X (EAAMAG0314K)
AGACTGCGTACCAATTCAATCCTGCGCCTGACGGTGGTCTGGAAGCCTGABGTCGCTGCAGGTGCGGCCTGTATTTTCTTCTCG
TGTCTCGGCTTCGCCAACTCATTCGGCGTCCTTCAAGAATATTACATGAGCACCAACTTCGCGGTCACTCAGCAGATGCAATTGC
GTGGATTGGATCTGTCTCAACATTTATCCAGTTCGCTGCCGGGGCATTGAGGGACCGTTGTTTGATCGCTACGGCGCTTGGGTAT
GTTCTTTACTCAGGACTCATC

> 2AE (EAAMAT0323J)

AGACTGCGTACCAATTCAACTTTCAGAGAGGACAAATTCTTTTCGCCCAAGEAGATAGAGCACGAATCCAAGAATGCGTGAGAAT
GGTTCATGTGTTAGGCTGAGAAGCACAAGTGGCTACACTATAGATGGTCAGAGACTCTGCAGCGCCYACTCTGGTTCGAACGCG
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GWGATGGTTCGCAATTTGATCTTGATGCAAGGATCCGTTTCCGTGGCTTARBAGCTGGATTGAAACCTGCATATACGAGCTGTTCG
TTAGTCTCCATTTTAGATTTACTCAGGACTCATC

> 3X (EAAMATO0188J)
AGACTGCGTACCAATTCAAGCTTGAATTTGTAATCATTTGATCTTTAGACCCCTGGAACCTGCATCAGCAAAGATTCGCTCTAGGT
ACGAGCCGCAGCGATTAGTCTAGACTTCAGCCCCCAAATCTGACCCATAGRAGCACTGCCAACCCTTTTTTTTRCTATTTACTCA
GGACTCATC

> 5] (EAAMATO0097J)
AGACTGCGTACCAATTCAACTAAGAAACGTTGATTGAAGAAACCATAAATA TAATATCCTAAATTAGATAATTTACTCAGGACTC
ATC

> 2J (EAAMATO0513K)
GATGAGTCCTGAGTAAATGTCAGTCAAGTTGCTCAAGTCACTCTGCTGTAGGTTACCACGCGATAATACCGTACATGACGCTGTA
GTCTGTCCCAGAAAGAATCAACTGAGTTCAGGTAATCCAAGCGCTCTGCAATCAGCTACATTCAATATCTAATCTGATTCGATCG
AACATTGTCCCTCTGTTTTCTCTCTATGAGACGAATACCTGCAATTCCTTCAAGTCACCCCATTGCCTCATACGCAATTGCTGTTT
GACAGTACAGTCAAAACAGAGGATAAGGCTACCGCAGCCTACATAATCACATATTTACCCAATGCCAAGATCTAACATACAATCC
ATGGCAGGCAGTCTGACTGCAGCATCAATCAAATATTCAGCTCTTTGTTTGCAGACTCGACAACCCAATCTAATCCATGGTAGCC
TTCTATCTTGAATTGGTACGCAGTCT

> EAAMATO0270K
AGACTGCGTACCAATTCAAGGTAAAGGAAGGGAATGTATATGGATGTCAGAGGTAGAGGAGGCCAAGGCTGCTGTCGCTGCCGT
GAATCACTACAAATTGGAACCGACCTGACTAGATTTCTACCGTACCCTTAGSGTATCAGAAAAGTTGACCGTTATGAGCATAAGA
GACGAAATTAGTTGGTCATCTTATGCTGCTTAGACTACATACCTGTCATTTTTGTAATTTACTCAGGACTCATC

> 1D (EAAMAT0263K)
GATGAGTCCTGAGTAAATTTGGCCATTGCTTATCATGAAGATTAGTTATTCTAAGAGGAAATCAATATGTTTATCGTATATCGGCG
GTTGCTCCATATCGTACAGATGGATATCTACTTCACCGCTGTCAAGTCGGGCGGTTACCATTACCATCAATCCCATCGGGGCTGG
GTTCCCGGCATGCTTGAACACAGCTAACAATGCCCTAGGCTAATTCTTCTEGAATTGGTACGCAGTCT

> 4P (EAAMAT0192K)
AGACTGCGTACCAATTCAATGCAAAGCAAAGCAAGGCAAAGCAAAGCGGCTGCAAACATGATGTGCATTTGGATCTGGAAACAA
CCGATGGCTGAGAGCCGAGGTGAGCTGGGCTCAGCTGGGTGCAGTGCAGETGGTATCCGAGTTCTTGGGGTACATATACATAA
TTTACTCAGGACTCATC

> 9C (EAAMATO0100K)
AGACTGCGTACCAATTCAAGGCGCGCTGTCGCAGTTCTCATCACTTTGAABGCAGTTTCTTCTCAATATAAGAGCCTTTATTTACT
CAGGACTCATC

> 6E (EAAMTG0323J)
GATGAGTCCTGAGTAATGTCTATAYCATGCCGAAGTAGACCTCCATTGATACCATATGAGCAGCATACGTCCAAGATTTTGGGATT
GGCCACATCCAAAGTTGACAATTGATACAGTTTCTGAACTAGAGGTAGAATTTGCTGGGGGATTGTGTATTCTAGAGGCGCCAAG
TTCTTGAAGTAGGGCCTTGGATCTGGATGATTATATATGTCTGTGAATGTASCCTTACTGGCGGCAGCTGGTTGGTGCTGATTCTT
GGATATTCGACTCATATTGAATTGGTACGCAGTCT

> 1A (EAAMTG0298J)
AGACTGCGTACCAATTCAAATAATATGGTAATATACGCATACTGAGATTCCATCTGCTTGATAAAGGTAGAATAAGTATCGTCGA
GAGCAACCCATCCACCCTCCACACTGTTAGACTTATGTGAACACGGGAGCECCTGAGTGGTGGTTGTTGTGTCCTCAGCGGGAGT
TTCCGTGCCGTCGATTAGTTTGAGCTCGACAGAATCAAGGTAGGCACCCGETTAGCACAGTTGAATCCAAACACGACATTACTC
AGGACTCATC

> 2W (EAAMTGO0174J)
GATGAGTCCTGAGTAATGCCAGGAACAGCAATCTTGACGGTAATCGGATGAAGACAACCGGGATCGCAGAATTTGACCGGGTA
AATGCCCTCAACGTGGTATTATGCGGGGTGATGAAGGAGGTCTTGGCTCATACAGTTGAATTGGTACGCAGTCT

> EAAMTGO0506K
GATGAGTCCTGAGTAATGGATATCCCCCGYAAACAGGGCTCCATTGATGTGTGCTGCGAYGCGGATCTGCCGAAATAGGAAGAT
TTATAGGCGAATACCACTGTATTATTCAGGTCTGAAACATGTATTCTAGCGGCCTTTATGCAAGTTTGGGATCATGTTCCTGAGTA
GGAGACGGATCTTGCTTGTGCGTGTGCATGCATCTGCATCACTTTTACCABCACCGACGAATGCTGAAGATGCCTACTTTAGTAG
AACTATTTAGCTAGGGGTTGTCTWGTCCAAGGGTCTAGTCAACGACTTTAGGAATCATTTAGCGGGGTCGTCTCGTTTTAGGTRC
ARTATTCGTCTTCTTTCRCTCTCCCAGCCRACTTGTTCTGTGWGTGTYTRCCTCTTTTGGTCTTRGAGGTCTCTGGTTCTGCTGAC
CRACCTCTTGAATTGGTACGCAGTCT

> 1AD (EAAMTGO0185K)
AGACTGCGTACCAATTCAAGGCTCTCCACTACGAGCTCGGTCCGTGGCGRATATCGAGCCAAAGTGATTGCATTAGTTTCAAG
CTCAGACTGACGAGTTCATTCCAGAGTACTCCGTAGTGGGAACAACTTCCTGTCAAAGACGCAAAGAATGAGTCATTACTCAGG
ACTCATC
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> 4T (EAAMAC0217J)
AGACTGCGTACCAATTCAACTGACGTCTCACTATACTTACAGACGGCGTGEGAGATCCCTGTCTATTCATTTGCGAAGCATGCGC
GACTGGACCATACGACATCCATCTACTCGCCCCATGTGCTGGTTCTAGAGGTATTTTTGCTTTATATGACCCCCGAGTCATTGAG
CTACTTGATATGGGTGTAGGTTTACTCAGGACTCATC

> 3U (EAAMACO0786K)
AGACTGCGTACCaATTCAAAGCATCCGTTTTGASGGCAAGGTTCCCCAAAAGACCGACAGTCAGTTGTCAAGAGATTIGAATCGG
ACCCCAACATCAGAATTATGCTGCTGACCCTGACTTGTGGTGCTGTTGGGIAGGCAACCCCCATGTAGCTCTTCTGCACAAATGA
CTAATAAGACTGATAGCCTGACACTCACTGCGGCTTGTCGAGCGTATCTTAGGAACCTCATTGGTATGTGAGATGCTACGTTTAG
TGACCAACAAATCTAAAATTGCTGTAGGAATCCGACTTTAGAGGAGCAAGCACTCGCTCGCATTCACCGCCTTGGTCAGACAAAG
AATGTCACAACCATTCGGCTATATATTAGGGATTCGTTTGAAGAAGTATGTTCTCTGATTACAAGAAGCGAAGACTCTAACAACTG
ATATAGCAAGTCATGAATGTGCAAGAATCGAAGAAACAACTTGCAGGTGTCCTTCTGTCTCCACAGGACAGCGGATATACTGATG
ACAATCTCGGTGCTCTCGAGGCAAGTTTCTGTATATTCTTAGTACGATGARGACTAACTTGCCTCGTATTAGCGTCTGCGCTCTCT
GCTATAGAGCCGATTATACCTTAGTTATCCAAACTATCATTCTCTAACTCTACTGTGCATACAGCCCGGGAGACGCTTCCTTTCTCA
GTAATaaGGATACGTGTTTTTTTTTCGGCAAAGTTCGTTATTAGGAAAACOTAGTTTACTCAGGACTCATC

> 11 (EAAMACO0392K)
GATGAGTCCTGAGTAAACCCCAGTCCATCAGTTTTGTTGCAATCAGATGTCCAACAACCAAGACAGCGCACCTCGATCTATTTTC
ATGGTGATATCGCCGGTGCGGTCCAACCCAACCCGATGTGGCAATAGCATAAGGTGCGCAGTGTCCATGACAGTCCTCAGAGTT
CGATCTCGTACTTTCCATACTCGGTATTTCTCCAATCGGCCATCTGTCGCGANITCCGGTTCACTGCCATACAAAACACTTATGAGGA
TCCTGTCGCAAATGAAGTCTGGCTCTGAATGGATTGGACTATTGACCCTTCCCAGCTGAATCGAACGACTTGGCCGTGTCCAACC
TGTACTTTGGGTGTGTCTTTGAATTGGTACGCAGTCC

> 8G (EAAMACO0350K)
GATGAGTCCTGAGTAAACTGATATATCGACCAAAACTATTGTTGCGCAACTTACATAGATGCCTCCGAGTGGTTGACGCTAGCTG
AAGCACTCCACCACCACCCAGATGCGCTAGCACTGGCTGACGTAGAAGAABAAATGTCTCCGTGGAACTCGACTGAGACGATG
ATGAAACACTCAGAGTGATCTGTAGCAGAGTCAGTGAAATATAATTGACAGTACTATCATTGGTATACCTTGGTCCATTTGCTTGG
TTCGACCTTGTTCTGCTGTGCAACAGCGACTCCATTGCGAGGAATATTGARTGGTACGCAGTCT

> 6F (EAAMACO0295K)
GATGAGTCCTGAGTAAACAAGGGCCGTTCATTACTAGATTACTGTAGTTTIGTGGTCAATAATCCACGATATTCTACTCAGCACCA
TCTGTGTCATCATCCTCGCCATCTTCCTGGAGGAAAGGCACGAACCGAAABCAAGAAAGCTTCGCTTGCCACCCTCGATATCCAC
CATGAACTGCAGGCTCAAAACTCCCTGTGAGTCTCCTCGTAAGCTGACCTETTGKCGATTCGCATCGCTTCTGTTGAATTGGTAC
GCAGTCT

> EAAMACO0186K
GATTGAGGAGTCCTGAGTAAACACCATCAACACGGACCTCTAACTTGCTCRCAAACCCGCAATTTCAGGTGGGTTCAGGGTCTG
TTTTGTTTCTCCTTTGATCCTCACCGCTTTGACTGCCCAAGGGTCCTTGOTAGCACAAAAGAGAAAATATCTNCTCATTGAATTG
GTACGCAGTCT

> 3K (EAAMCC0239J)
GATGAGTCCTGAGTAACCCCCTAAGTCTTAGGGTACAGAAATAAATAGCCTAAAGAGTATAGTCTAAATGACATAAAATGACCTA
ATAATTTCATCTCATATGGCTTTAGCGGATATCTTTTCTGTAACCCTAAAGACTTGTCAATGATCTATGCTTTAGTTTGTGCACATT
TGAATTATGTTTGTATAAGCTGGAAACCGGCTTGAATTGGTACGCAGTCT

> 6K (EAAMCC0116J)
GATGAGTCCTGAGTAACCATGTCATCACCGAGACAGTGCATATCCCTGGABTGCACCAGTAAGTTCTCGACCTTTGCCTCCGTTA
GGATTGAATTGGTACGCAGTCT

> 7A (EAAMCC0237J)
AGACTGCGTACCAATTCAAGTCTATTGTGCTCTCTCTCTGCAAAAAAGATTGTTGACAACGGCAGCAAACAACCATTGCGGTMAG
CCCAGATATATACGTGYATGTAATGTATGTAACATATGCAATaCTTcTaTGACTGGACGCATCTTTGCATCAAAATAATAATAGAAA
AGGACAAAGCGAGTGAACTGATAAACCCCCATGGTTACTCAGGACTCATC

> 3Al (EAAMCCO0186K)
GATGAGTCCTGAGTAACCTTCATAGAAGTATCCCACCATTGGTGGGCACATCAAGATGAACAACGGTCCAACAGGTGGTACAAG
ACCAAACTTCGGTCTTCCGGGTGACCTCCTCGGTGCAAATTCGACATTCGNGTTCCAATTGGCGATGTCTTTTGAATTGGTACGC
AGTCT

>Elongation factor(EF-1-ALPHA)
ATGGGTAAGGAGGAGAAGACTCACCTTAACGTCGTCGTCATCGGCCACGTGACTCTGGCAAGTCGACCACTGTGAGTACCACCG
CATCCCAACCCCGCCGACACTTGGCGGGGTAGTTTCAAATTTCCAATGTGISACATACTTTGATAGACCGGTCACTTGATCTACC
AGTGCGGTGGTATCGACAAGCGAACCATCGAGAAGTTCGAGAAGGTTGGTTCATTTTCCTCGATCGCGCGCCCTTTCCCTTTCGA
AATATCATTCGAATCGCCCTCACACGACGACTCGATACGCGCCTGTTACCCGCTCGAGGTCAAAAATTTTGCGGCTTTGTCGTAA
TTTTTTTCCCGGTGGGGCTCATACCCCGCCACTCGAGCGACAGGCGTCTGCTCTTCCCACAAACCATTCCCTGGGCGCTCATCA
TCACGTGTCAACCAGTCACTAACCACCTGTCAATAGGAAGCCGCCGAGCTGGTAAGGGTTCCTTCAAGTACGCCTGGGTTCTTG
ACAAGCTCAAAGCCGAGCGTGAGCGTGGTATCACCATTGATATCGCCCTOCBEGAAGTTCGAGACTCCTCGCTACTATGTCACCGTC
ATTGGTATGTTGTCACCACTGCTGTCATCACATTCTCATACTAACATGGCATCAGACGCTCCCGGTCACCGTGATTTCATCAAGA
ACATGATCACTGGTACTTCCCAGGCCGATTGCGCCATTCTCATCATTGCOBCGGTACTGGTGAGTTCGAGGCTGGTATCTCCAAG
GATGGCCAGACCCGTGAGCACGCTCTCCTTGCCTACACCCTTGGTGTCAMBCCTCATTGTTGCCATCAACAAGATGGACACCA
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CCAAGTGGTCTGAGGCCCGTTACCAGGAGATCATCAAGGAGACCTCTTCTICATCAAGAAGGTCGGCTACAACCCCAAGGCTGT
CGCTTTCGTCCCCATCTCCGGTTTCAACGGTGACAACATGCTTACTGCCTACCAACTGCCCCTGGTACAAGGGTTGGGAGCGTG
AGATCAAGTCTGGCAAGCTCTCCGGAAAGACCCTCCTTGAGGCCATTGAGTCATCGAGCCCCCCAAGCGTCCCAACGACAAGCC
CCTCCGACTTCCCCTCCAGGATGTCTACAAGATTGGCGGTATTGGAACGATLCTGTCGGCCGTATCGAGACTGGTATCATCAAGC
CCGGTATGGTCGTTACCTTCGCTCCTTCCAACGTCACCACTGAAGTCAAGICGTTGAGATGCACCACGAGCAGCTCACTGAGGG
ACAGCCCGGTGACAACGTTGGTTTCAACGTGAAGAACGTTTCCGTCAAGGEBATCCGACGTGGTAACGTCGCTGGTGACTCCAAG
AACGACCCCCCCATGGGTGCCGCTTCTTTCACCGCCCAGGTCATCGTCCARCCACCCCGGTCAGGTCGGTGCTGGTTACGCTCC
CGTCCTCGATTGCCACACTGCCCACATTGCCTGCAAGTTCGCCGAGATC@IGAGAAGATCGACCGCCGAACCGGTAAGGCTACT
GAGGCCGCCCCCAAGTTCATCAAGTCTGGTGACTCCGCCATCGTCAAGATEI TCCCTCCAAGCCCATGTGTGTTGAGGCTTTCAC
CGACTACCCTCCTCTGGGTCGTTTCGCCGTCCGTGACATGCGACAGACCGECCGTCGGTGTCATCAAGGCCGTCGAGAAGTCCA
CTGGCGCTGCTGGCAAGGTCACCAAGTCCGCTGCCAAGGCTGGTAAGAAAA

>Reductase
TATANAAAGAAATTCTGTTTAACGTTATAGCAAGCCATTTGCGGCAATTTATTGACAGCTTTGGTTGTGTTTGACCGAAAAGATCA
TTTAATCTTCCGCGGAAGACTGCTGAGTAACGCCAAGGCTGGATATCAGTGCAGCAAACCGATTGTTGAACAGACTCATTCCAG
CCAAGCCTCCGCGGAAGAAACATGATGGGCAAGGCTTACAAAGGTGAGTAGAGTAGATACACAGTTTATCTATATAATAAAAG
CATTGACTAGTTCTAGTTCTATATTCAATCCACCTTCAAACGCATTGAACQCCGTTCTGACTAATCGATATCTTCTCCTCTGTCTTC
GTAATGGCACCTCTTCCTCTCCCGAATTTAGTCTCCTTTACCAAAACGTGGACAACGAACCATACCCTTTGATCTCCCCTACAAG
ACCCGAGCTGTCAGCGCATGGGAAGAACGTTGTCATTACGGGCGGCAGCOAGAATTGGCAGAGCCATTGGTGTTGCCTTCGCT
CAAGCCAATGCCAAGTCTGTCGCGATCATTGGCAGGAGTCGCGAACGTCTGAAACAGCAGCAACGGCGATACGCACTGCCAAT
CCGTTAACCACTGTCTTGCTCCAAGTTGCAGACACTACACAACGGGAGTCBTCACCAAAGCTTTGAACAGCATTGTTGATCAAG
CTGGCAAGATTGACATCTTTGCTGCCAATGCTGGAATACTTCCCGTGTACGTCCTGTGATGGGATACCCTGAAGAAGAACTTCTT
CGAAGCCTCATGATCAATACTGTGGGTGCTTTTAACTCGATACAAGCGTTTTTCCGCTGGCAGCACCAGGAGCCAA

>Tri5
ATGGAAAACTTTCCCACCGAGTATTTTCTCAACACTAGCGTGCGCCTTCTGAGTATATTCGATACCGAGACAGCAATTACACCCG
AGAGGAGCGCATCGAGAATTTGCACTATGCTTACAACAAGGCTGCCCACCATTTGCTCAGCCTCGCCAACAGCAGATGCTCAAG
GTAGACCCTAAGCGACTACAGGCTTCCCTCCAAACAATCGTTGGCATGGTGTATACAGCTGGGCAAAGGTGTCCAAAGAGTGCA
TGGCGGATCTATCTATTCACTACACCTATACTCTCGTTTTGGATGACAGCASCGATGATCCCCATCCTGCCATGTTGAACTATTTTG
ACGACCTTCAAGCCGGACGAGAGCAGGCCCATCCATGGTGGGCACTTGT@L GAGCACTTTCCCAACGTCCTTCGCCATTTTGG
ACCTTTCTGCTCATTGAACCTTATCCGTAGCACTATGGACTGTAAGATACGATTCTATTATTCACCCGTATGAAGAAGCTAACGG
CGGTGGAACAACAGTTTTTGAGGGATGTTGGATTGAGCAGTACAACTTTGBABGGATTCCCAGGATCTGATGACTACCCTCAATTCC
TTCGTCGTATGAATGGTTTGGGTCATTGTGTTGGGGCTTCTCTATGGCCRGGACCTGTTTGATGAGCGGAAGCATTTCCTTGAA
ATCACGTCAGCCGTTGCTCAGATGGAGAACTGGATGGTTTGGGTCAATGATCTCATGTCATTCTACAAGGAATTCGACGATGAGC
GTGACCAAATCAGTCTGGTCAAGAACTTTGTCACCTGCCATGAGATCACTCGGATGAAGCTTTGGAGAAGCTCACCCAGGAAAC
CCTACACTCGTCTAAGCAGATGGTTGCTGTCTTCTCGGACAAGGACCCTABGTGATGGACACGATTGAGTGTTTCATGCATGGCT
ACGTCACGTGGCACTTGTGCGACGCTCGATACCGCCTCCATGAGATTTATAAAAGGTCAAGGATCAGGATACAGAGGACGCCAA
GAAGTTCTGCAAGTTCTTTGAGCAGGCGGCCAATGTCGGCGCCGTTGCA@ICGGAGTGGGCTTATCCACAAGTTGCACAACTG
GCAAACGTTCGGGCCAAGGACGATGTGAAGGAGGCTCAGAAGCCCATCCTAGTTCAATTGAGCTAGTGGAGTAA

>Tril01
GTGATGTGAGGACGACCTTTATGGCGTTAGTTTCGCTGTATTATCGCTCATTGTTGTGTATTGTACCTGAACAGCTGCATCCATCA
TTAGCACAAGAACGAGACCACTGCATCAAAGGGTACATACTCTTTCCCAAATAGTCTCCTCGTCGCTCTTTCTCCTGAAACGTTTA
TATTAGTCGCCAATCGTATTCCGAGGGATCGTGTGGTTCGTACAATGACCECTTGTAGATCTTGCCGGTAGTGATGTTGCTGTCA
CGGCTCAATTGGATGCCGAGATATCTGATCCCGTGTTAGTCTTGGTCGTGEAGGTTTGGCTGAGGTTATGTGTCGAAGAACATAC
CGTTCGTAGTTTCCAAGATCGAGATCGGTCTGAAGAGTCAGCGCGAAGTTTATATCGGTGAAGACTAGCGTACCTCGCCGCCGTC
ATCGAGAACGAAGCACTCGCCGTGCCTGAGATTCGTTAATTTAGGTGCAATGAGCAGCTCAGATCGCACTCACTCGAGAGGGTT
CAGAAGGCCAGCATCGGTGTTGATGTAGGGATCGGTCTAATCGTTTGTTAGGTCGTGAAAAAGTCGGTTTGTCGGCGGGGTATT
ACTTTGATCGCCTGGTGATGTTAGTCAAATCTTTAACTGTGGATCTTCTARTCATACTGTAACTCGAAGACCAAGAGTCTTGAGA
AGAAGACCAGCACTGCTGGCTGATGGGATTGTTAGTCGTCGTGAAGGCCGIGAAGGTTCGTGAGTCATTCATACCAATAATGCC
TGGAGAGAGAGATCACGGTTAGTTGACAAGTCAAGATTGCGATGGAAGAACAGTCGAGCTCACCTTTAC

>Tril5
ATGCTAGGAGCAACCACTGCCACTGCCACAACCAGCACTACAGCCATGACTCCCTATCAACAGCCCCCACCGTCCTAGGGGACA
CCACTCTTCTAAATCAGGACACCACAGAAACATCCAAACAACCAGAGGAAGTCCCATCATTCACACCTGGCCAATGTCTCTTTTG
CTCCACATCATCACCTACTCTGGAAGAAAGCATGGTCCATATGCAAAAATCACACGGCCTATTCGTCCCACAGCAAGATCATCTC
ACCGTCGACCTTGAGACATTCGTCAGATATTTACATCTCGTCATCTTTAATTATCGCGAATGTCTTTACTGCGAAACTTCGCGATCG
ACAGTCCAAGCTGTCCAGCAACATATGACGGGCAAGGGCCACTGCAAGTTEBACTTGTCAGAAGATTCAGAGTTTGCCGACTTTT
ACGACTTTTACCAGACCGAAGATGAGCTATCAGAGGGTTCTGTCAATGAARTGGCAGCAGGAAAGATATTGATCGCAAGCCATT
GCAAGTAGATCAGGATTCGATGCGCCTACCATCCGGAAGACTCATCTCCASAAGTCATCAGCACAGGCAGAGCCATCTCTATTT
CAAGCGCGTCGTAGACTACGCACATTAGCGCCTCAATTAGAGTATATTCCGGTGAAGCTGGTAAAGCCAGTGAAGCTGGTGGAT
ACAAGCAACGACGTTCCTATATCCGATACTCAAGTGTTGACCAGACGCGAMAACGACAAAAGGCTACTGCCACACATCAGCTCG
CGAATATGAGCGCCAGCGATCGCACCGCTTTGATGCATCTGTCTTCATCTRACAACGATCGCTCATAACTACAAACCATAAATTT
GCAGAAAAGATCAAGAAGGAGGAAAACAAGAGTCAGCGAAGACTTGATAGGAAGGGAAACAAGAACTTGTATGCTTATTGGAA
TACTGAGACACCAGTGTATCAGTGTGGTTAA

>Phosphate permease
CTATCCATTGTCTTCCATCATTACTTCAGAGTAAGTATATCACGCTTCTATTTCAAGTCGGTCGCTCATTTGTTCTCAGGTTCGCTAC
TACCAAGTGGCGAGGTGCCATGATGGCTGCCGTCTTTGCCATGCAAGGTAIGGCCAACTTGTCGCAGCTCTTGTCATGATGTTCC
TCACTCTCGGCTTCAAGTCTTCTCTTGAGCAAGCTGCCGATACAAAGAGCECACTGGAGATTGCCAAATTGCTGTTGACAAGATG
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TGGCGAACACTTGTTGGCTTCGGAGCTGTCCCCGCTTGCATTGCCCTCTAGTAAGCCATAGCATTCTTAGCATGTGAATCTATCT
AACTAACTTCACTAGACCGTCTTACTATCCCTGAGACTCCTCGTTACACCTTGACGTCGCCCGTGACGTCGAGCAGGCCGATGAG
GACGTCAAGGCTTATATCAACGGCAAGAGCGAAGGCAACACCGACGAAGTACCCGTGCCCAGAACCTTCAATCCGCTAAGACT
AACCTCGAAGTCCCCAAGGCCAGCTGGAGAGACTTCTTCCAGCACTACAGRAGTGGAAGAACGCCTCTCTGCTTCTTGGAACTG
CTGGTTCATGGTTCTGTCTCGATGTGGCTTTCTATGGTCTCTCTTTGAATACGGAACCATCCTCAAGGTTATTGGATATTCTACCA
AGGATGCTACTAATGTCTACGAGTTTCTCCACAACACAGCTGTCGGAAATA CATTATTGTCTTGGCAGGAGCTGTTCCAGGTTAC
TGGGTTTCTGTGGCGACTATTGATACTCTTGGACGAAAGACGATTCAACTGGTGGTTTCATTATCCTGACGATCCTTTTCATTGTA
AGTTGTATGTGTTGGAGATATAAACTCAAGCTAACATTTCAGGTCA

>Mgv1 1.425
CACAAATACACCATGGGCGACCTACAAGGACGGAAGGTCTTCAAGGTCTTRACCAGGACTTTGTTGATGAGCGCTACACTGTCA
CCAAGGAGCTCGGCCAGGGAGCTTACGGTATCGTCTGGTGAGTTTGCGCATCGTTGCCCAGAACACTTTCTCTGTGCTGCGACT
CGAAACTCTTTTACCTCGTCTTCTTCTACCCCGCCGCAGCTGCTGACGATBCCCCGCCTCCCAGTGCCGCCGTCAACAACCAAAC
CAACGAGGGCGTAGCCATCAAGAAGGTCACCAATGTTTTTAGCAAGAAGATICTGGCCAAGCGCGCCCTGCGCGAGATCAAGCT
GCTCCAGCACTTCCGCGGCCACCGCAACGTGAGTTTCCGCCTCGGCGCAAGACAAGGGACGCGTATGCTGATAGCTTCATCCC
ATCAGATCACATGTTTGTACGACATGGACATTCCTCGACCCGATAACTTCACGAGACCTACTTGTACGAGGGTCAGTGACGATG
CCTCCCCGAAAGACGAAAGAATGAACAATAAGCTGACACGGCACAGAGCTRATGGAGTGTGATTTGGCTGCCATCATCCGATCTG
GCCAGCCTCTTACCGACGCCCACTTCCAATCCTTTATCTACCAGATCCTIBCGGTCTCAAGTACATCCACTCCGCAAACGTTCTGC
ACCGAGATCTCAAGCCCGGTAACCTGCTTGTCAACGCCGACTGCGAGCTOYGATTTGCGATTTTGGTCTTGCCCGAGGTTTCTCA
GTCGACCCCGAAGAGAATGCTGGATACATGACCGAGTACGTCGCTACTCGRGGTACCGTGCACCTGAGATTATGTTGAGCTTCC
AGAGCTACACCAAAGCTAGTACGTGTGGTCGAAAATAACTGTGGCTGTGGBTGACTTACTGACTTGTTGTAGTTGATGTTTGGTC
TGTTGGTTGTATTCTGGCTGAGCTTTTGGGCGGACGACCTTTCTTCAAGGIEGTGACTACGTCGACCAGCTGAACCAGATTCTTC
ACATTCTCGGAACCCCCAACGAGGAGACCCTCTCCCGTATCGGCTCACC@IGCCCAGGAATACGTCCGCAACCTACCTTTCATG
CCCAAGAAGCCTTTCCCCAGCCTGTTCCCCCAGGCCAACCCCGACGCTCBBCCTTCTCGACAAGATGCTCGCCTTCGACCCTTC
GTCCCGTATCAGTGTAGAGCAGGCTCTCGAGCACCCTTACCTGCAAATTTGCATGACGCCTCGGACGAGCCCGACTGCCCCACC
ACATTCAACTTCGACTTTGAGGTTGTTGAGGACGTTGGTCAGATGCGTGGATGATTTTGGATGAGGTTCAACGATTCCGACAGAA
TGTCCGTACCGTGCCCGGCCAAAGCGGTGGAGGTCTTCAGGGCCAGGGTGICCGTTCCTCTGCCTCAGGGTAATGGTCAATGG
ACTGCTGAGGACCCTCGACCTCAGGAATATGCTGGTCATGGTAACACCGGBTTGAGCAGGATCTTCAGGGAGGCCTGGATGCTT
CTCGAAGATAAGAGCTGCTACGCAAAGTACAAGGGTTGAAAAAGGATATATCCTAGAGGATTAAGAACGGTATGCTCTCTGGTTC
AAAATGAAAGATACACCCAAGGCACTGGAAATAGGGACGATGCTAGGTGGGITTCGAGTATTTAATGCCTGGAATGAGAAGAGA
AGGATGGAAAAATAAAGCTTTTTGGCTTCAGCAGGCTGAGGGGGGCATGCCTTAAATGGGTTGAGAGGGCAGTGAAGCGTTTCC
CTCATCTTCATTTCCATCATATGTTTTTCCGAATGAGAAACGATATCAATACTATATTTCTTTATTTTTTATACGATACTCCGTCTTT
CTATCTTGTTATGATTGAAGACGTAGAACAACAGCGACGATGATGA
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CHAPTER 3 - PHEROMONE FUNCTIONS IN GIBBERELLA

ZEAE

Abstract

In heterothallic Ascomycete fungi, mating spectfidor sexual reproduction is
controlled by two idiomorphdAT-1 andMAT-2). Two sex pheromone/receptor pairs function
in recognition and interaction of strains with opgpe mating types: pheromone precursor genes
1 and 2 ppgl andppg?2), whose products interact with pheromone recegdoes 2 and Jp(e2
andprel), respectively. In the homothallic fungGgbberella zeae, theMAT locus is arranged
such that both idiomorphic alleles are adjacemin® another on the same chromosome. Our
objective was to identify and characterize bothgheromone precursor gengpdl andppg2)
and the pheromone receptor genegX andpre2). ppgl was expressed in germinating conidia
and mature ascospores@fzeae. ppg2 expression was not detected in any cgl®2 was
expressed in all cellgprel was expressed weakly only in mature ascosporetetibn ofppgl
or pre2 (4ppgl or Apre2 strains) reduced, but did not prevent, perithegmaduction following
self-fertilization. When théppgl strains were used as females in crosses with shaies
containing an intaghpgl, the amount of outcrossing dramatically increasigbg2 and4prel
mutants had no discernable change in morphologloahotype or capacity for self-fertilization.
A Appgl/4ppg2 double mutant has a phenotype similar to thatbhefppgl single mutant,
suggesting that neither pheromone is essentiaifber male or female fertility4ppgl or
4ppg2 in combination with a partially disabl®dAT allele did not alter either male or female

fertility in ways other than those expected for Mtppgl or 4ppg2 mutations alone. Thus, one of
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the pheromone/receptor paippgdl/pre2) found in many Ascomycetes has a role in, bubts n
essential for, selfing or outcrossing in the horiatiG. zeae, whereas the other

pheromone/receptor papgg2/prel) has no detectable function in sexual reproduction

Introduction

Gibberella zeae (Schwein.) Petch (anamorgdhusarium graminearum Schwabe) is the
most important causal agent of Fusarium head b(ajbb termed scab) of wheat and barley
(McMullen et al., 1997), and also causes stalk rot and ear rot afenand crown rot of
carnation (Leslie and Summerell, 2006). In additio direct yield lossG. zeae can reduce grain
guality and harvested grains often are contaminatfdmycotoxins such as deoxynivalenol and
zearalenone (Desjardins, 2006).

G. zeae is a homothallic fungus and strains originatiranira single haploid nucleus can
successfully complete the sexual cycle without imggpartner. Other species in the genus
Gibberella are heterothallic and strains in these specie$ anass with a strain of opposite
mating type to produce perithecia, complete meiast produce ascospores. Sexual
development in filamentous ascomycetes is conttdiiea mating type locudAAT; Coppinet
al., 1997). In most filamentous ascomycete fungi tlaeestwo idiomorphic alleles at a single
locus. One alleldy|AT-1, encodes three proteins — MAT1-1-1, MAT1-1-2, &AIT1-1-3 —
while theMAT-2 allele encodes only a single protein (Copgial., 1997). Deletion of either the
MAT-1 or theMAT-2 coding region irG. zeae results in strains that are cross-fertile as
heterothallics, but that are not self-fertile aslathallics (Leeet al., 2003).

Heterothallic fungi use small peptide pheromoneas @rprotein coupled receptors for
communication during the mating process (Bdlker kaimann, 1993; Dohlman and Thorner,

2001). The structure and sequence of the pherasremma the receptors are broadly conserved in
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heterothallic Ascomycetes suchSsecharomyces cerevisiae (Kurjan, 1993) Neurospora crassa
(Bobrowiczet al., 2002; Kimet al., 2002),Cryphonectria parasitica (Turinaet al., 2003; Zhang
et al., 1998), andMagnaporthe grisea (Shenet al., 1999). The pheromone and receptor
expressed depend on the allele atiAd locus, although neither the pheromone nor the
receptor is encoded at this locus. The homothaiecomycet&ordaria macrospora (Péggeler,
2000) expresses similar pheromones, and both plueresrand their receptors are required for
wild type levels of fertility (Mayrhofeet al., 2006). Aspergillus nidulans also is homothallic

and has functional pheromone receptor genes whubis#yais essential for self-fertilization (Seo
etal., 2004).

The mechanism of sexual fertilization has not bdentified forG. zeae or any other
Fusarium species.G. zeae forms perithecia both heterothallically and honadltbally under
laboratory conditions (Bowden and Leslie, 1999} Eioratory crosses can be used to generate
genetic maps (Jurgensenal., 2002; Galest al., 2005). Although the evidence is indire@t,
zeae outcrosses at a significant rate in North Ameritald populations (Schmakt al., 2006;
Zelleret al., 2004), and outcrossing appears to be an impqgoambf the life cycle of this
homothallic fungus. Pheromones similar to thosmsbin other ascomycetes could have an
important role in this outcrossing proces$irzeae.

Our objectives in this study were to identify afméi@acterize the putative pheromone
precursor geneppgl andppg2) and pheromone receptor gengrel andpre?) in G. zeae, and
to determine their function. We expected theseegén be homologous in structure and function
to these genes in other Ascomycete fungi. We fdbhatipheromone and receptor function and
expression patterns were differenGnzeae than they are in other flamentous fungi, either

heterothallic or homothallic.
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Materials and Methods

Fungal strain: G. zeae wild type strain, Z3639 isolated from Kansas (Bewand
Leslie, 1992) and mutants derived from it wereesdaxs frozen conidial suspensions in 15 %
glycerol at -70°C (Table 3.1).

Identification of pheromone precursor and pheromoneeceptor genes ofs. zeae:

To identify theG. zeae ppgl gene, the sequences pbgl of S. macrospora (Péggeler, 2000),
ccg4 of N. crassa (Bobrowiczet al., 2002), andnf2-1 of M. grisea (Shenet al., 1999) were used
in a BlastP search of tlusarium genome data base

(http://www.broad.mit.edu/annotation/funigusariuny).

The other pheromone precursppg?2) is less conserved across species and is too short
(less than 25 amino acids $1macrospora, N. crassa, andM. grisea) to be found in a BlastP
search. Instead, the microsynteny nefir1 of M. grisea (Shenet al., 1999) andnfa-1 of N.
crassa (Kim et al., 2002) was used to identify tippg2 of G. zeae. Two putative pheromone
receptor genegrel andpre2 were identified from the database following Blas#rches with
the pheromone receptor genedNotrassa, prel (sequence no. AJ313528) g2 (sequence
no. AJ313529; Poggeler and Kuck, 2001), Bnetricella nidulans preA (DAA01795) andoreB
(DAA01796; Dyeret al., 2003).

Targeted gene deletion:ppgl, ppg2, prel, andpre2 were deleted by split marker
recombination (Catlett al., 2003) with slight modifications (Figure 3.1A). Bahe 35and 3
flanking regions of a target gene were amplifiedP@R with the F1/R2 and F3/R4 primer sets
(Table 3.2) and an amplification protocol: 2 mirPdfC, followed by 30 cycles (30 sec at 94°C,
1 min at 55°C, 1 min at 72°C), and 10 min at 726€final extension. The PCR products were

purified with the DNA Purification System (Prome@éadison, WI) as instructed by the
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manufacturer. The hygromycin phosphotransferassette (HYG; 1.4 kb) was amplified with
the HYG-1F/2R primers from pIGPAPA (Horwigt al., 1999) and purified with the same
system. The HYG sequence fgpgl deletion was amplified from pCSN43 (Staletial., 1989)
by PCR with the GNT-F1 and GNT-R4 primers. In ttasistruct, the hygromycin resistance
gene was flanked bytepC promoter andrpC terminator and the size of amplicon is ~ 2 kb.
The three amplicons were fused by PCR in al2&action containingl of purified S-flanking
amplicon (100 ngfl), 1 ul of 3'-flanking amplicon (100 ngf), 3 ul of HYG amplicon (100
ng/ul), 2 ul of dNTP (2.5 mM each), 2.8 of 10 x PCR buffer including Mgg| 1 unit ExTaq
polymerase (Takara Bio Inc., Japan), and 15125 water. The PCR amplification conditions
were 2 min at 94°C, followed by 10 cycles (30 se@42C, 20 min at 58°C, and 5 min at 72°C),
and 10 min at 72°C for a final extension. (hef this amplification mixture was reamplified
as a template in a PCR reaction with F1-NT/YG-4R HiY-3F/R4-NT primer sets and a 50 pl
reaction volume. The PCR conditions were: 2 mi84&C, followed by 30 cycles (30 sec at
94°C, 1 min at 60°C, 90 sec at 72°C), and 10 mirRa€C for final extension. These
amplification products were combined and used teatly transforn(s. zeae protoplasts and
generate deletion mutants.

GFP-tagged mutant: The DNA fragment (3.4 kb) carrying the GFP andGi¥assette
was amplified from pIGPAPA with primers ICL-F1 arY G-F1, and transformed into Z3639.
Transformant GFPZ3639 constitutively expresses @#éPcan be used as a male parent in
crosses. GFP was transferredippgl and4pre2 mutants by crossing eitheri@pgl or a4pre2
mutant with GFPZ3639 to yield GHBpgl and GFPpre2.

Transcription assay of pheromone precursors and phremone receptors: We

amplified a GFP sequence (0.97 kb) that has a texar, but no promoter, from pIGPAPA. The
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GFP gene fragment was fused to the HYG cassett&kl), which was amplified from
pIGPAPA with primers HYG-F1-GFP and HYG-R2 (GFP::@) Target gene transcription
was assayed following modification of the deletcmmstruct (Figure 3.1B). The promoter
region of the target gene was amplified with prisnet and R2-GFP and theffanking region
was amplified with primers F3 and R4. After PCRifpeation, the promoter and thé-Banking
region were fused with the GFP::HYG construct Rbaul reaction, 1ul of which was used to
produce split markers. Following transformatiorthithe two split markers, we recovered
deletion mutants in which GFP expression was ctiattdy the native promoter of the target
gene. Target gene expression could be monitorestt@ening for GFP expression.

Fungal protoplasting and transformation: Protoplasts o6. zeae were transformed
with a modified polyethyleneglycol (PEG)-mediatedthod (Leeet al., 2002). Strain, Z3639
was inoculated in 50 ml of liquid CMC (15 g carbaxsgthylcellulose, 1 g NHNOs, 1 g
KH,PO,, 0.5 g MgSOrH,0, and 1 g yeast extract for 1 liter) medium aramibated on an
orbital shaker (120 rpm) for 5 days at 24°C. Thkure was filtered through one layer of
Miracloth (Calbiochem, San Diego, CA), and thadilé was centrifuged for 5 min at 4000 x g at
room temperature, 22°C). After discarding the sngiant, conidia were resuspended in 15%
glycerol at a final concentration of ¥fl, and stored at —70°C. To make fungal protdplas
ml of the conidial suspension was inoculated in AYEPD (3 g yeast extract, 10 g peptone,
and 20 g glucose for 1 liter) medium, and incubd&ted .2 to 14 hours at 24°C on an orbital
shaker (120 rpm). A protoplasting solution wasppred by dissolving 500 mg Driselase
(Sigma, St. Louis, MO) and 100 mg Lysing enzym@i{&, St. Louis, MO) in 20 ml of 1.2 M
KCI, and stirring for 30 min in ice. The solutiaras filtered through a 0,2n filter (Nalge,

Rochester, NY). Mycelia were harvested from thd®DEmedia by filtration through two layers
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of Miracloth. The harvested mycelia were washetth WD ml of distilled water and washed
again with 30 ml of 1.2 M KCI. The mycelia werarisferred to 20 ml of protoplasting solution
and incubated for 1 hour at 30°C with shaking at80. The solution was filtered through two
layers of Miracloth, and the filtrate centrifuged4@00 x g for 4 min at 4°C to pellet the
protoplasts. Protoplasts were resuspended in 1X$.PM sorbitol, 10 mM Tris-HCI (pH 8.0),
50 mM CaC}J) solution with 18 protoplasts/ml. DMSO was added for storage atG7@inal
DMSO concentration 7%).

For fungal transformation, two split markers frame final round of PCR were combined.
Twentyul from each amplification reaction was added to gDOf the protoplast suspension and
the mixture incubated for 20 min on ice. One MP@1C solution (40% PEG 4000 in 1xSTC)
was added to the mixture and mixed well and thebaton continued for 20 min. Five ml of
TB3 (3 g yeast extract, 3 g casamino acids, ang 2006rose in 1 liter) media was added to the
final mixture which was incubated with shaking {@@n) for 15 hrs at room temperature to allow
protoplast walls to regenerate. Hyphae were pell&tllowing centrifugation for 5 min at 4000
x g, and the supernatant discarded. One ml of @d€added to the harvested hyphae and 9 ml
of TB3 media containing 0.7% agarose and 100 ngfrhiygromycin or geneticin were added
and plated on a petri dish. After 15 hours, 1®MIB3 + 0.7% agarose and 200 ng/ml of drug
was overlaid on the plate. After 2 to 4 days, sams were transferred to Complete medium
(Leslie and Summerell, 2006) + 200 ng/ml of drug.

Screening of mutants: Transformants were identified based on growtiComplete
medium (CM) + 200 ng/ml of hygromycin. Growing onles were subcultured on CM + hyg
and mutants growing from this subculture were fiemed to carrot agar (Leslie and Summerell,

2006). After three days of growth, aerial myceliere collected with toothpicks and transferred
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to a 1.5 ml microcentrifuge tube containing 40@TAB buffer (Leslie and Summerell, 2006)
and incubated for 10 min at 60°C. Then 400f phenol: chloroform: isoamyl alcohol (25:24:1)
was added and the tube was shaken at 200 rpomhourl The tube was centrifuged [5 min,
15,300 xg, room temperature] and the supernatant decantedlean microcentrifuge tube.
DNA was precipitated with 400 of ethanol and redissolved in 0of water, 1ul of which
was used for a PCR-based screening reaction. R@ikfigation with the F1-/R4 primer pair
should amplify fragments of different sizes in thiéd type and the mutant strains, i.e., the
markers were codominant (Figure 3.2A). When codami markers were not available,
dominant/recessive markers were used from PCRioeaatvith the F1/YG-4R and F5/R6
primers (Figure 3.2B). Single homologous replacgneeents were confirmed by Southern
hybridizations to genomic DNA with thé Blanking region of the target gene as the probe.
Complementation ofppgl: Three constructs were made to complenpegl. In the
first, the entirgopgl gene, including the native promoter and terminatas amplified fronG.
zeae strain Z-3639 with primers PPG1-F1 and PPG1-R-TRPADd the geneticin resistant gene
cassette (GNT) was amplified from pll99 (Nam#&el., 2001) with primers GNT-F1-PPG1 and
GNT-R4. These two amplicons were fused (wippgl cassette::GNT) after purification as
described above in “targeted gene deletion”. éngbcond, thppgl gene was amplified by PCR
from 23639 with PPG1-F1-ICL and PPG1-R-trpCP aspitimers, with the resulting DNA
fragment containing the entippgl sequence and théfBanking region including the terminator.
A strong constitutive promoter, ICL froM. crassa, was amplified from pIGPAPA (Horwitet
al., 1999) by PCR with ICL-F1 and ICL-R2-PPG1. The I@iomoter fragment, thapgl
genomic fragment and the GNT cassette were fusddtomoter:ppgl::GNT). In the third,

the construct is similar to the second construcepkthat thepgl gene fragment, amplified
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with primers PPG1M2-F1-ICL and PPG1-R-TrpCP, beginthe second methionine codon of
ppgl and does not include the signal peptide. All¢hrenstructs were transformed intgpgl.
Crossing and fertility tests: All fungal strains were incubated at 24°C withZahr:12
hr day:night cycle (Leslie and Summerell, 20060r tests of self-fertility, strains were
inoculated on carrot agar (Leslie and SummereD62@nd the mycelia mock-fertilized with 500
ul of aqueous 2.5% Tween 60 per plate to induceaadevelopment. Perithecial development
was scored after incubation for at least 10 d&emale fertility was tested by inoculating the
strains on carrot agar as described below and astigithe % of fertile perithecia formed 10
days after mock-fertilization. Male fertility wassted by using a suspension of conidia/hyphal
fragments from cultures grown on complete medi@tlize a mating type knockout strain as
described below and comparing the relative feytoit the mutant and its wild type parent.
Crosses were made as previously described (Bowtttheslie, 1999). Five hundred
of a conidial suspension (1 xkbnidia/ml in aqueous 2.5% Tween 60) served astile
parent and a 3-5 day old culture on carrot agareskas the female parent. For self-fertilization,
500yl of an aqueous 2.5% Tween 60 solution was uséldeaspermatizing agent. Perithecia
were scored 10 days after induction/fertilizatidouble mutants were obtained from crosses
between appropriate single mutants. Neitheatl-1 nor 4mat2 transformants were fertile as
homothallics (Leet al., 2003), so when these strains served as the fqyaadat all of the
progeny resulted from heterozygous crosses. iEgiias quantified by inverting a cross plate
ten days after fertilization and collecting thectgel ascospores in one ml of sterile water on the
inner lid of a Petri dish. Ascospores were countét a haemacytometer to determine the total

number of progeny produced and the number of pipggpressing GFP.

78



The outcrossing ratio was also quantified. Z36Rfgl, and4pre2 were used as the
female parent, and GFP-tagged mutants of thesestis@re used as the male parent. In these
crosses a 1:1 ratio of GFP:non-GFP progeny wasxpucted since the female strains are
capable of self-fertilization. The % of GFP asanggs should be less than 50 % since the GFP
gene can be introduced only through the male pamghnot through the female parent. The
higher the % of GFP progeny in these crosses #tgrthe % of outcrossing that is occurring.

Light microscopy was performed with an AxioplanZmiscope (Carl Zeiss, Thornwood,
NY) and the samples photographed with an AxioCant.HEFP was observed in the same
system with 480+10 nm for excitation and 510+10fomemission.

Outcrossing also was performed in the presencgnthsticppgl peptides fronG. zeae
andN. crassa. Peptide sequences were “WCWWKGQPCW” and “QWCRQB&EW” forG.
zeae andN. crassa, respectively. Peptides were synthesized by C&leptide Co. (Nashville,
TN) and dissolved in 2 % dimethylsulfoxide (DMSQ)ne hundredl of a solution containing
the synthetic peptide (0, 5, 25, 125, 250, andrg@0l) in 2% DMSO was spread on a carrot
agar plate before inoculation. After the peptidiison was dried, the female parent was
inoculated and incubated as described above. Tagelater the cultures were fertilized with
500pl of 2.5 % Tween 60 solution containing 2 ¥ b@nidia/ml of GFPZ3639 and the
proportion of GFP progeny determined 10 days lasedescribed above.

DNA manipulation and Southern hybridization: DNA was extracted with a
cetyltrimethyl ammonium bromide (CTAB) procedureeflie and Summerell, 2006). Standard
procedures were used for restriction endonucle@sstibns, agarose gel electrophoresis and

Southern hybridizations (Sambroetkal., 1989).
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RNA isolation and RT-PCR: Total RNA was isolated from vegetative mycelia or
ascospores of wild type and mutant strains by uSRIZOL reagent (Invitrogen, Carlsbad, CA).
Fungal strains were inoculated on carrot agar (esld Summerell, 2006). Mycelia were
harvested 3 days after inoculation, and 3 to 6 d#igs induction. Ascospores were harvested
10 days after induction. Samples were groundgoveder under liquid nitrogen in a mortar with
a pestle, placed into a 1.5 ml microfuge tube, Bnd of TRIZOL reagent was added to each ~
50 mg of sample. The homogenized samples werdated for 5 min at room temperature to
permit the complete dissociation of nucleoprot@mplexes, then 0.2 ml of chloroform was
added and the mixture shaken vigorously by hand%asec. The samples were incubated for 2
min at room temperature and then centrifuged &Q®x g for 14 min at 4°C. The aqueous
phase was transferred to a fresh tube, and 0.5 isbpropyl alcohol was added and incubated at
room temperature for 10 min to precipitate nuchaiicls. Total RNA was pelleted by
centrifugation at 12,000 x g for 10 min at 4°C.tekfremoving the supernatant, the RNA pellets
were rinsed with 75% ethanol, dried at 55 °C foniifl, and resuspended in 10i0of DEPC-
treated water. RNA concentration and purity wdrecked using a ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE). For RT#RGirst-strand cDNA was synthesized

with 3'-full RACE Core Set (Takara Bio Inc, Japan) as dbed in manufacturer’s instructions.

Results

Structure of ppgl, ppg2, prel, and pre2: Only one putativgpgl (gene annotation
name in the Broad Institute; FG05061.1) sequenceidentified. This protein sequence had
significant similarity (29, 32, and 33%, respeciyeo ppgl of S. macrospora, ccg4 of N.
crassa, andmf2-1 of M. grisea. Upstream of FG05061.1 there are MAT binding fsoti

(CTTTG) at positions —434 and —483. The putappgl gene contains four repeats of one
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decapeptide (WCTWKGQPCW) and five repeats of arsgcecapeptide ( WCWWKGQPCW)
that differs from the first decapeptide by a sirgeino acid (Figure 3.3). All decapeptides
except for the first two are bordered by a putaea?2 protease site (KR).

ppg2 could not be unambiguously identified in a Blas#rch withppg2 of S
macrospora, mfa-1 of N. crassa or mf1-1 of M. grisea, because the sequences are small and have
relatively low levels of sequence similarity. Wantpared synteny of the. crassa andM.
grisea sequences flanking tmefa-1 andmfl-1 genes. Both genes are between cyanate lyase and
ebp2 homologs, and all thrggpg2 homologues are transcribed in the same directidnrathe
same open reading frame (Figure 3.4). Ten kb qliesiece flankingnfa-1 of N. crassa andmf1-
1 of M. grisea was blasted against the genomic sequenGe edae. Contig 310 contains a
homolog of cyanate lyase (FG07458.1) ahpR (FG07457.1), but no gene had previously been
identified in the region between the two genese patativeppg2 gene encodes a peptide of 21
amino acids with a prenylation signal sequence (A4t its C-terminus (Figure 3.5). This
signal sequence also is found in the precursosgwéral other fungal pheromones (Andregg
al., 1988; Davey, 1992; Olensnickyal., 1999; Péggeller, 2000; Shenal., 1999; Spelliget al.,
1994). Upstream of the putatippg2 gene there is a putative TATA box at position —and a
putative MAT gene binding site (CAAAG) at positie633 (Figure 3.5).

FGO07270.1 is a putatiyerel gene fromF. graminearum with high sequence identity (24,
32 % identity) to thereA gene inE. nidulans (GenBank DAA01795) and thmel gene ofN.
crassa (GenBank CAC86413.1). The putatiFegraminearum prel gene has a CAAAG motif
at —440 and encodes a protein with seven transnamaldiomains (Figure 3.6A).

FGO02655.1, a putative-pheromone receptopiie2), has high sequence similarity (25,

37%) withpreB from E. nidulans (GenBank DAA01796) angre2 gene from\. crassa
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(GenBank CAC86431.1). THe graminearum pre2 sequence has a CAAAG motif at positions
—506 and —526 and seven transmembrane domains€rR3diB).

Phenotype of deletion mutants:Deletions ofppgl (4ppgl, 11 mutants), in which the
entireppgl gene was deleted by replacing it with HYG, produfsver perithecia than did the
wild type parent. Approximately 70% of the perttteeproduced by thdppgl mutants failed to
mature (Figure 3.7). These immature perithecieewarkly pigmented, but smaller than mature
perithecia and contained neither asci nor ascosporbese immature perithecia never
developed further, even if the cultures were intetbdor 3 additional weeks or if wild type
conidia were placed around thenfpre2 (13 mutants) mutants had a phenotype similarabdah
Appgl, but the number of immature perithecia, ~ 60%, vaasesvhat less than ufppgl. 4ppg2
(19 mutants) andprel (11 mutant) mutants had no detectable sexualifimor morphological
changes.

TheAppgl/4ppg2 double mutant was generated by crossipggl/4mat2 with 4ppg2.

All single (4ppgl or 4ppg2) and double mutantgppgl/4ppg2) could serve as either the male or
the female parent in a cross (Table 3.3).

Complementation test: 4ppgl deletions were made with a construct that conthinyg
as the selectable marker. To test for complementahe entirgopgl gene including the’&nd
3’ flanking regions, was fused with a geneticin tasiscassette (GNT) and geneticin-resistant
transformants selected following transformatiom iat/ppgl mutant. All seven of the geneticin
resistant transformants had a wild type phenotypthe reintroducegpgl sequence was
controlled by the constitutive ICL promoter fradacrassa (ICL promoter:ppgl::GNT), then

partial complementation (70—80% mature peritheotapced) occurred in each of the five
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transformants. Thus the timing or amounppdl expression is important for detecting its
function.

Eight transformants carried tippgl gene but lacked the initial signal peptide under t
control of the ICL promoter. Strains carrying th@nstruct did not complement thpgl
deletion and had the same phenotype agppgl mutants. Thus the signal peptideopgl is
essential for thepgl gene product to function properly.

Gene expression:In four4ppgl GFP mutants, in which GFP expression was controlled
by the nativeppgl promoter, GFP was expressed strongly in germigatomidia and mature
ascospores (Figure 3. 8). Mycelia and conidia fomhonies > 10 days old on carrot media had a
weak GFP signal. Young mycelia, perithecia, ungeated conidia, and ascospores inside asci
had no detectable GFP signal. We never observédegpression in théppg2 GFP mutants (9
mutants). GFP was weakly expressed in mature psmes of41prel GFP mutants (4 mutants)
and was more strongly expressedipne2 GFP mutants (7 mutants) by all mycelial ages or
tissues from carrot agar except young mycelia gaonduction (Table 3.4).

Male fertility of Appgl and Apre2: In other ascomycete fungi, thpgl pheromone
attracts hyphae carryingAT1-2 (Coppinet al., 2005). Z3639ppgl, and4pre2 strains were
tagged with GFP. Different combinations for oussing among them were made and the
amount of outcrossing determined. Combinatiors f@maledppgl strains with a male wild
type strain ordpre2 mutant resulted in high levels of outcrossing (€&5), suggesting that the
ppgl/pre2 interaction increases outcrossingdnzeae.

Outcrossing fertility in the presence of synthetipeptides: Outcrossing fertility was

negatively correlated with the concentratiorudfctor-like synthetic peptides I§y. zeae andN.
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crassa (Figure 3.9). The ability of 4pre2 mutant to outcross also was reduced by high lefels

these peptides. However, outcrossing was not cetelglblocked by the synthetic peptides.

Discussion

Putative pheromone precursor gera®{ andppg2) and pheromone receptor genes
(prel andpre2) found in heterothallic ascomycetes also are ptaeehe homothallic
ascomycet&s. zeae. ppgl was strongly expressed in germinating conidiaaswbspores
discharged from perithecia, but we never detedtecekpression gipg2. This expression
pattern is quite different from that found in hetéallic ascomycetes, in which pheromone
precursor gene expression is mating-type alleleiBpéZhanget al., 1998; Shert al., 1999;
Bobrowiczet al,. 2002), the conidia constitutively express the phene precursor genes
(Bistis, 1981; Bobrowiczt al., 2002), and the expression of these genes is mfkgby
nitrogen starvation (Bobrowic al., 2002; Sheret al., 1999).

The role of carrot agar in the expressiompedl also is unusual. Mycelia and
germinating conidia from induced cultures, i.eterds growing on carrot agar that have been
fertilized with a spore suspension or mock-feréitiavith a 2.5% aqueous Tween 60 solution,
expresppgl. However, conidia germinating from cultures grownwater agar, complete
media (solid or liquid), minimal media (solid ogtiid), minimal media containing 10% of the
normal nitrogen, and CMC liquid media do not expg®sl. A few conidia from colonies more
than 10 days old growing d¥eurospora synthetic crossing media expreggl when they
germinate. However, neither aerial mycelia, pigtagon, nor perithecia were produced on this
medium. If ungerminated conidia from induced ctuare transferred to fresh media (water

agar, minimal media, complete media, or carrot mefdir germination, theppgl expression
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was not detected (data not shown). Thus the irtloony appears to be reacting to a very
specific compound(s) present in the carrot agdrititices the expression igl.

G. zeae has both MAT idiomorphs on the same chromosome patth idiomorphs must
function for sexual reproduction to occur (Yetral., 2000; Leest al., 2003). We expected both
pheromone precursor genes to be expressed asréthgythe homothallic ascomycefe
macrospora (Pdggeler, 2000). We foummbgl to be highly expressed, but we never observed
ppg2 expression. We do not know if the putatppg?2 sequence we identified has pheromone
function, although the genomic sequencehll.afrassa, M. grisea which are syntenous witB.
zeae in this region, contaippg2 homologs that are expressed (Bobrowvéical ., 2002; Sheret
al., 1999), andprel, which may interact witlppg2, is at most weakly expressed.

ppgl also could act as a regulator for conidial gerriioma InN. crassa, conidial
germination is inhibited by thgpgl homolog. InG. zeae, conidial germination also is inhibited
by theppgl pheromone peptide (Chapter 4pgl expression in ascospores suggests that these
propagules could compete with conidia for protapegia to fertilize. Such a mechanism could
help maintain genetic diversity since ascosporedddoe genetically diverse while conidia will
certainly be clones of the parental colony fromahhihey were derived.

ppgl andpre2 have a role in the fertility of both self-crosse®l outcrosses. On an
outcrossing plate, female conidia produgedtu usually outnumber the male conidia added as
the fertilizing parent. The male conidia are adotesuch a manner that all of the conidia are
induced when the male conidia are added to the.plidia wild-type female is fertilized by a
wild-type male, then the amount of outcrossing sthéwe similar to the ratio of female:male
conidia. Under these conditions more female camstiiould be present than male conidia,

leading to an excess of apparently “selfed” pecdiheelative to the number of heterozygous
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outcrossed perithecia. If the female straiippgl and the male strain is wild type, then the
conidia from the female parent will not produce ppgl pheromone and the relative number of
outcrossed perithecia should increase (Table 3t%) femaledppgl strain and a malgpre2
strain are the parents, then the outcrossing iaonilar to that between#ppgl female and a
wild type male because thipre2 male parent still has a functiorgdgl. When adpre2 strain is
used as the female parent, the presence/abseppglof irrelevant, as the female strain lacks
the pheromone recept@rg2) required to respond fgpgl and the amount of outcrossing is
unaffected.

The presence of exogenous, synthetfactor-like peptides similar to those produced by
G. zeae andN. crassa also affected the outcrossing fertility @f zeae (Figure 3.9). We expected
that the amount of outcrossing would decreaseampthsence of excess amounts of these
synthetic peptides since they should saturatgréereceptor. Outcrossing was not completely
blocked by a high concentration of these peptidesn though it was decreased. The fertility of
thedpre2 strains, which lack the target receptor, was reduo the presence of excess peptides,
suggesting thab. zeae may have one (or more) additional peptide receptoaddition to the
pre2 receptor. The role of this receptor(s) in sexaploduction is unknown. The synthetic
peptides also inhibit spore germination by@llzeae strains tested, includingpre2 (Chapter 4).
Thus, the second receptor could be involved irsfage germination inhibition process and the
decrease in outcrossing resulting from treatmettt thiese peptides could be a side effect of the
inhibition of spore germination.

Perithecial development (@. zeae has been well described (Trail and Common, 2000),
but trichogynes have yet to be described3oreae. The immature perithecia we sawippgl

and4pre2 cultures on carrot agar are not the equivaleth@fprotoperithecia dfl. crassa
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described by Bistis (1981, 1983) in that they rezifhroduce visible trichogynes nor do they
interact with conidia placed near them. The pretipecial equivalents i®. zeae, if they occur
at all, occur at an earlier time and may be diffitn distinguish given the relatively dense
mycelial growth on carrot agar prior to fertilizati. At this time we do not know how the
conidia that serve as the male parent are recagjaize their nuclei transported to a
protoperithecium that later develops into a cressté perithecium.ppgl andpre2 are certainly
involved in this process, given the reduction ilfi-Bartility that results whenever one or both of
these genes is inactivated. That the amount tfexgilization is not zero, however, suggests
thatG. zeae has an alternate fertilization strategy that camiged only for self-fertilization.

In conclusion, one of the pheromone/receptor gapgl/pre2) found in many
Ascomycetes has a role in, but is not essentiakklfing or outcrossing iG. zeae, whereas the
other pheromone/receptor pgwp@2/prel) no longer has a detectable function in sexual
reproduction. We did not discern the exact fun@lanechanism of thppgl/pre2 pair or the
stage of the process that they influence, e.dialmnteraction, cellular fusion, nuclear
recognition or nuclear migration, but the pherompathway ppgl/pre2) of G. zeae should be
an excellent system for these studieseppgl or 4pre2 still retains both male and female

functions.
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Table 3.1 G. zeae strains used in this study

Original strain

Strairf Genotype
Paternal Maternal
73639 Wild type wild type
Amatl-1 73639 Amatl-1-1
Amat2 723639 Amat1-2
Appgl 23639 Appgl
Appg2 73639 Appg2
Aprel 73639 Aprel
Apre2 23639 Apre2
GFPZ3639 73639 73639 tagged with GFP
GFP4ppgl GFPZ3639 Appgl Appgl tagged with GFP
GFP4pre2 GFPZ3639 Apre2 Apre2 tagged with GFP
AppglGFP 23639 Appgl for transcription assay
Appg2GFP 23639 Appg2 for transcription assay
AprelGFP 73639 Aprel for transcription assay
Apre2GFP 23639 Apre2 for transcription assay
Appgl/dmatl-1 Appgl Amatl-1 Appgl anddmatl-1-1
Appgl/damat2 Appgl Amat2 Appgl and4matl-2
Appg2/4mat1-1 Appg2 Amatl-1 4Appg2 and4mat1-1-1
Appg2/4mat2 4Appg2 Amat2 4ppg2 and4mat1-2
Appgl/4ppg2 Appg2 Appgl/damat2 Appgl and4ppg2
CNP4ppgl Appgl Complementation gfpgl with native promoter
CSP1ppgl Appgl Complementation gfpgl under Icl promoter
CSP28Ippgl Appgl Complementation gfpgl under Icl promoter in

which ppgl did not contain signal peptide

2All mutant strains except fatmat1-2 mutant were generated for this study, anet1-

2 was kindly provided by Prof. Yin-Won Lee in Sedidtional University, Seoul, Korea.
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Table 3.2 Oligonucleotides used in this study

Name Sequence (5-3")

PPG1-F1 CGC GTC TGA CAA GTA AAA GGA GAA AC

PPG1-F1-NT GCG TCT GAC AAG TAA AAG GCG AAA CCA AAGGC AA

PPG1-R2 AAA AAG TGC TCC TTC AAT ATC ATC TTC TGA GGGGC TAG CGT CAA AAT GGA
PPG1-F3 CTT GTT TAG AGG TAATCC TTC TTT CTA GAG TASTT TGG TTA TCG ACG CAG AG
PPG1-R4 CTA GCG CAC AAG GCATCA ACT

PPG1-R4-NT CTG CCC CAC CAT CTC AGA CGC

PPG1-R2-GFP CCT CGC CCT TGC TCACCATGT T GG GCAXTAC TTG TCG

PPG1-R-TRPCP

PPG1-F1-ICL

PPG1M2-F1-ICL

PPG2-F1

PPG2-F1-NT

PPG2-R2

PPG2-F3

PPG2-R4

PPG2-R4-NT

PPG2-R2-GFP

PRE1-F1

PRE1-F1-NT

PRE1-R2

PRE1-F3

PRE1-R4

PRE1-R4-NT

PRE1-F5

PRE1-R6

PRE1-R2-GFP

PRE2-F1

PRE2-F1-NT

PRE2-R2

PRE2-F3

PRE2-R4

PRE2-R4-NT

PRE2-F5

PRE2-R6

PRE2-R2-GFP

MAT11-F1

MAT11-F1-NT

GCT CCT TCAATATCATCT TCT G GG ATAST TGC TTG GCG TCA AC
TTC ATACCA CAC CTG CCC ACC GCG CCC AMOG AAG TAC TCC
TTC ATA CCA CAC CTG CCC ACC ATG CCGSIG TGC ACC TGG AAA
GGCCGCCAAAGACCTAAGC
GCGGTGGCAGCATTGTTCTACG
TTG ACC TCC ACT AGC TCC AGC CAA GCC GGC CABC GAT ACG TC
GAA TAG AGT AGA TGC CGA CCG CGG GTT CCG CT/BA GGA CGC CA
GCG AGG AGG GCG GTT GTG TTG TTA
GGG GCT CTT CAT CGT CCT CAT CAT
CGCCCTTGC TCACCATTT TGAAAG TTG GATG AAA GAC TTAGA
GCT GAG ACG CGA TAG GGT AGG AA
TCA ACC TCACCA CGT CCC TCA ACA
TTG ACC TCC ACT AGC TCC AGC CAA GCC GCG G@&C GCA AGG AC
GAA TAG AGT AGA TGC CGA CCG CGG GTT CGG CAIAT CTG CGA GC
GAC GAA CGT ATG CGA AAT GGA GAC
AAG GGC TTG GTT ATG GCG GTT GG
CCT GGA CCG GGA ACAACT ATC ACT
AGG CCATGC GAC CCAACTG
CGC CCTTGC TCACC ATGT TGG GAC GTCGBGT GAT GTG GAAG
GCG CAG CAG GCA GCA GAA
GAA TGG GCC TGG CTG CGT GAT
TTG ACC TCC ACT AGC TCC AGC CAA GCC GGC AMAG ACA CGG GA
GAA TAG AGT AGA TGC CGA CCG CGG GTT CCG CCIA TAC CCC AA
TCG CCACAATTC GGTTCCTGAT
GGA ACC CCG GTC GCC TCACA
TGT CTT ATC ATG CTG GTC GTG CTC
GGG AGA ATC ACA GCG ACA GAG GTA
CGC CCTTGC TCA CCATGT TGG GGT GGT ATGC TTT TCG ACT GG
CTC CAC TTG CGG CAT CGT CTAC

GCC CTG ATG ATG CTG TAAGTG TTA
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MAT11-R2

MAT11-F3

MAT11-R4

MAT11-R4-NT

ICL-F1

ICL-F1-NT

ICL-R2-PPG1

ICL-R2-PPG1M2

GFP-F1

GFP-F1-NT

GFP-R2

GFP-F3

GFP-F3-PPG1

GFP-F3-PPG2

GFP-F3-PRE1

GFP-F3-PRE2

GFP-R4

HYG-F1

HYG-R2

HY-F3

YG-R4

HYG-F1-GFP

GNT-F1

GNT-R4

GNT-F1-PPG1

GNT-R4-NT

GNT-R4A-NT

TTG ACC TCC ACT AGC TCC AGC CAA GCC GGA G&AAA GGG GTG TG
GAA TAG AGT AGA TGC CGA CCG CGG GTT GCA CAGTC GGG CAC GG
CTC CCAACG CTTACATCC TCT ACC
CCCGCCGCCCAGCCTACTC
GGG CCC CAC ACG GAC TCA AAC
CCC CAC ACG GAC TCAAAC TGATGT TCG AGT C
GGA GTACTT CAT GTT GGG CGC GGT GGG CAHIG TGG TAT GAA A
CCA GGT GCA CCA GGG CAT GGT GGG CAGG TGG TAT GAA A
GGG GCC CCA CAC GGACTC
CCA GAG GTC CGATCG CCAATG A
TTG ACC TCC ACT AGC TCC AGC CAA GCC AGA TGBRAC CGC GCG CG
CCATGG TGA GCA AGG GCG AGG AG
ACG ACA AGT ACG GCG CCC AAC ATG GTG AG®AG GGC GAG G
CTT TCA ACC CCAACT TTC AAA ATG GTG AGRAG GGC GAG G
TCC ACATCACGG TCG ACG TC ATGG TGA BBGG GCG AGG
CGA AAA GCA GAT ACC ACC ATG GTG AGC AAGGC GAG G
AGA TGA CAC CGC GCG CGATAATTT A
GGC TTG GCT GGA GCT AGT GGA GG
AAC CCG CGG TCG GCA TCT ACT CTA
GAT GTA GGA GGG CGT GGA TAT GT
GAA CCC GCT CGT CTG GCT AAG
TAT CGC GCG CGG TGT CAT CT G GCT TGG CBAT CTA GTG GAG G
CAG AAG ATG ATATTG AAG GAG C
CTA GAA AGA AGG ATT ACC TCT
CAA CGT TGA CGC CAA GCA GCA TAT CC C AGAGA TGA TAT TGA AAG
CCT GTG CAT TCT GGG TAA ACG AC

GTA CCT GTG CAT TCT GGG TAA ACG ACT CARGG AG
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Table 3.3 Male and female fertility of mutant strans

Female
Male 4ppgl/ 4ppgl/ 4ppg2/ 4ppg2/
Amatl-1 Amatl-2
4matl-1 4matl-2 Amatl-1 Amatl-2
73639 £ + + + + +
Z3639-G2 + + + + + +
4ppgl + + + + + +
4ppg2 + + + + + +
Appgl/4matl-1 b + - + - +
Appgl/Aamatl-2 + - + - + -
Appg2/4matl-1 - + - + - +
Appg2/4matl-2 + - + - + -
4ppgl/4ppg2 + + + + + +

Mock-fertilizatiorf

@Plus (+) ascospores produced.
P Minus () no ascospores produced.

¢ Female was self-fertilized without male conidia.
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Table 3.4 Expression profiles of pheromone precuss (ppgl and ppg2*) and receptors

(prel and pre2)

ppgl prel pre2
3 DAI? (before inductiof
Mycelia - - —
Conidia - - +
6 DAI (3 days after induction)
Mycelia - - ++
Ungerminated conidia - - ++
Germinating conidia ++4% - ++
Young perithecia — - F++
13 DAI (10 days after induction)
Mycelia - - ++
Ungerminated conidia - - ++
Germinating conidia ++++ - ++
Mature perithecia - - ++
Ascospores in perithecia — - +
Ascospores discharged from perithecia +++ +
Old culture without induction (15 DAI)
Mycelia + - ++
Ungerminated conidia + - ++
Germinating conidia ++++ - ++
Mature perithecia - - ++
Ascospores in perithecia — - +
Ascospores discharged from perithecia +++ +
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* Expression oppg2 was not detected in any cells.

@Days after inoculation.

® Note that knockdown mycelia to induce sexual dgwelent with 50Qul of 2.5% Tween
60 solution.

¢Signal not detected.

4Relative strength of GFP signal.
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Table 3.5 Outcrossing fertility among Z36394ppgl, and Apre2 strains

Percentage of GFP-ascosp8restandard deviation)

Female Malg

Conidid Ascospores
73639 GFPZ3639 0.13 (0.07) 0.98 (0.71)
73939 GFRIppgl 0.14 (0.12) 0.14 (0.04)
73939 GFRIpre2 0.53 (0.21) 2.07 (1.24)
Appgl GFPZ3639 17.66 (5.82) 30.81 (4.58)
Appgl GFPIppgl 0.64 (0.32) 0.26 (0.05)
Appgl GFPIpre2 26.56 (5.85) 43.35 (5.32)
Apre2 GFPZ3639 0.20 (0.18) 0.18 (0.11)
Apre2 GFPIppgl 1.06 (0.40) 2.46 (1.18)
Apre2 GFPIpre2 0.44 (0.26) 0.76 (0.23)

2All male parent were tagged with GFP.

PPercentage of GFP-expressing progeny.

canddconidia and ascospores of male parent were useddlter function, respectively.
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Figure 3.1 Diagram for targeted gene deletion. (Ajargeted gene deletion with
hygromycin phosphotransferase cassette (HYG). The &nd 3 flanking regions of a target
gene were fused with HYG to make split markers. Whe the two split markers were
introduced into G. zeae strain, triple crossing-over may occur between fugal chromosome
and split markers to trigger targeted gene deletion(B) Targeted gene deletion for
transcription assay. GFP without its own promoter vas fused with 3 flanking of a target
gene. GFP expression in deletion mutants should lgentrolled by a native promoter of the

target gene.
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A 1 2 3 45 6 7 8 @101 12 13

B 12 34 5 B 7 89 101112 13 14

Figure 3.2 Screening of transformants. (A) Codomiant markers amplified by PPG1-
F1/PPG1-R4 to screempgl-deletion. Lane 1 to 12 are mutants and lane 13 &swild type
strain, Z3639. Lane 2, 3, 5, 7, 9, 10, and 11 aresirable mutants. (B) Recessive and
dominant markers amplified with PRE2-F1/YG-4R and FRE2-F5/R6, respectively, to
screenpre2-deletion. Lane 1 to 13 are mutants and lane 14 gswild type strain, Z3639.

Lane 3, 5, 7, 10, and 13 are desirable deletion nauits. Lane 12 is ectopic.
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1 MKYSI LTL AAVASTTLAVA¢VPAPQ3DPVAEPIVPV\CTV\KQJ_3CV\KEKIVARREAQ3EP EAVA
61 APEPDPVAEPMPWCTVKGOPCWKEKMAKRAAQPEPVPAPQPDPVAEAEPWCTWKGOPCWK
121 EKMVKRAAEAEAEAEPI PDPVAAPQPDPVAEPMPWCTWKGOPCWKEKMAKREAKPEPWCW
181 WVKGPCVWKAKRDAAPEPWOWAKGOPCVWKAKRNAAPEPMPEPANEPRWCWAKGOPCWKSKS
241 KRDASPEPWCWAKGOPCWKAKRDAGEAL TVAL HATRGVETRSVAETEHL PRDAAHQAKRS
301 | VELANVI ALSARGSPEEYFKHLYLEEFFPEI PHNATAKRDVKTL QEDKRWCWAKGOPCW
361 KAKRAAEAVLHAVDGSDGAGAPGGPEEHFDT SHFNPONFEAKRDL MAI KAAARSVWESL E
421 G

Figure 3.3 The deduced protein oppgl (FG05061.1) fromG. zeae. This polypeptide
contains two types of decapeptides. Four repeat$ ane type (WCTWKGQPCW) are
underlined and five repeats of a second type (WCWWE&QPCW) that differs from the
first decapeptide by a single amino acid are undaried in boldface type. The putative
signal sequence cleavage site is marked by a vedi@arrow. KR dipeptides which are

potential Kex2 protease-processing sites are in labtype.
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FG07457 ppg2 FG07458 contig 1.310
M g (ebp2) (cyanate lyase)
MG02453 mfl-1 MG02451 contig 2.502
N C (ebp2) (cyanate lyase)
_—1 h
\‘—l
NCU01257 mfa-1 NCUO01258 contig 7.15
(ebp2) (cyanate lyase)

Figure 3.4 Microsynteny nearppg2 gene among different fungal species. The putatiyipg2
gene ofG. zeae (Gz) was between FG0745#&lp2 homolog) and FG07458 (cyanate lyase
homolog) in contig 1.310 of the Fusarium genome dathase developed by the Broad
Institute. In the other fungal species (Mg, M. griga; Nc, N. crassa)ppg2 gene was between
homologs ofebp2 and cyanate lyase. Names for thgpg2 gene are different in these three

fungal species.
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1 ACTCATAACTAACCAACATGTTCAGGCTCCCTTTCAGTCGI TTCTAGGCATTGT TCTCTCAAGAGAATTG

71 GTTGATAGCTCGGAGT TATAACCACT CTGCAT GCTGTGTCACT TTCATTAATGACTACT CAAAGCGTATT
141 TACATAACGGAAAAT GCGGGT TGGAGCAT CGCTAAGT TCACACAAGCCT CACTCAAGAATGACATGTATT
211 TCOGAGT AAAGOGGACGGGGCAGGT TGT GGCAAT GOGOGT GAAGACAAT ATGAAGOGAGAGGACAATACTA
281 AGCAATTTACAAACAAATACCAACAT TGAGT TCTAGOGCT TCGACGT CCGT GTACCACATGACAT GACAA
351 CTCGGCGCATTTCTAAAACCOGAAGGCT TCTAAAGOCT AACT TTCATCTAAAAGAAGGCAT GCCAGACAG
421 TCTAGAAGACCT GT GACAAGT TGGT GBCT GCAT TAGOGGCGGGTAT TCTTTTGT CTGGTAGCAACACCAT
491 CTCGAGAACAATAT TGAGCGAT TTTGCACGGAT CATGGGCT TCACGGCCAACACCAGAACT CAGTGAGT G
561 AGACGTATCGT TCTGGOCAAAAT CGAGGGCATCT TGAGT CAGGCAAGT TGATCAGATTCGAGTATAAAGA
631 TGATGGCTTCTTCCTCCCAAAT ATCATTCTCACCAACAAT CACT CACT TCACACACT CACAACACTCTTT
701 TCACCATTCTCAACACAGAACACTCTCCGACT TTTCTAAGTCTTTCAACCCCAACT TTCAAAATGCCTTC

M P S
771 CACCAAGCCCACCT CTTCOCCAGAAGCCOGGCT ACCOCCT CAGCT GCACT GT CATGT AAAGCAGCT TTGCT

TKPTSSQKPGYUPLSI[CTVM*

841 TCOCCTGATCACTTCTGGACT TTCTTTTCT GAGAGT GACT TGACAACCAACAACGCAT GGCAAAGCGT TAG
911 CTCTCAGGCGACAAAT TGGAGGAAAAT GGAGAT GATAT GGCAAGGAGAGGATTCATTGGCTTGT TTACGT
981 TTTGTTTTTACCTGGCTCTAAGT GACGGGACACCGCCACGAGGACGOCATTTTACACTGGCTGT CCACTC

Figure 3.5 Putativeppg2 gene ofG. zeae. The nucleotide sequence is from genome
database contig 1.320. The putative MAT gene binalg motif (GTTTC or CAAAG),
CAAT box, and TATA box are underlined, and the prerylation signal sequence (CAAX) is

boxed. The amino acid sequence is indicated beldke nucleotide sequence.
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MADSI HLFGRDDLSI | KSPGPGTTI TPSLTANLVCRVLFG | ANFACI VPLKNL YRNGEFAAVVFI AN Q

A=Y

71 VSNLDTI | NALI WRDDNT SKWASGQGFCDVSPYYTNFLNALFGTCLLAI MRNLAQQVGLLRANLLSVCQEK
141 RRRNLVQAL | MFPLPI LQVAW/MPL TMORYAVATL VGCSWAWPAWPYNMAFFVI APVWWALI TSGYAI LT
211 Yl RFREI ARTTRTAI NSSRSANQRAQRTKRRLYLMVLAI LVPYLPWVI TLAVLNI LGAFPLQPFDYDLI H
281 NRTWPYPWSSVI LVPSNGFTFI LLNNCY! NI LAAI PVWLFFGMTKDAI NSYRLGLL YFGLGHL FPKLQEE
351 YDPDRM YGSNSGTSHLI DSSVST

B

1 MBKEVFDPFTONVTFFAPDGKTEI SI PVAAI DQVRRMWNTTI NYATQLGACLI MLWLLVMWPKEKFRR
71 PFM LQ TSLVI SCCRMLLLSI FHSSQFLDFYVFWGEDDHSRI PRSAYAPSVAGNTMSLCLVI SVETMLMS
141 QAW MWRLWPNWAKY | AGVSLI VSI MAI SVRLAYTI | QONNAVLKL EPAFHVFWLT KWT'VI MNVAST SWV
211 CAl FNI KLWMHLI SNRG LPSYKTFTPMEVLI MING LM | PVI FASLEWAHFVNFESASL TLTSVAVI L
281 PLGTLAAQRI ASSAPSSANSTGASSG RYGVSGPSSFTGFKAPSFSTGT TDRPHVSI YARCEAGT SSREH
351 I NPQGVEL AKL DPETDHHVRVDRAFL QREERI RAPL

Figure 3.6 Putativeprel (A, gene annotation no.: FG07270.1) anpre2 (B, gene annotation
no.: FG02655.1) genes @b. zeae. The putative transmembrane domains, which were

predicted by TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/), are in

boldface type.
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Figure 3.7 Phenotype offppgl in G. zeae. (A) Carrot agar media at 10 days after
induction. (B) Perithecia from the same culture agn (A) at 80 x magnification. Z3639,

wild type G. zeae strain; 4ppgl-1, ppgl-deletion mutant.
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Figure 3.8 Transcription assay oppgl. Expression of GFP was controlled by the native

promoter of ppgl gene. (A) and (B) Mycelia 1 day after induction. N GFP signal was

107



detected. (C) and (D) Conidia 3 days after induabin. Only a germinating conidium
(arrowhead) expressed GFP. (E) and (F) Young pehecia (arrowheads) 3 days after
induction. No GFP expression was detected in yourggrithecia but there were many
germinating conidia expressing GFP around them. (zand (H) Conidia and ascospores 10
days after induction. Ascospores (as) expressed Bkvhile conidia (cn) did not express

GFP. (B), (D), (F), and (H) were observed by a farescent microscopy.
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Figure 3.9 Outcrossing fertility of G. zeae in the presence of synthetic peptides @. zeae
and N. crassa. G. zeae wild type strain Z-3639 (A),4ppgl (B), andApre2 (C) were used for

female and GFP-tagged strain, GFPZ-3639 was used fmale.
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CHAPTER 4 - INHIBITION OF SPORE GERMINATION OF

GIBBERELLA ZEAE BY PHEROMONE PEPTIDES

Abstract

In heterothallic Ascomycete fungi, pheromones alaymportant role in fertilization in
sexual reproduction by enabling interactions betweale and female reproductive cells. In
addition, pheromone peptides inhibit conidial geration inNeurospora crassa and arrest the
G1 phase of the cell cycle 8accharomyces cerevisiae. An a-factor-like pheromone peptide
functions in fertilization ofs. zeae, even though it is a homothallic fungus. The otwyes of
this study were: (1) to determine if spore germorabf G. zeae was affected by-factor-like
pheromone peptides produced®yzeae (10 amino acid residues) ahdcrassa (11 amino acid
residues), (2) to determine if the effects are mtedi by theore2 pheromone receptaand (3) to
determine the efficacy of synthetic pheromone giestithat contain portions of the crassa and
part of theG. zeae amino acid sequences. Both pheromone peptidéstadhgermination of
conidia and ascospores in water (non-nutritionad@mns), but not in YEPD medium (nutrient-
rich). TheN. crassa phermone inhibited spore germination much moreiefitly than did thes.
zeae phermone. Synthetic pheromone peptide sequeneesproduced by the substitution of
amino acids from thal. crassa peptide into th&. zeae peptide. Arginine and lysine residues in
the peptides were the most important determindrttsecability to inhibit spore germination.
This result suggests that pheromone peptidé€s e¢ae andN. crassa, or derivatives therefrom,

could be used as fungistatic agents ag&mgeae, and other filamentous Ascomycetes, and that
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the efficacy of the pheromone peptides could beredt by substituting amino acids at critical

locations.

Introduction

Gibberella zeae (Schwein.) Petch (anamorphusarium graminearum Schwabe) is the
most important causal agent of Fusarium head b(igHB, also termed scab) of wheat and
barley (McMullenet al., 1997). In addition to direct yield loSS, zeae can reduce grain quality
through the production of mycotoxins such as tribboenes and zearalenone (Desjardins, 2006)
that contaminate the grain.

G. zeae produces sexual spores (ascospores) and asexues gponidia) for inoculum
dispersal (Markell and Francl, 2003). Ascosporespaoduced in perithecia commonly found
on crop residue. These spores are forcibly diggthfrom the perithecia during periods of high
humidity (Sutton, 1982; Tradt al., 2002). Conidia are produced abundantly on spaioido
found on crop residue during warm and moist coadgi Host plant infection is initiated by
ascospores or conidia in florets between the aistlagsl soft dough stages of kernel
development (Schroeder and Christensen, 1963jallpi(Adams, 1921) the anthers were
identified as the initial infection site, but sintteen the hyphae have been found to directly
penetrate ovaries or the inner walls of lemmassgmlor glumes (Bushnetial., 2003).
Symptoms appear at the point of infection in thenfef water-soaked brown spots. The fungus
invades rapidly and initially kills the originaloilet and eventually the entire spikelet.
Subsequently, the fungus may spread up and dowrathés of the spike and invade additional
spikelets (Parrgt al., 1995).

Chemical and biological methods have been usedritvad FHB, but the development of

resistant varieties should provide the most econahdisease control (Pareyal., 1995).
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Resistance to FHB in wheat is controlled by sevgualntitative trait loci (QTL) (Bai and Shaner,
2004; Ban and Suenaga, 2000; Snijders, 1990).0Atth wheat cultivars with good resistance to
FHB have been produced (Bai and Shaner, 2004; Gdinel Tekauz, 2000), none have
sufficient resistance to withstand high diseasssuree. Similarly, current levels of resistance to
FHB in barley are not considered sufficient (Bail &haner, 2004).

FHB resistance is classified into two types: Typesistance is resistance to the initial
infection, and Type Il resistance is resistancenéospread of the fungus within the spike
(Schroeder and Christensen, 1963). Additionaktasce types have been described including
resistance to kernel infection, tolerance to aweédd loss, and resistance to toxin accumulation
(Mesterhazy, 1995; Millegt al., 1985). The molecular mechanisms of these difteygres of
resistance are not understood. In wheat and hange Il resistance is the most common,
although the independence of the different typeshie®n questioned (Bai and Shaner, 2004).

Another possible method to combat FHB is througtaasgenic approach.
Overexpression of plant-derived pathogenesis-@I@®®&) proteins such as thaumatin-like
proteins, chitinase, and glucanase, can providesunahle resistance against this disease, but
individual transgenes are insufficient whenevedepiic conditions occur (Anared al., 2003;
Chenet al., 1999; Pellegrinesclat al., 2001). The most successful transgenic strategat®
has utilized a pathogen-derived gene. The fungaé@RI101 encodes the enzyme
trichothecene acetyltransferase, which reduceadheity of the mycotoxin deoxynivalenol
(DON) by adding an acetyl group to the C3 hydraygup (Okubara&t al., 2002). Transgenic
plants expressin@RI101 exhibited partial resistance @& zeae in a greenhouse test (Okubata
al., 2002). A similar mechanism of detoxification waand forDOGT1, a UDP-

glycosyltransferase @& . thaliana that detoxifies DON by adding a glucose residun&C3
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hydroxyl group. Overexpression of tB&®GT1 gene inA. thaliana increases DON resistance
(Poppenbergeat al., 2003).

Fungal sex pheromone peptides are potential tafgretspathogen-derived transgenic
approach because they are secreted intercellulamecmication signals that may have strong
effects on fungal behavior. In other systems, ttayaffect fungal germination, filamentous
growth, chemotaxis, sexual development, and pathoigge (Kim and Borkovich, 2004; Kinet
al., 2002; Kronstad and Staben, 1997; Péggeler and KI0fKL; Snetselaat al., 1996; Spellig
etal., 1994). InNeurospora crassa, sex pheromones secreted by trichogynes inhibmig@tion
of conidia of the opposite mating type (Bistis, 3R8Pheromone factors 8hccharomyces
cerevisiae cause cells of the opposite mating type to agestith in the G1 phase of the cell
cycle just before the initiation of DNA synthesBefzet al., 1977; Bucking-Thronet al., 1973;
Hereford and Hartwell, 1974u-factor pheromone db. cerevisiae inhibits appressorium
formation ofM. grisea (Beckermaret al., 1997) andGlomerella cingulata (Al-Samarraiet al.,
2002). Itis unknown whether all these effectsrasgliated by sex pheromone receptors or by
some other mechanism.

The genome of. zeae contains two putative pheromone precursor genégvem
putative pheromone receptor genes, which are hagonakto those in other filamentous
ascomycetes (Chapter 3). One pheromone/receptdippgl/pre2) was functional in
fertilization and the other paipfg2/prel) appeared not to be functionadpgl of G. zeae
produces am-factor-like pheromone peptide (Pgz) that is simitathea-factor-like pheromone
peptide fromN. crassa (Pnc). We predicted that the Pgz peptide wouhibih spore germination
in G. zeae because the Pnc peptide efficiently inhibits c@iigermination inN. crassa. If that

were true, then Pgz might be expressed in transgdmeat or barley spikes as a novel form of
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Type | resistance. The objectives of this studyewgl) to determine if peptide phermones
produced byG. zeae (Pgz) andN. crassa (Pnc) inhibit the germination of conidia and agmes
produced byG. zeae, (2) to determine wheth@re2 mediates the action of the peptide
phermone(s)and (3) to determine the efficacy of synthetic ph@one peptides in the spore

germination process.

Materials and Methods

Fungal strains: G. zeae wild type strain, Z-3639 isolated from Kansas (Blew and
Leslie, 1992) and pre2-deletion mutant/pre2, derived from it were stored as frozen conidial
suspensions in 15% glycerol at —=70°C. Details ofamt construction by the split marker
method were described in Chapter 3.

Synthetic peptides: Syntheticu-factor-like peptides o6. zeae (10 amino acid residues)
andN. crassa (11 amino acid residues) were synthesized by K&legptide Co. (Nashville, TN).
Peptide sequences were “WCWWKGQPCW” and “QWCRIHGQ8®r G. zeae andN.
crassa, respectively. There are five amino acid residbas differ between the two pheromones.
The residues of the two peptides were substituttxdthe other’'s sequence to assess the
importance of each amino acid residue for spormgpation inhibition. All ten single amino
acid substitutions were synthesized (Table 4. Bchipeptide was dissolved in 2% (v/v)
dimethylsulfoxide (DMSO) at 1 mM and stored at 4°C.

Preparation of spores: Z-3639 andipre2 were inoculated on carrot agar and incubated
at 24°C with a 12 hr photoperiod under fluoresdighit (Leslie and Summerell, 2006). After
three days, mycelia were mock-fertilized with 30@f an aqueous Tween 60 solution (2.5%
v/v) to induce sexual development. Conidia andsisares were harvested separately. One ml

of sterile water or YEPD (3 g yeast extract, 1Gegtpne, and 20 g glucose per liter) medium
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was added to the plate at three days after indutbidnarvest conidia. Ten days after induction,
each plate was placed upside-down for 24 hourslesatharged ascospores collected on the lid
of a clean plate. One ml of sterile water was dddehe lid to harvest the ascospores. Spore
concentrations were adjusted td' $pores/ml.

Spore germination test with synthetic peptides:Germination of spores was checked in
four experiments. Three replications were perforfioedPgz and Pnc but one experiment was
done for the other ten synthetic peptides. (1) ditiginal solution (1mM) was diluted and1Q0
of diluted peptide suspensions added to 9I0ff spore suspension (16pores/ml in water) to a
final concentration of 0, 1, 10, 20, 40, and80. The tubes were incubated at 22—24°C on an
orbital shaker (120 rpm) and germination of 50 spavas checked microscopically (100x) at 6,
18, 30, 42, 54, 66, and 120 hr. (2) AfdlBirop of a spore suspension {Epores/ml in water)
was placed on a slide glass andud 6f peptide solution was added to each drop as#me final
concentration as above. (3) 5of spore suspension (16pores/ml in YEPD) was placed on a
glass slide and 1 of peptide was added to each drop to a final eatration of 0, 100, 250,
and 50QuM. (4) 15ul of YEPD agar (2%) at 60°C was placed on a slidsggand 15l of
peptide were immediately added to each drop taa Goncentration of 0, 100, 250, and 500.
After the drop solidified, il of spore suspension (18pores/ml in water) was placed on it.
Spore germination was checked at 24, 48, and 7@ hine third and fourth experiments.

Antimicrobial properties of peptides: To determine if the synthetic peptides had the
same general properties as those of known antitvierpeptides, the amphiphilic nature,
isoelectric point, and net charge, were calculéBdASTAR-Proteon, DNASTAR Inc.,

Madison, WI).
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To determine if the synthetic peptides have nonfipemtibacterial activity, Jul of a
bacterial culture. coli strain IM109; Promega, Madison, WI) grown at 3¥#C18 hrs was
inoculated in 20l of LB medium containing peptides at a final comication of 50QuM. The
cultures were incubated at 37°C for 18 hrs on itairshaker (200 rpm). Bacterial cells were
pelleted by centrifugation for 1 min at 8,000 xrglavet biomass compared with that from an
untreated culture.

To test whether synthetic peptides have nonspeaniiifungal activity, conidia fronv.
grisea strain CP987 (Beckermamhal., 1997) grown on oat meal agar were harvesteteimes
water and the concentration was adjusted fodrlidia/ml. Fifteerul of the conidial suspension
was placed on a glass slide andulbf peptide solution was added to the drop ahalfi
concentration of 10Q0M. Conidial germination was checked microscopicéli00x) at 48 hrs.

pre2 gene homologs:The existence of another receptor with homolagy €2 was
tested in two ways: (1) Th#e2 gene ofG. zeae (FG02655; Chapter 3) was blasted to the

Fusarium genome databasbkt{p://www.broad.mit.edu/annotation/fungi /fusarifymasing blastn

and blastp. (2) Southern hybridizations were deitle thepre2 gene as a probe to genomic
DNA of Z3639 using Gene Images AlkPhos direct Labgland Detection System (Amersham

Biosciences, Piscataway, NJ) following the manuwfiasts instructions.

Results
Germination inhibition by phermone peptides and thér derivatives in water. There
was no difference in germination inhibition betweke tests done in 1 ml (0.2% DMSO) and 30
ul (1.0% DMSO) volumes. Therefore, subsequent exparts were done in 3d of 1.0%
DMSO on a glass slide. The reaction of both asm@spand conidia for the peptides were the

same, and there was no difference between Z-3689@e2 (Table 4.2).
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At 1 uM, all peptides completely inhibited germinatiorGatr. Neither Pgz nor Pnc
completely inhibited germination at 18 hr. Derivas Pgz-S1 and Pgz-S3 performed similarly
to Pgz. Derivatives Pgz-S2, Pgz-S4, and Pgz-S%isdely inhibited germination for at least 30
hr after treatment. For these three peptides, aftengermination began, the percentage of
germination was low and growth was slow. The afficof Pnc-S2 and Pnc-S4 was less than
that of other derivatives of Pnc. Pnc-S1, Pnce®8, Pnc-S5 had effects similar to those of Pgz-
S2, Pgz-S4, and Pgz-S5. Pnc-S3 was superior ¢d thlé other peptides, and could completely
inhibit germination for at least 54 hours (Tabl2)4.

The efficacy of peptides at 1M differed from that at 1M. Pnc completely inhibited
germination for 5 days, but Pgz only partially iniked germination at 18 hr. Pgz-S1 was not as
effective as Pgz, but Pgz-S2, Pgz-S3, Pgz-S4, gnéSB were more effective than Pgz. Pnc-S3
performed as well as Pnc. Tghl Pnc, Pnc-S1, Pnc-S3, Pnc-S4, and Pnc-S5 completel
inhibited germination for at least 42 hours afteatment. At 1@M of Pnc or its derivatives,
the efficacy of Pnc and Pnc-S3 were the highestlaaitdof Pnc-S2 the lowest. The pattern of
efficacy at higher peptide concentrations was sintd that observed at 10/.

Germination inhibition with synthetic peptide in YEPD medium: The pattern of
inhibition in YEPD media (either liquid or solid)as different from that in water (Table 4.3).
Germination was not completely inhibited even & p® peptide, except for Pnc-S4. Only 500
uM of Pnc-S4 completely inhibited germination in YEPPgz-S2, Pnc, Pnc-S1, and Pnc-S3 did
not reduce germination but did reduce growth rafegerm tubes (Table 4.3).

Antimicrobial properties of peptides: In general, most antimicrobial peptides are
amphiphilic, positively charged (+2 to +9) and Higbationic (Jenssed al., 2006). However,

Pnc and Pgz are short peptides that probably cdamotthe helical shapes that confer the
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amphiphilic properties on many antimicrobial peptidolecules. The net charges of Pnc (+2)
and Pgz (+1) were relatively small, but both haglghme isoelectric point (Table 4.4).
Switching the tryptophan and arginine residuesositmpn 2 between Pgz and Pnc changed both
the isoelectric point and the net charge (Pgz-$PRarc-S2; Table 4.4) as did switching the
lysine and histidine residues at position 4 (Pgzad Pnc-S4; Table 4.4).

No evidence was found for broad spectrum antimietaixctivity by any of the 12
peptides examined. The biomass of bacterial teliged with 50QuM of synthetic peptide was
not significantly different from that of an untredtcontrol. Neither conidial germination nor
germ tube elongation ®fl. grisea were inhibited by 10Q0M pheromones or synthetic peptides.

pre2 gene homologs:Blastp and blastn searches with the putgtneé2 gene (FG02655)
did not identify any homologs @re2 in theF. graminearum genome at significance levels
below E-value of 1e-3. Blastn did not identify amymolog undeE-value of 1e-1 but blastp
showed one homolog (FG00333) under E-value of 18300333 has not been characterized,
but the protein it encodes contains seven transmeraltlomains, as dopse2.

For Southern hybridization§. zeae strain, Z-3639 was digested with seven different
endonucleases (BamHI, Clal, Xhol, Sall, EcoRlI, aimdlll) and thepre2 gene was used as a
probe to estimate the copy numbepod2 gene homologsG. zeae has only one copy qire2
('a strong band) but there was a second weak (faguare 4.1), whose presence is consistent
with the hypothesis that a homologpr€2 exists inG. zeae even though a corresponding

sequence was not identified in thegraminearum database.

Discussion

a-factor-like pheromone peptides and related sulistitsynthetic peptides &f. zeae

andN. crassa inhibited spore germination @. zeae in a concentration, time, growth conditions
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and peptide dependent manner. At a concentrafiarpubl, most peptides could inhibit
germination of both conidia and ascospores foeadtl 18 hr. At 2QM, most peptides could
inhibit germination for at least 42 hr. At 1, most peptides inhibited germination for five
days, the longest time tested. In addition, fulagjis effects often persisted as reduced
germination rates long after the complete inhibitocd germination was lost. Pgz, the native
pheromone front. zeae, was one of the least effective peptides in blogkhe germination of
G. zeae spores. In contrast, Pnc, the pheromone fbierassa, was one of the most effective.
At the lowest tested concentrationy¥), the most effective peptide was Pnc-S3, which
completely inhibited germination for at least 54 hr

The complete inhibition of germination of both aspores and conidia @&. zeae by low
concentrations of pheromone peptides suggestpligsbmones peptides or their derivatives
might be exploited for disease control. Ascosparesconidia function as the primary inoculum
in G. zeae (Brownet al., 2001; Shaner, 2003) so inhibiting or delayingitigermination might
prevent penetration of plants by the pathogen. eikample, a transgenic plant producing
pheromone peptides in the spikes could displayvalrform of Type | resistance to initial
infection. This Type | resistance could be comdingth existing Type Il resistances to produce
cultivars with higher overall resistance. Alteiaaly, the peptides might be useful fungistatic
compounds for chemical control or delivery throuigkitu synthesis by a biological control
agent. The feasibility of any of these strategiesld depend on many factors including the
stability of the peptides and the ability to detitiee peptide to the infection court at the right
time at an effective concentration.

The lowest effective concentrations of pheromomessynthetic peptides demonstrated

in this study were higher than reported in someiothngi. Approximately 70 nM af-factor
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pheromone o€andida albicans effects morphological change @ albicans (Dignard and
Whiteway, 2006), but 1.7 nM effactor pheromone d&. cerevisiae is enough to arrest the G1
phase ofS cerevisiae (Rathset al., 1988). In this study, the lowest effective cortcation was 1
uM, but this is certainly an overestimate becausetaconcentrations were not tested. Further
work is needed to establish the lowest effectivecentrations of these peptides.

The pattern of specificity of germination inhibitiovas complex. OngM Pgz inhibited
germination ofG. zeae, but even 10QM had no effect on germination of conidiaMf grisea
and 500uM had no effect on growth d. coli. Unexpectedly, Pnc was more effective at
inhibiting spore germination @. zeae than the native pheromone Pgz. These resultestigg
that the germination inhibition effect may be tkeeult of specific interactions rather than general
antimicrobial effects.

The difference in efficacy of Pgz and Pnc was itigated by making single amino acid
substitutions in Pgz and Pnc. Pgz-S2 was stroemgyanced for germination inhibition and the
efficacy of Pnc-S2 decreased, suggesting thatrtfieiae residue (strongly basic) at position 2
may be important for efficacy. In both cases,ghbstitution of a more basic residue increased
the efficacy of spore germination inhibition. Evaore effective germination inhibitors might
be discovered by a more thorough analysis of simp#gtides.

The mechanism of spore germination inhibition bgnoimone peptides 1B. zeae is
independent of thpre2 pheromone receptor. Previously we demonstratdhlepre2 gene
product inG. zeae interacts with the-factor-like pheromone db. zeae (Chapter 3).
Theoretically, adpre2 mutant should not be affected &yactor-like pheromone peptides (Pgz

or Pnc) because it does not have the receptorrezhjto interact with the pheromone peptide.
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However Apre2 spore germination was inhibited at the same pejtishcentrations as was the
wild type strain, Z-3639.

One possible explanation is that the pheromonegepinhibit spore germination as
antifungal peptides independent from interactiortk any pheromone receptors. The antifungal
activity of small peptides has been describednaraber of organisms (Jenssral., 2006).
Antifungal peptides exert their effects through lyss of cellular membranes or interference
with essential cellular components. The mode tbaof pheromone peptides is unlikely to be
related to that of antifungal peptides for sevesakons. First, pheromone peptides do not have
general antifungal protein properties such as bamghiphilic or highly positively charged (De
Lucca and Walsh, 1999; Table 4.4). Second, pepteeomones are fungistatic, while
antimicrobial peptides are fungicidal. Third, pdptpheromones have a narrow spectrum of
activity but antimicrobial peptides have broad $peu activity,e.g., neither Pgz nor Pnc nor
any of their derivatives affected growthifcoli or germination oM. grisea. Fourth, no
inhibition by pheromone peptides occurred in nutrigch medium.

An alternative explanation for these results is Giazeae has a second receptor for the
pheromone. If the second receptor has a conséimddg site, then this region might have
significant homology witlpre2. However, no significant homolog pfe2 was found in thé.
graminearum database. Southern hybridization showed @atae strain, Z-3639 has one
strong band (presumabiye2) and one weak band when probed vaite2 DNA (Figure 4.1).

The weak band could be a second receptopdgt. Additional work is needed to identify and
characterize this potential second receptor.

The inhibitory effect of peptide pheromones on spggrmination usually was not

observed in liquid and solid YEPD medium, althosghkieral peptides did retard germ tube
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elongation. Only Pnc-S4, in which the histidinsideie (weakly basic) of Pnc was substituted by
lysine (basic), could inhibit spore germinationYd8PD. These results suggest that the
mechanism by which germination is inhibited by mimeones is not operating at high nutrient
conditions. Cross-talk between pheromone-sensidguatrient-sensing pathways has been
reported in other fungi (Lengeleral., 2000). Haploid cells d. cerevisiae mate in rich

medium to form diploid cells that only later sp@td under conditions of nitrogen and carbon
starvation. The glucose-sensing pathway also a¢ggithe downstream pheromone pathway in
Schizosaccharomyces pombe (Lengeleret al., 2000). The unusual behavior of Pnc-S4 occurred
only at high concentrations (5@M), but it suggests that the interactions of theptde are less
affected by starvation.

There is a simple model to explain the cross-tativieen germination inhibition by
pheromone peptides and repression by nutrientsi&i.2). In the first model (Figure 4.2A),
there is a second receptor in addition topie2 receptor. Pheromone peptides compete with
nutrient molecules for binding to the second reaepBinding of the pheromone peptide to the
second receptor results in germination inhibitwhile nutrient binding enables vegetative
growth and inhibits sexual reproduction. In thecsel model, there is an additional receptor
only for nutrient-sensing. Binding of the nutri¢atthe third receptor enables vegetative growth
and inhibits sexual reproduction and germinatiopbgromone peptides. One candidate for a
nutrient-sensing receptor in both models is theage-sensing receptor that regulates sexual
reproduction irS. pombe. TheG. zeae genome database contains one copy (FG05006) of a
glucose-sensing receptor. Characterization ofgése might help test the models.

In summary, this study showed that pheromone peptidn efficiently inhibit spore

germination byG. zeae, and that novel peptides with higher efficacy barsynthesized by
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substituting amino acids into these pheromone gegti The inhibition mechanism through
which these peptides act has not been charactebméd is affected by nutrients and is

independent of thpre2 pheromone receptor.
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Table 4.1 Amino acid residues of pheromone peptideand synthetic peptides

Name Amino acid residu®gvi.W.)° Name Amino acid residues (M.W.)

P97 WCWWKGQPCW (1380) Pnc QWCRIHGQSCW (1405)

Pgz-S1  QWCWWKGQPCW (1548) Pnc-S1  WCRIHGQSCW (1316)
Pgz-S2  WCRWKGQPCW (1390) Pnc-S2  QWCWIHGQSCW (1474)
Pgz-S3  WCWKGQPCW (1347) Pnc-S3 QWCRWHGQSCW (1517)
Pgz-S4  WCWWHGQPCW (1429)  Pnc-S4 QWCRKGQSCW (1435)

Pgz-S5 WCWWKGQSCW (1410) Pnc-S5 QWCRIHGQPCW (1454)

& Pgz and Pnc arefactor-like pheromone peptides @f zeae andN. crassa, respectively.
Identical amino acid residues between Pgz and Rnoralerlined.
 Amino acid residues in boldface type between RgzRnc were substituted.

¢ Molecular weight
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Table 4.2 Germination tests with synthetic peptidein water.

Concentration peptide

Germination of spore’

of peptide 6 hrs 18 hrs 30 hrs 42 hrs 54 hrs 66 hrs 5 days
0uM control ++++ ++++ ++++ ++++ ++++ ++++ ++++
1uM Pgz - +++ +++ +++ ++++ ++++ ++++
Pgz-S1 - ++++ ++++ ++++ ++++ ++++ ++++
Pgz-S2 — - - - + + ++
Pgz-S3 - ++++ ++++ ++++ ++++ ++++ ++++
Pgz-S4 — - - + + + +
Pgz-S5 - — - - + + +
Pnc - +++ ++++ ++++ ++++ ++++ ++++
Pnc-S1 - - - - + ++ ++
Pnc-S2 - - ++ ++ +++ +++ +++
Pnc-S3 - — - - - + +
Pnc-S4 - ++ ++ ++ +++ +++ +++
Pnc-S5 - — - — ++ ++ ++
10 uM Pgz - ++ ++ +++ ++++ ++++ ++++
Pgz-S1 - +++ +++ +++ ++++ ++++ ++++
Pgz-S2 - - - - + + +
Pgz-S3 - - - - + ++ ++
Pgz-S4 — - - + + + +
Pgz-S5 - — - - + + +
Pnc - - - - - - -
Pnc-S1 - — - - - - ++
Pnc-S2 - - ++ ++ +++ +++ +++
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Pnc-S3

Pnc-S4 - - ++ ++ +4+
Pnc-S5 - - ++ +4+ ++
20pM Pgz ++ ++ ++ ++ ++
Pgz-S1 ++ ++ ++ ++ ++
Pgz-S2 - _ _ _ _
Pgz-S3 - - + ++ ++
Pgz-S4 - + + + +
Pgz-S5 _ _ _ _ _
Pnc - - - _ _
Pnc-S1 - - - - -
Pnc-S2 - ++ +++ +++ +++
Pnc-S3 - - - - -
Pnc-S4 - — - - -
Pnc-S5 - - + ++ ++
40 uM Pgz ++ ++ ++ ++ ++
Pgz-S1 - ++ ++ ++ ++
Pgz-S2 - _ _ _ _
Pgz-S3 - - + ++ ++
Pgz-S4 - + + + +
Pgz-S5 _ _ _ _ _
Pnc - - - — _
Pnc-S1 - - - - -
Pnc-S2 - ++ ++ +++ +++
Pnc-S3 - - - - -
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Pnc-S4 - - - - - - -

Pnc-S5 - — - - + + +
80uM Pgz - - ++ ++ ++ ++ ++
Pgz-S1 - - - - + + +
Pgz-S2 - - - - - - -
Pgz-S3 - - - — + + +
Pgz-S4 - - - - - - -
Pgz-S5 - — - - - - -
Pnc - - - - - - -
Pnc-S1 - - - - - - -
Pnc-S2 - - - - - ++ ++
Pnc-S3 - - - - - - _
Pnc-S4 - - - - - - -
Pnc-S5 - - - - - + +

& Asocospores and conidia were affected at the $eweeand there was no difference between
wild type strain Z-3639 anpre2-deletion mutant{pre2). Minus (-) represents no spore
germination; + less than 25%; ++ 25-49%; +++ 8067 ++++ 75-100% germination. For the
test, a 15ul drop of spore suspension {1€pores/ml in water) was placed on a slide glagslan

ul of peptide solution was added to each drop afittzd concentration.
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Table 4.3 Germination test with synthetic peptidesn YEPD medium.

Concentration of Peptide Germination of sporés

peptide 24 hrs 48 hrs 72 hrs

ouM Control ++++ ++++ +++4+

100uM Pgz ++++ ++++ 4+
Pgz-S1 ++++ ++++ ++++
Pgz-S2 +++ ++++ ++++
Pgz-S3 ++++ ++++ ++++
Pgz-S4 ++++ ++++ ++++
Pgz-S5 ++++ ++++ ++++
Pnc +++ ++++ ++++
Pnc-S1 ++++ ++++ ++++
Pnc-S2 ++++ ++++ ++++
Pnc-S3 +++ ++++ 4+
Pnc-S4 ++ +++ ++++
Pnc-S5 ++++ ++++ ++++

250uM Pgz ++++ ++++ 4+
Pgz-S1 ++++ ++++ ++++
Pgz-S2 ++ +++ +++
Pgz-S3 ++++ ++++ ++++
Pgz-S4 ++++ ++++ ++++
Pgz-S5 ++++ ++++ ++++
Pnc ++ +++ ++++
Pnc-S1 ++ +++ 4+
Pnc-S2 ++++ ++++ ++++
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Pnc-S3 ++ +++ ++++
Pnc-S4 + ++ T+
Pnc-S5 ++++ ++++ ++++
500puM Pgz ++++ ++++ ++++
Pgz-S1 ++++ ++++ ++++
Pgz-S2 + ++ 4
Pgz-S3 ++++ ++++ ++++
Pgz-S4 ++++ ++++ ++++
Pgz-S5 ++++ ++++ ++++
Pnc + ++ 4
Pnc-S1 + ++ T
Pnc-S2 ++++ ++++ ++++
Pnc-S3 + + +
Pnc-S4 - — -
Pnc-S5 ++++ ++++ +4+++

& Asocospores and conidia were affected at the $eweeand there was no difference between
wild type strain Z-3639 anpre2-deletion mutant{pre2). Minus (-) represents that no spore
germinates, and plus (+) represents that almo$ol€jibres germinate. The number of plus
represents the length of germ tubes compared totheald typ (+ smaller than 1/4; ++ 1/4 -
2/4; +++ 2/4 - 3/4; ++++ 3/4 - 4/4). For the tebpl of spore suspension (16pores/ml in

YEPD) was placed on a slide glass anqulléf peptide was added to each drop at the final

concentration.

134



Table 4.4 Isoelectric point and net charge of syhetic peptides

Peptide Pgz Pgz Pgz Pgz Pgz Pgz Pnc Pnc Pnc Pnc Pnc Pnc

-S1 -S2 -83 -S4 -S5 S-1 -S2 -S3 -S4 -S5
|P? 83 83 91 83 69 83 83 83 69 83 91 83
NC® +1 +1 +2 +1 +1 +1 +2 +2 +1 42 +2 +2

% soelectric point.

P Net charge
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Figure 4.1 Southern hybridization to confirm the ®py number of pre2 gene. G. zeae wild
type strain Z3639 was digested with seven differe@nzymes (BamHI, Clal, Xhol, Xbal,
Sall, EcoRI, and HindlIl) and the pre2 gene was used as a probe. Black and white arrows

indicate the expected fragment and another homologf pre2 gene, respectively.
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Figure 4.2 Models for germination inhibition by pheromone peptides. (A) Pheromone

peptide (Pp) and nutrient (Nt) compete to bind to e 2' receptor (2 R). Binding of Pp to

the 2" R triggers germination inhibition, while binding of nutrient to the 2" R trigger

vegetative growth and block sexual reproduction. §) There are three receptors. The ®

receptor binds to Pr to trigger germination inhibition. The 3% receptor binds to only

nutrient and this binding triggers vegetative growh and blocks sexual reproduction and

germination inhibition.
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