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Functional Analysis of Secondary Metabolite Bio$yatis-
Related Genes iAlternaria brassicicola

Kwang-Hyung Kim

ABSTRACT

Alternaria brassicicolais a necrotrophic pathogen that causes black digease on
virtually all cultivated BrassicasA. brassicicolais renowned for its ability to
prodigiously produce secondary metabolites. To testhypothesis that secondary
metabolites produced bA. brassicicolacontribute to pathogenicity, we identified
seven nonribosomal peptide synthetases (NPSs) @mmbl¥ketide synthases (PKSs)
in the A. brassicicolagenome. The phenotype resulting from knockout trarta of
eachPKS and NPS gene was investigated with an emphasis on disgoskefungal
virulence factors. A highly efficient gene disrupti method using a short linear
double stranded DNA construct with minimal elememés developed, optimized, and
used to functionally disrupt dNPSandPKSgenes irA. brassicicola ThreeNPSand
two PKS genes, and ondPSlike gene appeared to be virulence factors bagea u
reduced lesion development of each mutant on iabedl green cabbage and

Arabidopsis compared with the wild-type strain.tharmore some of the KO mutants



exhibited developmental phenotypic changes in pigat®n and conidiogenesis. To
further characterize the roles of several genesintérest in A. brassicicola
development and pathogenesis, the g&i#dPS2 AbPKS9 andNPSlike tmpL were
selected for in-depth functional analysis. We pdevsubstantial evidence that the
AbNPS2-associated metabolite is involved in comidé wall construction, possibly
as an anchor connecting two cell wall layers. Wa» atharacterized a biosynthetic
gene cluster harboring thAbPKS9 gene and demonstrated that this cluster is
responsible for the biosynthesis of depudecinnarbitor of histone deacetylases and
a minor virulence factor. Finally, we demonstratedt a NPS-like protein named
TmpL is involved in a filamentous fungi-specific am@anism for regulating levels of
intracellular reactive oxygen species during catidn and pathogenesis in both plant
and animal pathogenic fungi. Collectively our résuhdicate that small molecule
nonribosomal peptides and polyketides An brassicicolaplay diverse, but also

fundamental, roles in fungal development and pathegis.
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Chapter |

General Introduction and Overview of Research

Alternaria brassicicola

Very little information is currently available cogming the pathogenic
determinants produced Byternaria brassicicolagSchwein.) Wiltshire, the causal
agent of black spot diseases of many economiaalbhortantBrassicaspecies
(Braverman, 1979). The necrotrophic naturédobrassicicolaypically leads to
extensive damage of the plant harvest product (Hargon-Jones, 1989; Neergaard,
1945). As a necrotrophic pathogén,brassicicolasecretes numerous secondary
metabolites, which include host-selective and nst¥selective phytotoxins that kill
cells from a large spectrum of cultivated and vplants found within the
Brassicaceae. This introductory chapter focusesoame of the latest findings

regardingA. brassicicolgpathogenicity.
Alternaria: A model genus producing secondary metabolites, gscially toxins

Alternaria species are causal agents of black or brown speaskes of many
fruits, vegetables and field crops (King, 1994)eTisease is spread during the
growing season by wind-blown or rain-splashed sp{wacKinnon et al., 1999). The
pathogen attacks most parts of the plant andlfitagght to induce its chlorotic effect

by secretion of phytotoxins. Necrotrophs lkkernaria represent the largest class of



plant pathogens, yet our understanding of hostsgareteractions involving this class
of pathogens is lacking. The majority of the reskdhat has been performed on
Alternaria pathogenesis mechanisms of plants has been pyroarntered upon the
role of phytotoxins in disease. In fact, more texdmave been characterized from this
genus than from any other fungal genus. All ofglent pathogeniélternaria species
to date have been reported to produce host-sedetctiins (HSTs) and/or produce
nonhost-selective toxic substances with very devdischemical structures (Agrios,
1997; Rotem, 1994). For many of the plant pathagatiernaria species, toxin
production has been clearly demonstrated to beneakm enabling disease
development on a particular hoAt.alternatais ubiquitous in nature and mainly leads
a saprophytic lifestyle, however, the transitioonfira nonspecific and nonpathogenic
type to a host-specific type involves the produtid host-selective toxins (Rotem,
1994). For example, there are at least 7 knownp@stsite interactions in which
HSTs produced bglternaria alternatapathotypes are responsible for disease
(Akamatsu et al., 1997; Otani et al., 1998). ThakasAlternaria-plant interactions

ideal model systems for studying the role of toxmpathogenesis.

As mentioned above, other toxins produced\lgrnaria species are both of
the host-selective and nonhost-selective natunein§@roduced byA. alternata
pathotypes are mainly low molecular weight secopdagtabolites. However, some
of these toxins, such as the AAL toxin, produced\bwglternataf.sp.lycopersicj
have been shown to be a sphingolipid-like molestriecturally similar to fumonisins

(Gilchrist, 1998). Other toxins of diverse struetumclude cyclic despipeptide-based



molecules such as the AM toxin frofa alternataf.sp.mali (Johnson et al., 2000).
Like many of the pathogenic speciés,solanihas been reported to produce non-
HSTs such as alternaric acid, alternariols, solarage, and zinniol, however there
has also been a report of a HST being producedibgpecies (Rotem, 1994.
brassicicola the focus species of this study has also beentezpto produce several
diverse types of phytotoxic molecules. A proteinTH&B toxin was reported to be
produced byA. brassicicoleon host plant (Otani et al., 1998). brassicicolahas also
been reported to produce toxic metabolites inclydiespipeptides and fucicoccin-like
compounds (MacKinnon et al., 1999; McKenzie et¥88). Both HSTs and non-
HSTs could be involved in any or all stages of ¢titen byAlternaria species. Unlike
HSTs, non-HSTs may not be the primary determinddisgease but may serve as

important virulence factors (Rotem, 1994).

Alternaria brassicicola — Brassica pathosystem

Brassicaceae, the crucifer plant family, consis@pproximately 3,500 species in
350 distinct genera. However, the most importaop @pecies from an economic
perspective are found within the single ge@rsissica These crop species incluBe
oleracea(vegetables)B. rapa(vegetables, oilseeds, and forag&s)juncea
(vegetables and seed mustard), Bndapugoilseeds) (Westman et al., 1998).
brassicicolacauses black spot disease (also called dark le&f sp virtually every
importantBrassicaspecies (Sigareva and Earle, 1999; Westman di9819). Black
spot disease is of worldwide economic importanaenfherson-Jones, 1985;

Humpherson-Jones, 1989; Humpherson-Jones and Ph8g§8% Maude and



Humpherson-Jones, 1980). For example, black spobea devastating disease
resulting in 20-50% yield reductions in crops saslcanola or rape (Rotem, 1994).
Like other diseases causedAlyernariaspecies, black spot appears on the leaves as
necrotic lesions, which are often described askidac sooty with chlorotic yellow
halos surrounding the lesion sites (Fig. 1) (Rot#894).A. brassicicolahowever, is
not limited to infection of leaves, and can infalttparts of the plant including pods,
seeds, and stems, and is of particular importas@epest-harvest disease (Rimmer

and Buchwaldt, 1995).

gl ;. : =
plant tissue colonization [

Figure 1. Alternaria brassicicola disease cycle.



A. brassicicolanfection begins when fungal conidia, under fatdea
environmental conditions, produce one or more geimas on the plant surface (Fig.
1). Following germination, this fungus invades hitstues by developing a series of
specialized infection structures including appressand necrotrophic penetration and
infection hyphae (Fig.1). These specialized ceksliate the initial direct penetration
of host epidermal cells by breaching the plantateitand cell wall layers, probably
through a combination of localized secretion ofaety of fungal enzymes, which
include fungal cutinases, lipases, galacturonidases$ endoglucanases (Berto et al.,
1999; Isshiki et al., 2001; Thomma, 2003; Yao aridld€, 1995). Previous studies
have shown that successful penetration of hoseemial cells byA. brassicicolamay
depend on the production of small phytotoxic meliggmthat selectively or non-
selectively damage host plants (MacKinnon et 8991 Oka et al., 2005;
Pattanamahakul and Strange, 1999). In additidoxXios, it has been reported that
brassicicolaproduces a number of other interesting metabokigsh as the histone
deacetylase (HDAC) inhibitor depudecin (Kim et 2D09; Matsumoto et al., 1992),
an antibiotic complex termed brassicicolin A whattows a host-specific toxicity &.
napus(Gloer et al., 1988; Pedras et al., 2009), nomctprlyketide compounds
phomapyrone and infectopyrone (Pedras et al., 2@0@) a nonribosomally-
synthesized peptide related to conidial cell watiégrity (Kimet al, 2007). Thus,
some progress has been made in identifying geraifus necessary for the initial
establishment of the fungus on the host. Howearetic processes and disease
determinants governing specific molecular inteawtibetween the necrotrophic

fungus and the host plant, such as infection siraaievelopment, toxic metabolite



and enzyme production, and detoxification mechanised to be better understood.
This understanding may open new strategies fordsspactrum crop disease

intervention against necrotrophic pathogens.

A. brassicicolas typically seed transmitted, though transmissiginsects
has also been reported (Dillard et al., 1998). Betw1976 and 1978 in the United
Kingdom, 86% of the commercial Brassgmeds produced were contaminated with
brassicicola(Maude and Humpherson-Jones, 1980). The primagade consistently
affecting the cabbage seed industry in the U.8lsigAlternarialeaf spot, caused by
A. brassicicolaand the related specigs brassicaelnfection decreases seed yield,
guality, and germination rates. Seed lots may Jeeted if germination drops below
85 to 90% and infected seed lots must be treateardiagly, increasing costs
associated with seed production. Spread of thesésduring the growing season is
typically by rain and wind that dislodge sporesti®gl conditions for sporulation and
infection include a minimum wet period of 13 hoarsl ambient temperatures of 20-
30°C (Humpherson-Jones and Phelps, 1989; Rotem).1@8nsequently, black spot
disease has been of particular importance in regidthe world with cool, wet
weather during the growing season, such as in theetd Kingdom, Thailand, and the
northeastern United States (Pattanamahakul anddgtrd999). High-levels of
resistance/immunity to this fungus have been replart weedy cruciferous plants
such asArabidopsis thalianandCapsella bursa-pastorifut no satisfactory source
of resistance has been identified among cultivBiegsicaspecies 6(Conn et al.,

1988; Sigareva and Earle, 1999; Westman et al9)19¥ the very fewBrassica



species or breeding lines that have been reparstpddsess some level of resistance,
the genetic basis appears to involve additive amdidant gene action (King, 1994).
Importantly, necrotrophs are traditionally harcttmtrol with host resistance, which is

usually quantitative in nature.

The Alternaria brassicicola genome sequencing project

In 2004, the USDA Microbial genome sequencing progfunded random
shotgun sequencing of tle brassicicolagenome (isolate ATCC 96836). The 6.4 x
shotgun sequencing, BAC and fosmid end sequengpimgsical map construction, and
MPSS experiments were completed at Washington WsityegGenome Center (St.
Louis, USA) and Solexa Inc., Hayward, USA. A genamseembly was generated and
the assembly is composed of 838 supercontigs anerd§,147 bp in length and
having an N50 value of 2,400,717 bp (the lengtthgbat 50% of all nucleotides
contained in supercontigs are of at least this)sidee supercontigs are composed of
4,039 contigs with 84% of the contigs longer th@0A bp and 98.8% of the bases
having a phred quality above 20. The total lendtthe sequenced portion is ~31 Mb,
consistent with the previous estimate of 29.6 Mbgenome size using pulse-field gel
electrophoresis. Approximately 80% of the assembbttbme (25 Mb) is distributed
on 12 supercontigs suggesting a relatively robssembly for only 6 x coverage. For
the prediction of genes in the genome assemblgjorel.4 of the FGENESH
software (http://www.softberry.com) was used withAdternariatrained parameter
matrix. A total of 10,688 genes were predicted whsging the contig sequences as

input, or 9,814 using the supercontigs. Similauealwere obtained when using other



gene prediction programs such as SNAP. Mega BLA&3 used to map a set of
6,430 ESTs (from fungus grovim vitro and plant infection libraries) to support the
brassicicolagene prediction and included BLASTX results frommitarity searches
against the Uniprot protein database and agaihst o¢lated gene models from
taxonomically-related fungi. Results of MPSS of BMA library derived from late
stageAlternariainfected cabbage leaves have provided additiorzr@xental
evidence of transcription for a subset of the geoeels (~4,500). HMMER analysis
of predicted proteins based on gene models hasgerérmed utilizing protein
functional domain databases individually (Pfam, rféigy, Superfam) and part of the
InterPro suite of tools (http://www.ebi.ac.uk/irges/). Collectively, all genome
sequences and annotation data are currently aleatabhe public in ouA.

brassicicolagenome website (http://alternaria.vbi.vt.edu/lafindex.shtml).

Fungal secondary metabolites

Filamentous fungi synthesize a wide variety of selawy metabolites,
collectively referred to as natural products. Thasegenerally low molecular weight
molecules that are traditionally thought to noréguired for growth or development
of the producing organism under laboratory condgjdut are thought to aid the
fungus in competing successfully with other orgarsisn its natural habitat.
Accordingly, many secondary metabolites tend tedrapounds that have toxic or
inhibitory effects on other organisms. Becauséneté bioactive properties, many

fungal secondary metabolites have been adopteditoyahs for use as



pharmaceuticals such as antibiotics, cholester@éing agents, tumor inhibitors, and
immunosuppressants for transplant operations. Qiduerral products of fungi have
negative impacts on society, including phyto- angtotoxins produced by plant
pathogenic fungi and enhancers of virulence in &ipgthogens of humans and other
animals. Because of the impact of these compoudundgal secondary metabolites

have received considerable attention from the séienommunity.

Alexander Flemming discovered the antibiotic substgpenicillin from the
fungusPenicillium notatumn 1928, for which he shared the Nobel Prize in
Physiology or Medicine in 1945 with Howard Waltdoffey and Ernst Boris Chain.
This discovery led to the development of a fungalomdary metabolite, a
nonribosoomal peptide-based chemical, as a drugremkled the beginning of the
modern antibiotic era. Since then more than 100gg@@ndary metabolites of low
molecular weight (less than 2,500 Da) have bedatew from various plant and
microbial species (Demain, 1986). The classes efmital compounds isolated to date
include terpenes (also known as isoprenoids), @i#s) nonribosomal peptides,
polyketides, and shikimate metabolites, and thiearmaceutical activities are wide-
ranging (Stadler and Keller, 2008). Biosynthetithpaays of these natural products
starting from small precursor molecules derivearffarimary metabolism have been
characterized in many fungal organisms. With theeatiof recombinant DNA
technology the biosynthesis of the metabolitesrzam be studied on a genetic level,
and this led to the isolation of numerous genesa@ated with secondary metabolite

production, some of which will be discussed here.



Polyketides

Polyketides (derived from polyketone) form the Esggfamily of structurally
diverse secondary metabolites synthesized in batkapyotic and eukaryotic
organisms and have been madiensively examined in bacteria and fungi. In fung
polyketidesnclude a range of compounds such as the mycotexirgusarin
(Morishita et al., 1968), aflatoxin (Bhatnagar ket 2003), and zearalenone (Gora et al.,
2004) and spore pigmer(tujii et al., 2001; Mayorga and Timberlake, 199any
functions have been proposed for polyketid&einberg, 1971). However, the most
plausible explanation for thtBversity of secondary metabolites is that theighiib
producea wide variety of compounds is ecologically andletronarily advantageous
as a resource for bioactive compounds (Challistm@vood, 2003; Firn and Jones,
2000).For example, several actinomycetes synthesize hemallyunrelated
antimicrobial metabolites that act against the starget organisrChallis and
Hopwood, 2003; Demain, 1986). Thus, unrelated camgds may be selected for

possessing similar activities when important toaoigm survival.

Biosynthesis of polyketides

The biosynthesis of polyketides has been studietkpth. It is clear that
polyketides, independent of their structural diitgrdrave a common biosynthetic
origin. Polyketides are derived from highly functaédized carbon chains, whose
assembly mechanism bears close resemblance tattheéid synthetic pathway
(O'Hagan, 1991). The assembly process is contrbiadultifunctional enzyme

complexes called polyketide synthases or PKSs.

10



Common to all fungal polyketides is their biosyriterigin. They are
produced by repetitive Claisen condensations @a@fhcoenzyme A (CoA) starter
molecule with malonyl-CoA elongation units to foencthain of G units with
alternating ketones in a fashion reminiscent df/fatid biosynthesis and thesulting
chain can be either linear or aromatic. The fumgiof PKS domains are summarized

in Table 1. The minimd@KSs consist of three domaing3-&ketoacyl synthase (KS)

Table 1. Functions of PKS domains.

Domain Function

B-ketoacyl synthase (KS) forms a new carbon-carlmmlby Claison
condensation via 3 steps: acyl transfer,
decarboxylation, condensation

Acyl transferase (AT) substrate recruitment and loading: AT primes the
ACP with acetyl or propionyl moiety and extends the
chain with malonyl or methylmalonyl moieties (in a
chain-extending module)

Acyl carrier protein (ACP) handling of the acyl am#&o the KS active site

Dehydratase (DH) reductive domapiketo processing reactions):
hydroxyl to enoyl group; belongs to non-metal
dehydratases

Methyltransferase (ME) Methylation

Ketoreductase (KR) reductive domafiiketo processing reactions): keto
to hydroxyl group; belongs to short-chain
dehydrogenase family,

Enoylreductase (ER) reductive domgirkieto processing reactions): enoyl
to alkyl group; belongs to medium chain
dehydrogenase family

11



domain, an acyl transferase (Ad9main, and an acyl carrier protein (ACP) domain.
Such an enzyme said to be nonreducing and the resulting polykasdeomatiavith
unmodified ketone groups. In addition to the tmesguisitedomains, PKSs may also
have 3-ketoreductase (KR) and dehydratase @bH) occasionally, enoyl reductase
(ER) domains to reduce the ketareups to various extents (Fuijii et al., 2001;
O'Hagan, 1991). The resulting enzymes typicallydpo linear polyketide
compoundsRkReducing PKSs often also have a methyltransfei&g omain.
Variability in the type, number, and activity of these domaiisr eacltondensation
cycle contributes further to diversity of the meibiesgenerated by fungal PKSs.
During polyketide biosynthesis a starter acyl uatgtate, is transferred from CoA
onto the active site thiol of the KS (Fig. 2). Adlester linkage is also formed
between a malonate extender unit from CoA and @megpheine thiol of the holo form
of the ACP. These loading reactions are generaliglgzed by specific AT enzymes.
The KS catalyzes the decarboxylative Claisen cosatesn between the acyl and
malonyl units to generate acetoacetyl ACP. This@ss is repeated several times.
Each condensation is followed by a cycle of modidyreactions that involves the

enzymes KR, DH, ER, and ME in the subsequent remtusteps.

At this stage, a major difference between fattyl @rid polyketide biosynthesis
becomes apparent. Fatty acid synthases catalyZeltheduction of eaclfi-keto
moiety prior to further chain extension in evergley Polyketide biosynthesis,
however, shows a higher degree of complexity aséflection steps following

condensation can be fully, or partially, omittetiirmg highly functionalized chains, as
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already mentioned above. The assembled polykehide can also undergo further
modifications such as cyclization, reduction ordation, alkylation, and arrangement

after release from the polyketide synthase.

ks ) AT ] ace ] — > L_KS ] At ) ACPJT>j ks ] AT ] AcP ]

| | HsCoa ] | hHsCon | |
SH OH P-pant =<S OH P-pant =<S @] Ig’-pant
o] (0]
G ok <N
2¥~~"8CoA
ﬁ

CO,
ks | AT ] ACP | ~—— ks J_' ATJACP]# KS j ATJACP]
L L L

SH OH P-pant SH OH P-pant S OH P-pant
o g { 0= ¢
R SH S S
o 0 0
R N R
-

Malonyl-CoA: R =H
Methylmalonyl-CoA : R = CH3

Figure 2. Polyketide synthesis by a polyketide syhase.Acetate (the starter unit) is
first loaded from the coenzyme A (CoA) to a cysteiasidue in the active site of a
ketoacyl synthase (KS) domain. Malonate (the exd¢endit) is then transferred by an
acyltransferase (AT) domain from malonyl-CoA toaayl carrier protein (ACP)-
bound 4’-phosphopantetheine residue. Carbon nukieoformed by decarboxylation
of the malonate loaded on ACP then attacks theoogtlzarbon of the starter acyl
residue on the KS to form the nascgiketoacyl chain on the ACP, which is then
loaded to a cysteine residue on the KS.
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Iterative Type | fungal PKS

The two main categories of PKS are referred toygee T and Type Il (Hardie
et al., 1986). Type | is characteristic of fungdarertebrates and consists of only a
large multifunctional enzyme which contains all tltecessary enzymatic activity
embedded in its catalytic domains. Type II, foundbacteria, carries out all the main
chemical transformations using discrete mono-fumeti enzymes. If the same active
sites are used more than once, then the synthdssdsibed as iterative (Hopwood,
1997). To date, a general theme has been obsdratflihgal PKSs are generally
iterative Type | enzymes. Some fungal PKSs ana fireducts are well characterized.
These include PKSs involved in biosynthesis of d@mhipigment and melanin, fungal
polyketide mycotoxins, lovastatin which is a chtdesl lowering drug naturally

produced byAspergillus terreugreferences, see below).

Fungal spore pigmentation contributes both to theigal and pathogenicity
of fungal propagules in the environment. The gr@gment contained in the asexual
spores of the ascomycetous fungspergillus nidulangrotects them from damage
caused by ultraviolet radiation. T gene product had been shown to be
responsible for the production of a yellow intermag¢e of this pigment (Mayorga and
Timberlake, 1990), and in 1992 it was shown thatthA gene coded for an iterative
Type | PKS (Mayorga and Timberlake, 1992hlletotrichum lagenariunpkslhas
previously been cloned from a cosmid library by ptementation of a melanin-
deficient mutantC. lagenariuma plant pathogenic fungus, requires melanintme

its infectious ability (Vidal-Cros et al., 1994)olever, inA. alternatait was shown
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that melanin was not a virulence factor (Tanaled.ef1995). Aflatoxin and
sterigmatocystin are potent, polyketide-derivedcicagenic mycotoxins produced by
fungi of the genugspergillusand constitute a major agricultural problem (Hartbt
al., 1963). Race T of the fungal pathogarchliobolus heterostrophysoduces T-
toxin, a polyketide derived virulence factor respibie for the high virulence .
hetorostrophugowards Texas male sterile (T) maize (Yang etl®96). Fumonisin, a
mycotoxin frequently contaminating maize, is proglioy a number of fungi within
the Gibberella fujikuroigroup of crop pathogens (Proctor et al., 1999 déne
encoding the PKS responsible for the productiothefhighly reduced polyketide
backbone of fumonisin has been isolated from a g@nbbrary. Alternaria solaniis a
causal fungus of early blight disease of potatotantato. Two kinds of phytotoxins,
alternaric acid (Brian et al., 1949) and solanapgso(Ichihara et al., 1983), were
isolated from the different strains of the fungeseding experiments for these
reduced complex-type compounds showed the polyketidin of both compounds

(Oikawa et al., 1998).

Nonribosomal peptides

One of the largest and most important grodpsiorobial secondary
metabolites comprises peptides that are synthebygetzymes instead of ribosomes.
Of the thousands of known nonribosomal peptidesRd&)Rmany are cyclic, but others
are linear or a mixture of cyclic and linear. NRBgresent a large subclass of

bioactive natural products (Sieber and Marahied3)0Remarkably diverse biological
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activities of NRPs have been elucidated over tis gacades as a result of extensive
searches for and characterizations of the NRPst WMok, however, has been focused
on metabolites with antibiotic/immunosuppressiveviiees, due to their medical and
industrial value. Surprisingly little is known aliduiological function of NRPs in
producing organisms. It is noteworthy that benedftBIRPs to their producers remain
unclear in most cases (Finking and Marahiel, 208d)ne proposed activities include
roles as signal molecules for coordination of gioamd differentiation (Horinouchi
and Beppu, 1990; Marahiel et al., 1997; Schaeif@89), as aids in the breakdown of
cellular metabolic products (Davies, 1990), as nefecompounds that kill competing
microorganisms (Vining, 1990), as siderophoressgsa in iron uptake (Challis
(Challis et al., 2000), and as virulence effec{btaese et al., 1993; Johnson et al.,

2000).

Penicillin and derivatives thereof, one of the ieatldiscovered and still one of
the most widely used antibiotics, is an exampla biRP with antibacterial and
antifungal activities. Such antibiotics as tyronigli fengycin and vancomycin are also
NRPs. Cyclosporin, another example of a NRP, hasunosuppressive properties
and remains the most widely used agent for possfilant immunosuppression
(Ducan and Craddock, 2006). Biosurfactants, sugudactin and arthrofactin, are
examples of NRPs with surface tension loweringvagt(Mulligan, 2005;
Roongsawang et al., 2003). In addition to its sughat property, antiviral and
antimycoplasmic activities of surfactin have beeparted (Vollenbroich et al., 1997).

Most bacteria and fungi produce small molecule$ sitong iron-chelating activity
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under iron-depleted conditions. These microbialabelites are collectively called
siderophores, many of which are NRPs, and playr&k®g in iron metabolism of
producing organisms. The following sections descalbiosynthetic mechanism of

NRPs by nonribosomal peptide synthetase (NPS) eezym

Biosynthesis of nonribosomal peptides

NPSs are large, multifunctional enzymes typicatiynprised of numerous
semiautonomous catalytic domains in a linear sefiee domains are arranged in a
predictable distance from each other and in a cheniatic sequence that reflects the
order of their activity in the assembly and taihgriof the peptide or peptide-

containing product. The functions of NPS domairssaimmarized in Table 2.

In NPSs, the adenylation domain (A-domain) is resgae for selection and
activation of the substrate (Fig. 3A). The A-domianognizes and activates a cognate
amino or carboxy acid substrate as an amino a@nddte, consuming ATP (May et
al., 2002; Stachelhaus and Marahiel, 1995). The#aln is the primary determinant
of substrate specificity in the nonribosomal pepsgnthesis system, although the
condensation domain also shows specificity to sertent (see below) (Lautru and
Challis, 2004). Determination of crystal structoféhe phenylalanine-activating A-
domain of gramicidin S synthetase A (PheA) fromiBag brevis (Conti et al., 1997)
facilitated the search for the key residues defjrinbstrate specificity of the A-
domain, leading to identification of a L- phenylail@e-binding pocket and the
residues making contact with phenylalanine (Laatrd Challis, 2004). Sequence

alignment of different A-domains revealed that thsidues corresponding to the ten
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residues in direct contact with L- phenylalanin€’imeA are conserved among A-
domains with the same substrate specificity (Céallial., 2000; Stachelhaus et al.,
1999). These ten residues were called the “noroiinas code”. However, the
nonribosomal code was deduced from analyses ofrAatits of bacterial NPS.
Compared to bacterial NPSs, available sequence@nesponding
structural/functional data on fungal NPSs are kahiand thus a nonribosomal code
specific for fungal NPSs has not been establisle¢dRurthermore, it is not clear if the
bacterial code is applicable to fungal NPS protéWialton et al., 2004). In conclusion,
our current knowledge on mechanisms of substrd¢etgen by A-domain is still

under development and further determination of Asdm structures will be required

to refine the nonribosomal code (Lautru and Cha?@94).

Table 2. Functions of NPS domains.

Domain Function

Adenylation (A) selection of substrates
activation of substrates

Thiolation (T) carrier of activated substrates

Condensation (C) formation of peptide bond
selection of substrates
peptide release*

Epimerization (E) epimerization of a L-amino aadat D-amino acid
N-methylation (M) methylation of substrates

Thioesterase (TE) peptide release

Reductase (R) peptide release

* This function of the condensation domaindstricted to those located at the C-
terminal end of the NPS.
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Figure 3. Peptide synthesis by a nonribosomal peple synthetase. AThe
adenylation domain (A) recognizes and activatesthistrate consuming ATB. The
thiolation domain (T) is the scaffold for the aetied substrate§:. The condensation
domain (C) assists in formation of a peptide boetivieen activated substrates on
adjacent T domains.

In ribosomal machinery, tRNA is the carrier of aated substrates. A peptidyl

carrier protein or thiolation domain (T-domain)MiPS is the counterpart of tRNA

(Fig. 3B) (Finking and Marahiel, 2004). The T-domagquires a cofactor, 4'-
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phosphopantetheine (4'PP), for its function. 4’'BRansferred from coenzyme A to
the hydroxyl group of a conserved serine residugenT-domain, posttranslationally

by 4’-phosphopantetheinyl transferase (PPTase)

The condensation domain (C-domain) is responsdleéptide bond
formation between two amino acyl substrates boortd/d adjacent T-domains
(Fig.3C) (Bergendahl et al., 2002; Stachelhaus.£1998). The C-domain catalyzes a
reaction between an amino/imino/hydroxyl group io¢ @ctivated substrate and an
acyl group of the other activated substrate. Adogytb the multiple carrier model of
nonribosomal peptide synthesis (Stein et al., 199@)C-domain has an acceptor and
a donor site to accommodate the two activated gtbst(Finking and Marahiel,
2004). An activated substrate bound to the T-dorapstream of the C-domain comes
into the donor site and an activated substrate dhéathe downstream T-domain
enters the acceptor site. Nucleophilic attack odeyl group of the substrate in the
donor site by an amino/imino/hydroxyl group of gwbstrate in the acceptor site
results in peptide bond formation between the twistates. As noted, the C-domain
plays a role in determination of substrate spatyfitn addition to peptide bond
formation. The acceptor sites of C-domains shoansfistereoselectivity (L- or D-
amino acid) (Benshaw et al., 1999; Ehmann et @0p2Linne and Marahiel, 2000)
and some selectivity to the side chains of the aauwgl thioester (Ehmann et al.,
2000). In contrast, no significant substrate spatifhas been described for donor

sites of C-domains (Benshaw et al., 1999; Linnal.e2003; Marshall et al., 2001).
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Such substrate selectivity of acceptor site mayagxow directionality of peptide

synthesis is regulated (Lautru and Challis, 200dné& and Marahiel, 2000).

While a combination of A-, T- and C-domains is r@sgible for incorporation
of substrates and elongation of peptide chainsetimay be additional domains that
play a role in modification of substrates. For epéenan epimerization domain
produces a D-amino acid by epimerization of a Lraacid (Pfeifer et al., 1995) and
aN-methylation domain catalyzes transfer of a S-mejhgup from a S-
adenosylmethionine to arramino group of an amino acid substrate. Theseriag

domains contribute to structural diversity of NP8&tamolites.

In addition to those for initiation, modificatiom@ elongation, nonribosomal
peptide synthesis requires specific domains foniteaition and release of peptide
chains (Table 3). This final step of nonribosomgbtide synthesis is, at least in
bacteria, most commonly carried out by thioestedaseains (TE-domain), variants of
serine hydrolases (Keating et al., 2001). An aesite serine of the TE-domain
accepts a mature peptide chain from an adjaceminiad, forming a covalent acyl-O-
TE-domain intermediate. Subsequent hydrolysis efittermediate releases a peptide
chain as a linear or a cyclic peptide (Pazirandet. £1991; Schneider and Marahiel,
1998). In fungi, this type of peptide release hesrbreported in biosynthesis®{L-
a-aminoadipyl)-L-cysteinyl-D-valine (ACV), the pre@or ofp-lactam antibiotics, by

the ACV synthetase dfspergillus nidulangKallow et al., 2000).
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There are several examples of nonribosomal peptidthesis where the TE-
domain is absent and replaced by a C-domain vasiaatreductase domain (Keating
et al., 2001). An example of the former is obsenvetthe NPS (SimA) responsible for
biosynthesis of cyclosporin in the funglislypocladium niveur(Keating et al., 2001,
Weber et al., 1994). The C-domain, which is assutnddnction as an amide
synthase in this reaction, catalyzes head to ¢aitlensation of a peptide chain,
coupling an amino group of the first amino acidia chain to a carbonyl group of the
last amino acid of the chain, to produce a cyahede product (Keating et al., 2001).
Based on domain organization of the NPSs (i.e.tar@inal extra C-domain), Konz
and Marahiel (1999) predicted that peptide reldgsieead to tail condensation is also
operational in biosynthesis of enniatin (Haesd.efl893) and HC-toxin (Scott-Craig
et al., 1992), both of which are phytotoxins prcoetliby filamentous fungi. In the
second type of peptide release without the TE-dontae reductase domain releases a
mature peptide chain as an aldehyde through NAD{@®ipled reduction of a
thioester bond (Keating et al., 2001). This typg@eptide release is observed in
biosynthesis of the essential amino acid lysinéys2p inS. cerevisiag¢Keating et
al., 2001). Although not functionally characterizeeductase-like domains were
identified in some fungal NPSe.p.the NPS ofA. nidulans(EAA59538) and the NPS
of Gibberella zeadEAA75314)] in the database (von Dohren, 2004jpt&biols are
linear peptides of fungal origin, and are charaoger by the presence of an unusual
amino acidp-aminobutyric acid, and a C-terminglaminoalcohol group (Reiber et
al., 2003). Reduced C-terminals of peptaibols iati¢hat peptide release by the

reductase domain is operational in biosynthesfgeptaibols.
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Table 3. Peptide release in nonribosomal peptide sthesis

Domain Activity Example Reference
Thioesterase hydrolysis of ACV synthesis by (Kallow et
domain a peptide chain Aspergillus nidulans al., 2000)

Condensation head to tail condensation cyclosporin synthesis by (Weber et

domain of a peptide chain Tolypocladium niveum  al., 1994)
Reductase reduction of lysine synthesis by (Ehmann et
domain a thioester bond Saccharomyces cerevisieial., 2000)

Modular Organization of NPSs

A module is defined as the unit responsible fobiporation of a single
substrate into a growing peptide chain (Finking Bradahiel, 2004). C-, A- and T-
domains are minimal components of a single elongatiodule, with the exception of
the first module (initiation module) that consiefoonly A- and T-domains (Finking
and Marahiel, 2004). Some NP%g&.(monomodular NPSs) carry only a single
module, while others.e. multimodular NPSs) consist of multiple modules
arrangement. At first glance, it seems straightooito predict structure of any NPS
metabolite based on module organization of theespawnding NPS. For example,
surfactin synthetases Srf A, B and C have severutasdn total, and biosynthesize
the cyclic lipoheptapeptide surfactin (Finking avidrahiel, 2004; Peypoux et al.,
1999). Cyclosporin, which consists of eleven sudtes, is biosynthesized by the NPS
SimA carrying eleven modules in the filamentousgiusil olypocladium niveum
(Weber and Leitner, 1994). However, there are exesrpr which the simple

assumption that the number of modules of a NPSspands to the number of
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substrates in a NPS metabolite does not apply. @i@mS, which consists of ten
amino acids, is biosynthesized by the gramicidsy@hetases GrsA and B carrying a
total of five modules (Kratzschmar et al., 1989rday et al., 1992). The apparent
discrepancy between the structure of Gramicidim&the module organization of
GrsA and B is explained by iterative use of theAzaad B templates. In the first
round, GrsA and B synthesize a pentapeptide wisichaintained on the C-terminal
TE-domain. In the second round, GrsA and B agamh®size a pentapeptide and the
two pentapeptides are combined by a TE-domaindiyigla homodimeric product
(Finking and Marahiel, 2004). The iterative usea®PS template is also observed in
biosynthesis of enniatin by the enniatin synthe{&sgn) isolated fronfFusarium

scirpi (Glinski et al., 2002). Taken together, it is netessarily simple to predict
structure of a NPS metabolite based on module geraent of a NPS protein, which
points out the importance of biochemical charaz#tion of NPS enzymes and their
products. Flexibility of modular organizations oPRs may partly account for

structural diversity of NPS metabolites.

Overview of research

The fungusA. brassicicolas an economically important pathogen of
Brassicas. Moreover this fungus is a premier repriagive of a devastating class of
fungal plant pathogens, the necrotrophs. Annotatfcthe complete sequence of the
brassicicolagenome has led to a deeper understanding of dheglyi of this important

plant pathogen; we have identified numerous gemg@ls we predicted to be

24



involved in the production of novel metabolitescdmented the expansion of specific
gene families that may contribute to virulence, arapped the position of genes
known to be involved in virulence in other fungakipogens (Lawrence et al.,
unpublished). However, our understanding of virakeremains limited. As an initial
step elucidating the underpinningsAafbrassicicolanecrotrophic pathogenesis, we've
chosen representative secondary metabolite-progyggnes, nonribosomal peptide
synthetasedNPS and polyketide synthaseBKS to functionally characterize their

roles in fungal biology and virulence.

In Chapter Il , functional analysis of aNlPSgenes an®?KSgenes irA.
brassicicolawas conducted using a linear minimal element (LM@&)struct approach
that was developed as Anbrassicicolaargeted gene disruption method. The LME
constructs were used to functionally disrupN#ISandPKSgenes, resulting in more
than 95 % of targeted gene disruption efficiendyeridtypic analyses of eabliPS
andPKSgene disruption mutant revealed in some caseestieg developmental

changes and/or reduced virulence.

In Chapter Il , the function 0AbNPS2 one of theA. brassicicola NP§enes
associated with conidial cell wall construction vimgestigated. Gene expression and
mutation analyses showed tWdiNPSZplays an important role in conidial
development and virulence although the reductioririience was due primarily to

low viability of conidia.
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In Chapter IV, biosynthesis and role in virulence of the histdeacetylase
inhibitor depudecin fronA. brassicicolavere investigated. We demonstrated that
AbPKS9 one of théA. brassicicola PK$enes, and six genes defining a biosynthetic
gene cluster were responsible for the depudeciyhtbesis and created depudecin-

minus mutants to test the role of depudecin inleirce.

In Chapter V, the function of &PSlike genetmpLin fungal development
and virulence was investigated. TmpL is a noveldnraembrane protein necessary for
regulation of intracellular ROS levels, toleranceekternal ROS, and required for
infection of plants by the necrotroph, brassicicoleand mammals by the human
pathogenAspergillus fumigatusrThis chapter demonstrated that the regulation of
intracellular levels of reactive oxygen species 8@ critical for fungal

differentiation and virulence.

Finally, a summary and conclusions of the reseprebented in this

dissertation are provided Chapter VI.
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Chapter Il

Functional Analysis of the Nonribosomal Peptide Sythetase
Genes and Polyketide Synthase GenesAiternaria
brassicicola Using a Linear Minimal Element (LME)
Construct-Mediated Targeted Gene Disruption Method

Abstract (Part of this work was published @ho et al., 2006, MPMI, 19:7-15)

Alternaria brassicicolacauses black spot disease of cultivated Brasaimd$ased on
its necrotrophic lifestyleA. brassicicolabelongs to a genus renowned for its ability to
prodigiously produce secondary metabolites. Tottestypothesis that secondary
metabolites produced #. brassicicolacontribute to pathogenicity, SPSor NPS

like genes and 1PKSgenes were identified by mining the brassicicolagenome
sequence database in our lab. Domain annotatieaadf gene excluded o€ Slike
gene from the list due to the absence of necessemymatic domains. IA.
brassicicola mutant generation has been the most rate-limgiag for the functional
analysis of individual genes due to low efficierafyboth transformation and targeted
integration. To improve the targeted gene disrupéfiiciency as well as to expedite
gene disruption construct production, we adoptshkaat linear construct with minimal
elements, an antibiotic resistance selectable mageee and a 250- to 600-bp-long
partial target gene. The linear minimal element E)Monstructs were used to
functionally disrupt aINPSandPKSgenes, resulting in more than 95 % of targeted

gene disruption efficiency when using the LME comst, suggesting that this method
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is advantageous for high throughput gene disruptigha brassicicolaDeletion of

eachNPSandPKSgene and phenotypic analyses showed3dhNRSand 2PKSgenes
and aNPSlike gene {mpL) are required fonormal virulence on green cabbage and
Arabidopsis, and some of the KO mutants showedestmg phenotypic changes in

pigmentation and conidiogenesis.

Introduction

Secondary metabolites are a remarkably diverss ofasellulaproducts that
often exhibit taxonomic specificity (Frisvad et, &008). Secondaryetabolites are
generally considered "nonessential” for organiggnalvth under culture conditions
(Bennett, 1983). In microbes, these unigisehemicals are frequently produced in
culture after a periodf active growth has depleted the substrate (Bént@®5; Bode
et al., 2002) and biosynthesiften coincides with differentiation, especially
sporulationBennett, 1983). However, the circumstances of gpctdn and their role

in life cycles in the natural environment are neflwanderstood.

The study of fungal secondary metabolites inclugiagribosomal peptides
and polyketides has been limited by the difficaityletecting and characterizing the
secondary metabolite itself. Complatealysis of the genetic potential of fungi to
produce secondary metabolitetame possible only recently when the genomic
sequences aeveral fungal species became available. Now,dleetsvecloning of
genes encoding those secondary metabolite-prodecimgmes such as nonribosomal

peptide synthetases (NPS) and polyketide synti{&€S) can preceddentification
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of a product and contribute to the overall analgssecondary metabolite diversity

and function in an organism.

The imperfect filamentous fungédternaria brassicicolaSchwein, Wiltshire)
causes black spot disease on a broad range ofatalfiand weedy members within
Brassicaspecies. NotablyA. brassicicolahas been used as a true necrotrophic fungus
for studies with Arabidopsis. Having genome seqasrand functional methodologies
developed for both plant and pathogen is advantasyiw the elucidation of events
occurring at the host—pathogen interface that altity determine the outcome of the

interaction.

Targeted gene disruption or gene replacement, @sicecombinational
insertion of circular disruption constructs, reconational replacement (Yang et al.,
2004), or transposon arrayed gene knockout (Adetchli., 2002; Hamer et al., 2001;
Lo et al., 2003), is highly desirable for targetedtational analysis in conjunction
with a genome or large expressed sequence tag @&Eglgncing project. With the
completion of théA. brassicicolagenome sequencing, development of high-efficiency
gene disruption technology for functional analysisritical for the identification of
virulence factors. This technology also will be fuséor identifying the functions of

other genes of interest involved in a fungal seaoydhetabolism.

A. brassicicolain contrast to studies with oth&lternaria spp., previously has
been reported to exhibit very low efficiency forthdransformation and targeted gene

disruption. Yao and Koéller (1995) reported a raasecof gene disruption
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brassicicolafor a cutinase genmutabl In this study, high-velocity microprojectiles
(delivered via gene gun) were used to introducsu@@r plasmid constructs harboring
a partialcutab1cDNA into conidia. Two targeted gene mutants weeatified out of
30 hygromycin B resistant transformants, whereaslygethylene glycol (PEG)-
mediated protoplast transformation method faileddnerate any transformants. In the
present study, we adopted a relatively easy andogomwal PEG-mediated protoplast
transformation method for targeted gene disrupt@ur. study had two goals: first, to
identify all theNPSandPKSgenesn the genome oA. brassicicolaand second, to
determinghe phenotype resulting from mutation of e&tfhlSandPKSgene identified
using the targeted gene disruption methath emphasis on discovery of any that
might be involved irlungal virulence. EighNPSor NPSlike genes and 1BPKSgenes

were found in thé\. brassicicolagenome and characterized in this study.

Results

Linear minimal element constructs: new logic for fungal gene disruption

There are several established methods to disrigettgenes using diverse
constructs. A representative circular disruptionstouct contains an internal fragment
of a target gene cloned together with a selectalaleker gene in a plasmid vector
(Fig. 1A). A classic linear construct, represertgdhe replacement construct, flanks
an antibiotic resistance or other appropriate salde marker genes with two
fragments representing &d 3regions of a target gene (Fig. 1B). Derivatives of
replacement constructs have been widely used ersivfilamentous fungi to either

replace short segments within a target gene wsllectable marker gene or disrupt a
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Figure 1. Diagram depicting incorporation of transiorming DNA at a target
genomic locusShown are targeted gene disruption or replacemenhanisms
starting with A, a circular construct, B, a lineeecombinational gene replacement
construct, and C, a linear minimal element (LMEnstouct. Hatched box = a
selectable marker gene, white box = a target gemtmous (A, B, and C) and gray
box = partial target gene (A and C) or target flagkregions (B). Homologous
recombination events are shown with a large “X'metn target genomic locus and a
partial target gene (A and C) or between targeedkamking regions (B).

target gene (Bussink and Osmani, 1999; Shah-Mahenaly, 1997; Shiotani and
Tsuge, 1995; Voigt et al., 2005). We generatedeali construct with a partial target

gene at only one end and an antibiotic resistagleetable marker gene at the other
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end (Fig. 1C), and designated this as a linearmahelement (LME) disruption
construct to distinguish from other types of lineanstructs (Cho et al., 2006).
Insertion of classic linear constructs by a singlenologous recombination was
reported as an undesirable side-effect in sevasdsdue to the circularization of the
linear constructs after transformation (Bussink @sdnani, 1999; Shah-Mahoney et
al., 1997; Yang et al., 2004). In contrast, if tME construct were circularized
efficiently in the cell, gene disruption might ocdy a single homologous

recombination (Fig. 1C).

Transformation and targeted gene disruption efficiecy using LME constructs.

We initially created over 15 individual disruptioonstructs, using the
pCB1636 vector harboring partial cDNA sequencesesmponding t&\. brassicicola
genes identified in various cDNA libraries from dalboratory, to ultimately evaluate
their role in pathogenicity (Table 1). We produtddE disruption constructs by
PCR-based amplification of the gene-specific fragim@nd the hygromycin B (hygB)
resistance genéph) cassette with M13 forward and M13 reverse prinusiag
plasmid constructs as template DNA. To establisbva gene disruption method, we
transformed the LME constructs primarily into Anbrassicicolasolate ATCC96836.
We tested LME constructs for their ability to eigiotly disrupt genes encoding
putative toxic proteins, hydrolytic enzymes, a silgrg pathway component, a
transcription factor, and an essential protein (@dh). Numbers of transformants
generated in these experiments ranged from 3 that@emerged within 2 weeks on

the selection plate for each gene except an eatgetie (Table 1). Additional
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transformants surfaced after 16 days. Late-emetgamgformants were not counted
in this study because previously emerged colomew ¢oo large and overlapped the
late-emerging colonies. On average, 15 transforsnamierged within 16 days when
we transformed 10 ug of LME disruption construatd ix 16 protoplasts with an
optimized protocol. We obtained 100 % gene disaupéfficiency according to PCR
and Southern hybridization experiments in mosheté experiments (Table 1). In
addition, no evidence of ectopic insertion was oleein the vast majority of targeted
gene disruption mutants. One or two rounds of shsglore isolation on PDA media
containing hygB were sufficient to purify mutantsdeeliminate contamination with
wild-type nuclei. We qualitatively assessed stabif gene disruption mutants after
one round of single-spore isolation. Three difféteygB resistant mutants for genes
predicted to encode a fus3 MAP kinase, chymotry@sid N-acetylglucosaminidase
were cultured on PDA media lacking hygB for appnoaiely 1 week, and hyphal tips
were repeatedly transferred on to new PDA plaths.répeated subculturing on PDA
media did not change hygB resistance of the disyaphutants during the repeated
hyphal tip transfers, even after five times. Afsalation of new conidia produced
during late stages of plant infection, we alsog@growth ability of mutant conidia on
hygB-containing PDA media several times with ovedifferent mutants. In every
case, recovered spores remained highly resistdnigB at the levels used in our
studies. Thus, we strongly believe that this trarmeftion method produces highly

stable, hygB-resistant transformants.
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Table 1. Efficiency of transformation and gene knokout in Alternaria brassicicola using linear minimal element (LME)

constructs

Gene Numbe_:Yr of transformants/ Knock-out percent_ile (no. of Verification method
1 x 16 protoplasts mutants/no. examined}

Fus3 MAP Kinase 20 100 (20/20) PCR/Southern

Hog MAP Kinase 13 ND

Chymotrypsin 10 83 (4/5) PCR

N-acetylglucosaminidase 12 100 (6/6) Southern, PCR

Glycosyl hydrolase 15 ND

Pectate lyase 10 100 (5/5) PCR

Zinc finger 31 100 (8/8) Southern, PCR

Altb1 Allergen 3 100 (4/4) Southern, PCR

ATP/ADP transporter 4 98 (196/200) Viability

Lipasel-1 >200 100 (5/5) PCR

Lipasel >10 100 (8/8) Southern

Lipase2 8 100 (6/6) Southern

Lipase3 15 93 (13/14) Southern

Cutinase (CL394) 14 100 (6/6) PCR

MFS transporter 8 100 (8/8) PCR

D = not determined.



Table 2. Sequence similarities of th&lPS and PKS genes inA. brassicicola

Gene Gene ID Genebank homolog E-value Inferred or known function

NPS genes

AbNPS1 AB3659 Hypocrea virens, te: 0.0 Peptaibol biosynthegisiest et al., 2002)
AbNPS2 AB8354~6 Cochliobolus heterostrophus, NPS4 0.0 Cell wall biosynthesigim et al., 2007)
AbNPS3 AB7453 Cochliobolus heterostrophus, NPS10 0.0 Unknown

AbNPS4 AB4869 Penicillium nordicum, NRF 0.0 Unknown

AbNPS5 AB8172 Aspergillus fumigatus, NRI le-121 Unknown

AbNPS6 AB1758 Cochliobolus heterostrophus, NPS2 2.3e-56 Siderophore biosynthegigeet al, 2006)
AbNPS7 AB4798 Cochliobolus heterostrophus, NPS6 2.6e-48 Siderophore biosynthegigeet al, 2007)
AbNPS8NPSIlike) AB4611 Cochliobolus heterostrophus, NPS12 0.0 Intracellular ROS homeostagii et al., 2009)
PKS genes

AbPKS1 AB5106 Alternaria solani, Alt 0.0 Alternapyrone biosynthesisijii et al., 2005)
AbPKS2 AB5242 Pyrenophora tritic-repentis, ppsA 0.0 Unknown

AbPKS3 AB6179~80 Cochliobolus heterostrophus, PKS8 0.0 Unknown

AbPKS4 AB4669 Cochliobolus heterostrophus, PKS12 0.0 Unknown

AbPKS5 AB7780 Cochliobolus heterostrophus, PKS15 0.0 Unknown

AbPKS6 AB4556 Cochliobolus heterostrophus, PKS16 0.0 Unknown

AbPKS7 AB2277 Cochliobolus heterostrophus, PKS18 0.0 Melanin biosynthesigim, unpublished)
AbPKS8 AB4567~8 Cochliobolus heterostrophus, PKS25 0.0 Unknown

AbPKS9 AB1916 Gibberella moniliformis, PKS14 2.4e-160 Depudecin biosynthegis et al., 2009)
AbPKS10 AB3659~60 Pyrenophora tritic-repentis PTRG_04244 0.0 Lovastatin biosyntheasis Broad Institute)
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AbNPS1 6517 aa
AbNPS2 7195 aa
AbNPS3 1283 aa
AbNPS4 1228 aa
AbNPS5 1052 aa
AbNPS6 5421 aa
AbNPS7 2071 aa

AbNPSS (TmpL) m 1025 aa

AbPKS1 KS ME ~ DH ER KR ACP| 2551 aa
AbPKS2 | Ks AT = ME = DH ER KR | 2508 aa
AbPKS3 | KS AT ME  DH ER KR ACP| 2557 aa
AbPKS4 | KS AT = ME DH KR ACP 2493 aa
AbPKS5 [ KS AT = ME DH ER KR ACP 2200 aa
AbPKS6 2905 aa
AbPKS7 2124 aa
AbPKS8 ~1700 aa
AbPKS9 2376 aa
AbPKS10 KS ME  ER KR ACP | 2533 aa

Figure 2. Structural organization of A. brassicicola predicted NPS and PKS
proteins. Abbreviations: A, adenylation; dA, degenerate gtiion; T, thiolation; C,
condensation; E, epimerization; Tf, transferasaeRuctase; Tm, transmembrane; D,
dehydrogenase; ; KR, ketoreductase; KS, beta-kgtsgnthase; AT, acyl transferase;
ACP, acyl carrier protein; DH, dehydratase; ER émneguctase; ME, methyl
transferase; TE, thioesterase. Each box repreaardpen reading frame, the size of
which is indicated on the right in amino acids (8d)e question mark in AbPKS8
indicates incomplete sequence.
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Identification of NPS and PKS genes

Utilizing the genomic sequence Af brassicicolave have identified 8IPSor
NPSlike genes and 1BKSgenes, namedbNPS1to AbNPS8&ndAbPKS1to
AbPKS10Qrespectively. To identify thlPSandPKSgenes, we used the consensus
sequence of the phosphopantetheine (PP)-bindingradenylation domain
conserved iNPSgenes and the KS domain, the most highly conseteethin in
type IPKSgenes as queries in HMM (Hidden Markov Model) skarin this regard,
we searched a sequence databage bfassicicolagenomewith a profile HMM. PSI-
BLAST searches were also used to retrieve all preshy published fungal PKS and
NPS protein sequences from National Center foregtmmology Information (NCBI).
Sequence similarity searches were applied tétHeassicicolagenome database
using BLASTN, BLASTP, and TBLASTN in the NCBI staiatbne BLAST tool

(Table 2).

The complete set of domains comprising edétsandPKSgene was
determined by searches using a conserved domaibats (NCBI,
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shfrmhd an InterProScan (EMBL-
EBI; http://www.ebi.ac.uk/InterProScan/). These doms were verified by aligning
the predicted protein sequences with domains ifieetin previously characterized

NPS and PKS proteins using CLUSTALW.

The modular organization of each of the elg§fSgenes is shown in Figure 2.
Predicted protein sequences grouped the eight getoetsvo structural categories:

AbNPS1AbNPS2AbNPS6andAbNPS7enes encoding mulimodular proteins,
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whereasAbNPS3AbNPS4AbNPS5andAbNPS&re encoding monomodular
proteins, each with a distinctive C-terminal eANPS3has a polyketide synthase
domain near its C terminus, and is thus an NPS/RKI®d; it terminates with a
dehydrogenase (DH) domain followed by a ketorediec{R) domain found in the
PKS proteins. AbNPS4 and AbNPS5 terminate witmafexase domain and a
reductase domain, respectively, suggesting amalige mechanism of termination
reported in a bacterial NPS system (Silakowski.e2800). Among the monomodular
NPSs AbNPS8ontained only an adenylation domain without thiioin and
condensation domains which are typical componentisa multi-modular
organization oNPSgenes, followed by six transmembrane domains.éfbes,
AbNPS8was considered not a trid*Sgene, renamed asipL, and further

characterized in Chapter 5.

According to the domain analysisBKSgenes (Fig. 2), there was one
nonreducing PKSAbPKS7 and nine reducing PKSAIPKS1-6andAbPKS8-1).
All the PKSgenes identified showed a typical iterative don@aganization oPKS
genes. The full open reading frame (ORF) ofAl®KS8had extended over two
contigs inA. brassicicolagenome assembly, thus there was a sequence gegebet
contigs. However we failed to amplify and sequethesgap region, possibly due to

too long gap sequences to amplify efficiently whGR.

Functional analysis ofNPS and PKS genes

To investigate the function of the identifidliPSandPKSgenes, we generated

LME KO constructs based on the retrieved sequearwtall genes were disrupted
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individually using each LME construct. As a conseage of the targeted gene
disruption, about 10-20 transgenic strains per ¢éaetsformation were recovered

from the selection media. After single spore isolatsets of mutants corresponding to
each gene were characterized at the molecular. [B@R was used to identify mutants
disrupted at each gene locus as well as ectopiantgjtwith genomic DNA from each

mutant as the template.

Growth, conidiation, morphological alteration, paglenicity, and sensitivity to
oxidative streswere analyzed for the set of disrupted transforsmahtaclyene to
determine how the functional disruption affectednmalfungal growth and
development. Four KO mutants were tested for @&¢BandNPSgene. All ~100
conidia from each mutant strain germinated norm#ftg mycelial growth, as
measuretby colony area relative to the wild-type, was santb thewild-type for all
mutants. Abnormal conidial shape was noticed fraandformants disrupted in
AbNPS2andAbNPS8tmpl) genes. Interestingly conidia AbNPSZdeletion mutants
appeared to be hydrophilic aAMbPKS7deletion mutants were albino mutants having
no melanin. All mutants were screened for alterieadlence on susceptible green
cabbage and in some cases Arabidopsis. Mutantgptiest inAbNPS2, AbNPS4,
AbNPS7, AbNPS@mpL), AbPKS1andAbPKS8displayed significant reductions in
virulence (20 % to 80 %), indicating that the prouof those genes are necessary for
high virulence ofA. brassicicolaon green cabbage. Interestingly, &leNPS2deletion
mutants showed an age-dependent reduction in xirale/-day-oldabnps2mutants

showed a comparable virulence to wild-type strainile 21-day-old mutants were
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Table 3. Virulence and phenotype test results of tgeted gene disruption mutants.

Phenotype analysis

Mutant Virulence Relative growth - - — -
Pigmentation Conidial shape Other traits
NPS mutants
abnpsl Norma 100% Norma Norma
abnps2 Age-dependent reduction 100% Norma Abnormal Water-wettable
abnps3 Norma 100% Norma Norma
abnps4 60% reduced 100% Norma Norma
abnpsb Norma 100% Norma Norma
abnps6 Normal 100% Norma Norma Sensitive to oxidative stress
abnps7 80% reduced 100% Norma Norma Sensitive to oxidative stress
abnps@tmpl)  80% reduced 100% Lighter-pigmented Abnormal Smesio oxidative stress
PKS mutants
abpksl 20% reduced 100% Normal Norma
abpks2 Norma 100% Norma Norma
abpks3 Norma 100% Norma Norma
abpks4 Norma 100% Norma Norma
abpksb Norma 100% Norma Norma
abpks6 Norma 100% Norma Norma
abpks7 Norma 100% White Norma Melanin-deficient
abpks8 50% reduced 100% Normal Norma
abpks9 10% reduced 100% Norma Norma Lack of depudecin
abpks10 Norma 100% Norma Norma
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less virulent than the wild-type strain. Some @& thutantsgbnps6, abnps@nd
abnps§ were hypersensitive to oxidative stress. Growatks of those mutant strains
were significantly reduced (P<0.05) in the presesfdeydrogen peroxide, compared
to the wild-type. ThéeKSandNPSgenes showing an interesting phenotype and
virulence changes were selected for further fumetieharacterization in the

following chapters.

Discussion

Various genes involved in fungal pathogenicity hbeen identified by
conventional forward genetics and recently phaseifip protein identification (Kars
et al., 2005). However, recent genome-wide appregmblve enabled us to discover
large numbers of candidate genegirbrassicicolahat require subsequent
verification by reverse genetics approaches. &tariith theA. brassicicolagenome
sequence, in this study we explored new approdonaystematically knocking out
targeted genes to discover the major virulencefacuch as proteins involved in the
secondary metabolite biosynthesis: nonribosomaigegynthetases and polyketide

synthases.

Production and optimization of the efficient targeed gene disruption method

The combination of partial target gene sequencasiplied by vector
sequences as well as the orientation of vectoresezps in mutants indicates that
targeted gene disruption in our system was accaimgdi by a single homologous

recombination preceded by circularization of tmedr construct, and not by
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nonhomologous DNA end joining (Convery et al., 2008tchlow and Jackson, 1998;
Pastink et al., 2001). With the LME constructs ¢stirsg of minimal components, we
were able to produce transformants in every trigh wpproximately 35 genes. We
were able to generate approximately 15 transforsna@t construct with 10 pg of
purified PCR products in approximately 4 ¥ photoplast with an optimized protocol
in A. brassicicolasolate tested. Targeted gene disruption effigtemas improved
dramatically with the LME constructs compared vatandard plasmid disruption
constructs. These results may be attributed tgihad| size of the linear constructs or
intrinsic differences between plasmids and lineBADThe typical minimal linear
construct (2 kb) is approximately three fold snratken the plasmid (5.5 kb) used in
this study. Alternatively, the linear DNA might earfte both transformation and
targeted gene disruption efficiencies as showA. ialternata(Shiotani and Tsuge,
1995) due to uncharacterized reasons. Howeveriesilad differences in
transformation efficiency were not observed betwedit and plasmids disruption
constructs. The major difference observed betwkemto methods was in reliable

targeting efficiency.

In most cases, gene disruption efficiency was 100% brassicicolasolate
ATCC96836 with the LME disruption construct. Impntly, the majority of mutants
contain a single copy of transforming DNA. Our fdesshow greatly increased
efficiency compared with examples of approximat$o gene disruption efficiency
in other systems with either Agrobacterium-mediatadsformation or transposon-

mediated library construction (Adachi et al., 20B2mer et al., 2001; Mullins et al.,
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2001). Moreover, our results are comparable wightéingeted gene disruption
efficiency ofN. crassan nonhomologous DNA end-joining machinery mutant
background (Ninomiya et al., 2004) aAtlernaria alternatawith linearized

disruption constructs (Shiotani and Tsuge, 1998hdugh both examples showed
100% gene targeting efficiency, the LME disruptmoathod has merits over them in

its simplicity to create the constructs and isofaiee mutants, and in the tendency of a

single-copy insertion of the disruption construate the genome.

This method is applicable for the integration off[E8 genome sequence
information with the functional analysis of eacngdy a reverse genetics approach.
Combined with PCR-based construct generation (rad., 2004), it appears
possible to use LME constructs for an initial hijineughput screen to study the effect
of individual genes on biological functions. Itasnceivable to make a synthetic oligo
library for every single gene identified in silig@ho and Walbot, 2001), followed by

PCR amplification of the target gene with a seleletanarker gene.

In this study, we have described a relatively gtrtHorward, extremely
efficient method for disrupting genesAn brassicicola This approach appears quite
suitable for development of a high-throughput fio@l genomics platform for
analyzing gene function in an organism whose gensggeence is publicly available.
Other than the role of host-selective fungal toximpathogenesis, our basic
understanding of the subtleties underlying inteoast of plants with necrotrophic
fungi is still in its infancy. For example, it i®boming apparent that only specific

gene family members encoding secreted plant célldegrading enzymes are
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required for full virulence of necrotrophs suchfaslternataandBotrytis cinereaon
specific plants and plant parts (Isshiki et alQ20Kars et al., 2005). The high-
throughput approach described here will allow Fer $ystematic functional analysis
of large sets of candidate genes such as seconadapolite-producing enzyme-
encoding genes identified through bioinformaticlgsia of theA. brassicicola

genome sequence.

Functional analysis ofNPS and PKS genes inA. brassicicola genome

Production of secondary or “specialized” metabsliginvolved in diverse
processes in fungi including niche competition,thpasasitism, and development
(Keller et al., 2005)A. brassicicolahas a necrotrophic pathogenesis strategy and thus
is thought to secrete a plethora of secondary métab. Nonribosomal peptides and
polyketides consist of the largest and most impargaoups of microbial secondary
metabolites (Keller et al., 2005). Accordingly, t@mnprehensive functional analysis
of all NPSandPKSgenes irA. brassicicolawill show not only their variety of roles in
developmental processes but also in necrotroplnigaiwvirulence. In this study we
identified 8NPSor NPSlike genes and 1BKSgenes irA. brassicicolagenome and
presented the first comprehensive functional amalysall NPSandPKSgenes from a

single filamentous fungus.

It is clear from our genome-wide analysisfofbrassicicolaand from similar
analyses with additional fungal genomes (Yoder Bundjeon, 2001hat secondary
metabolite-producing genes suchiN#3SandPKSare abundant in filamentous

ascomycetesC. heterostrophygor example, has 1IRPSand 25PKSgenes (Kroken
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et al., 2003; Lee et al., 2005), avd griseahas 1INPSand 23PKSgenes (Dean et al.,
2005). AlthoughA. brassicicolagenome contains ledf?SandPKSgenes compared

to these ascomycetes, these numbers still rivattingbers reportedr Streptomyces
andMycobacteriunspp., bacterial genera renowriedtheir pharmaceutically
important secondary metabolite output (Omura eal01). Of the 1°A. brassicicola
NPSandPKSgenes, only a few had a detectaiiienotype when mutated, suggesting
that the presumed small metabofiteducts of the NPS and PKS proteins usugdly
not have obvious biological activity. This fact reaseshe difficulty of detecting both
the secondary metabolites and the correspondirapdacy metabolite-producing
genes in the absence of genome sequence. Thizuttifis exacerbated by the fact
that most of thé\. brassicicolaNPSandPKSgenes appear to be transcribed at low
levels £2% that othe GAPDH gene control) under standard laboratahyice
conditions (data not showrbow expression suggests that the small molecule
biosynthetigathways represented by tAebrassicicola NPandPKSgenes mabe
cryptic under common laboratory culture conditiansl thaspecial measures may be
necessary to detect biological actiwtythe small molecules predicted by the presence
of these gendn the genome. Furthermore, there may be littlestationbetween

RNA and protein levels, or with factors relatingeteyme activity and secretion of the

final metabolite.

To determine the function of individublPSandPKSgenes, we created a
valuable resource in the form of confirmed geneugison mutants corresponding to

each gene and the resulting mutants examined &orggs in development and
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pathogenicity. Some mutations led to detectableptypes, i.e. reduced virulence,
water-wettable phenotype, abnormal conidial shapgersensitivity to oxidative
stress, and so on. Among thé&ibNPS2 AbPKS9 andAbNPS8tmplL) were further

characterized in the following chapter 3, 4 andeSpectively.

AbNPSeandAbNPS#Avere previously identified as NPS enzymes resasi
for siderophore biosynthesis by Turgeon and colleadOide et al., 2007; Turgeon et
al., 2008) AbNPS@iosynthesizes the intracellular siderophore, ¢eogin, while
AbNPSiosynthesizes an extracellular siderophore, digietoprogen and
derivatives (Oide et al., 2007). DeletionAISNPS7results in a strain that is not only
reduced in virulence on its host, but also serestiivoxidative and low iron stress and

in asexual conidiation.

Based on the striking phenotype of the disruptethnts, we identified
AbPKS7as the PKS enzyme responsible for the biosyntloésigelanin pigment ir.
brassicicola Theabpks7mutants formed albino mycelia and conidia on matat
dextrose agar plates, whereas the parent wildftymeed dark brown mycelia and
conidia. Similar teAlternaria alternataAlm™ mutants ALM is anA. alternateortholog
of theAbPKS7 (Tanabe et al., 1995), tlabpks7mutants had a comparable virulence
to wild-type strain, indicating that the ability ppoduce melanin may not be relevant
to the pathogenicity oh. brassicicolaHowever, melanization @olletotrichum
lagenarium(Kubo et al., 1991)C. lindemuthianunfWolkow et al., 1983), and

Magnaporthe grisegYamaguchi and Kubo, 1992) is essential for petietraf their
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host plants, suggesting that there are great diyersong fungi in the roles of

melanin.

As future research, through a genome-wide comparatudy with other
fungal genes, thlPSandPKSgenes identified in our study will provide phylogic
relationship among filamentous fungi. RdPSgenes, cross-genome comparisons
indicated that most filamentous ascomycetes caawyyngenes encoding NPS
(Turgeon et al., 2008). MoBtPSgenes are not conserved from one species to the
next, although some appear to be discontinuouslyibluted. For examplé&.
heterostrophusgarries foulNPSgenes that are common to other filamentous
ascomycetes, whereas the remaining difpgenes may or may not have a
counterpart in one or more additional fungal spe€iairgeon et al., 2008).
Accordingly, comparisons among studieN&tSandPKSgenes will further our
understanding of the evolution and ecological digamnce of these diverse group of
compounds. Further analysis of the mutantsdikeps4andabpks8strains that
showed more than 50 % reduced virulence compartdtie wild-type strain, and
identification of the secondary metabolite compaiptbduced by those genes will
enable us to assign functions to each gerfe brassicicolaand elucidate the role
they play in the life cycle of the fungus, espdygial the pathogenesis. In addition,
another advantage from the detailed characterizatiohe pathogenicity factor
candidates derived from this research is ultimagffigient control of fungal disease
of important crops. Considering the diversity oagtgies that fungal pathogens use as

well as their ability to quickly adapt, it is di¢fult to predict which developments will

54



lead to durable and broad-spectrum disease resestBio matter what sophisticated
methodologies may be discovered, it is clear tffateve plant protection will require
a much better understanding of the diverse rolesudfiple fungal pathogenicity

factors.

Materials and methods

Fungi
A. brassicicolasolate ATCC96836 was used in this study, whichésisolate
sequencedA. brassicicolawas routinely cultured on PDA media (Difco, Kan§aty,

MO, U.S.A)) at RT.

Generation of disruption constructs

Based on the cDNA sequence, two primers with agreasic site at each end were
designed to amplify a 250- to 500-bp fragment wttme coding region of each gene.
PCR products were digested with the two endonueteasd ligated into the multiple
cloning site of pCB1636 plasmid (Sweigard et 893). The plasmid construct was
transformed irEscherichia colDH5a (Invitrogen, Carlsbad, CA, U.S.A.) to produce
over 10 ug of plasmid. The plasmid constructs vsegpienced to verify the presence
of target gene sequences in the vector. Theserootstvere used in either
transformation experiments in their circular formRCR reactions to generate linear
DNA. Constructs were used as template DNA to amplgtween M13 forward and
M13 reverse priming sites that contained the hygBsphotransferase gene under

control of thetrpC fungal promoter and the cloned partial targetetegdhe PCR
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products were purified with the PCR Clean Up kita@&n, Palo Alto, CA, U.S.A))
and further concentrated to a concentration of/jf1kig a Speedvac (Eppendorf,

Barkhausenweg, Germany).

A. brassicicola transformation

Transformation was carried out with either plasiigtuption constructs or linear
PCR products based on the transformation protdcAl alternata(Akamatsu et al.,
1997), with modifications. Approximately 5 x %fiingal conidia were harvested from
a PDA culture plate and inoculated into 50 ml of EBY(1% glucose and 0.5 % yeast
extract) media. They were cultured for 36 h witalshg at 100 rpm at 25 °C. The
mycelia were harvested by centrifugation at 2,0@0fer 5 min and washed with 0.7
M NacCl followed by centrifugation again under tlzre conditions as before. The
mycelia were digested in 6 ml of Kitalase (Wako @ieals, Richmond, VA, U.S.A))

at 10 mg/ml in 0.7 M NaCl for 3 to 4 h at 28 °Chwaonstant shaking at 110 rpm. The
protoplasts were collected by centrifugation at ¥@Pfor 10 min at 4 °C, washed
twice with 10 ml of 0.7 M NaCl and then with 10 oflSTC buffer (1 M Sorbitol, 50
mM Tris-HCL, pH 8.0, and 50 mM Cag}l The protoplasts were resuspended in STC
at a concentration of 4 x 1th 70 pl, after which 10 pg of plasmid or PCR proi in
10 ul of ddHO was added to the protoplast and gently mixed.tidresformation mix
was incubated on ice for 30 min. Heat shock transébion was per-formed by
incubating the transformation mixture at 42 °CZdo 10 min. The transformation

mix was incubated at room temperature after th&iaddf 800 pl of 40 % PEG

solution. Then, 200 pl of the transformation migtwas added to 25 ml of mol-ten
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regeneration medium (1 M sucrose, 0.5 % yeast&x®b % casein amino acids, and
1 % agar,) in a 50-ml tube and subsequently poimteda 100-by-15-mm petri dish.
After 24 h, the plates were overlaid with 25 mhygfiB (Sigma-Aldrich, St. Louis,
U.S.A.) containing PDA at 30 pg/ml. Individual hygBsistant transformants were
transferred to a fresh hygB-containing plate betwB@and 15 days after each
transformation. Each transformant was purifiedHertby transferring a single spore

to a fresh hygB-containing plate.

| dentification and annotation of NPS and PKS genes

To identifyPKSgenes, we used the consensus sequence of therké&njaohe most
highly conserved domain in type | PKSs and FASs, gsery in hmmsearch - search
a sequence database with a profile HMM of the secpidatabase @&. brassicicola
genome. The PSI-BLAST searches were also usedrievesall previously published
fungal PKS protein sequences from National CemteBfotechnology Information
(NCBI). Sequence similarity searches were apphetthé localA. brassicicola
database using BLASTN, BLASTP, and TBLASTN in théBl stand-alone BLAST
tool. Among the hits, fatty acid synthases were madly identified and discarded. To
identify NPSgenes, we used the consensus sequence of thenppaspetheine (PP)-
binding or adenylation (A) domain using the samsra@ng method foPKSgenes.
Sequence similarity searches were done againgi¢hbA. brassicicolagenomic
database. Among the hits were genes otherNiRfthat also encode proteins with A
domains, such as aminopeptidases and ATPase;weesaliscarded. Manual

annotation of thié\PSandPKSsequences and alignment of each against the others
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and against knowNPSandPKS respectively, were used to define the structafes
these genes. To manually annotate de&i€BandNPSgene, the conserved sequences
of each domain and module are used first and thewkPKSandNPSsequence

information are used for each domain and moduletifieation.

Virulence test

To test virulence, conidia are harvested from sgrgrown on PDA agar plates for 7
days at 25°C and are suspended in sterile wagecancentration of 1 x £0

spores/ml. 10 pl of conidial suspension is droppethe surface of cabbage leaf. The

leaves are incubated for 5 days in the Petri digh&T with 100 % relative humidity.

Growth and germination test

Fifty conidia from each mutant and from the wilgp&ywerepicked onto PDA plates,
and mycelial growtlwas monitored for 96 h. The growth rate was deteechiby
measuringliameters of six independent colonies from eactantuand fronthe wild-
type every 24 h. Conidial germination was measoredover glasses (Fishier
Scientific, Hampton, NH, USA). Conidia were hanessfrom 7-day-old culture on
PDA in sterile distilled water and adjusted to 13 conidia per ml. Drops (30 pl)
were placed on cover glasses, then placed in aeneid box and incubated at RT for
36 h. The percentage of germinated conidia wasméted by microscopic
examination of at least 100 conidia per replicatatileast three independent

experiments.
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Chapter Il

Functional Analysis of theAlternaria brassicicola
Nonribosomal Peptide Synthetase GendbNPS2 Reveals
a Role in Conidial Cell Wall Construction

Abstract (This work was published iKim et al., 2007, Mol. Plant Pathol., 8:23-39)

Alternaria brassicicolas a necrotrophic pathogen causing black spoadesen
virtually all cultivated Brassica crops worldwida.many plant pathosystems fungal
secondary metabolites derived from nonribosomatigegynthetases (NPS) are
phytotoxic virulence factors or are antibioticsugbt to be important for niche
competition with other microorganisms. However, snahthe functions of NPS
genes and their products are largely unknownhigstudy, we investigated the
function of one of thé\. brassicicoldNPS genesAbNPS2 The predicted amino acid
sequence of AbNPS2 showed high sequence similattityA. brassicagAbrePsyl,
Cochliobolus heterostrophublPS4 and &tagonospora nodoruiPS. TheAbNPS2
ORF was predicted to be 22 kb in length and encadagge protein (7195 aa)
showing typical NPS modular organization. Gene esgion analysis GAbNPS2n
wild-type fungus indicated that it is expressedadtrexclusively in conidia and
conidiophores, broadly in the reproductive develeptal phaseAbNPS2yene
disruption mutants showed abnormal spore cell maliphology and a decreased
hydrophobicity phenotype. Conidia abnps2mutants displayed an aberrantly inflated
cell wall and an increase in lipid bodies comparcedild-type. Further phenotypic

analyses oébnpsZ2mutants showed decreased spore germination ratiegbvitro
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andin vivo, and a marked reduction in sporulatinrvivo compared to wild-type
fungus. Moreover, virulence tests on Brassicas alitips2mutants revealed a
significant reduction in lesion size compared ttdvtype but only when aged spores
were used in experiments. Collectively, these tesatlicate thaBbNPS2plays an

important role in development and virulence.

Introduction

A. brassicicolas the causal agent of black spot disease of reaagomically
important Brassicapecies worldwide (Braverman, 1979; Humphersonsland
Phelps, 1989). In a dramatic examg@leprassicicolehas been shown to be
responsible for up to 50% yield loss in infectezlds of winter rape in Germany
(MacKinnonet al, 1999). Like other diseases causediligrnaria species, black spot
appears on the leaves as necrotic lesions, whechften described as black and sooty
with chlorotic yellow halos surrounding the leswgites (Agrios, 1997)A.
brassicicola however, is not limited to infection of leaveadacan infect all parts of
the plant including pods, seeds, and stems, aofdparticular importance as a post-
harvest disease (Rimmer and Buchwaldt, 1995). Dedus, little is known about the
pathogenic determinants produced by this fungusethable penetration and
colonization of plant tissues. The production obfimhytotoxic metabolites that
selectively or non-selectively damage host plaatsiheen reported . brassicicola
over the last two decades (MacDonard and Ingra®6;1®9acKinnonet al, 1999;
Otaniet al, 1998). In addition to these toxins it has begroreed thafA. brassicicola

produces a number of other interesting naturalyets] such as the antitumoric,
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HDAC inhibitor depudecin (Matsumott al, 1992), and an antibiotic complex
termed brassicicolin (Ciegler and Lindenfelser,9;98loeret al, 1988).

A complex and fascinating aspect of fungal bioltgthe production of
secondary metabolites. Fungal secondary metabalitesonsidered part of the
chemical arsenal required for niche specializatiod have garnered intense interest
by virtue of their biotechnological and pharmaceaitapplications (Kleinkauf and
von Dohren, 1996; Schwarzer and Marahiel, 2001 tlsatial, 1990a; von Dohreat
al., 1997). Some secondary metabolites are well knamatence factors in fungal-
plant interactions, causing crop damage, yielddssand food supply contamination
(Bennett, 1989; Leet al, 1986; Osbourn, 2001).

One of the largest and most important groups ofj@lisecondary metabolites,
nonribosomal peptides (NRP), are comprised of degtiased molecules and
nonribosomally synthesized by peptide synthetaSekwarzeet al, 2003).
Nonribosomal peptide systhetases (NPS) are largkifumctional enzymes typically
comprised of numerous semiautonomous catalytic dwma a linear series (Marahiel
et al, 1979; Marahiekt al, 1997; Sheret al, 2004). The domains are arranged in a
predictable distance from each other and in a cheniatic sequence that reflects the
order of their activity in the assembly and taihgriof the peptide or peptide-
containing product. A minimal NPS module is comgbsedomains that catalyze the
single reaction steps like activation, covalentmg, optional modification of the
incorporated monomer substrate, and condensatitntae amino acyl or peptidyl
group on the neighboring module (Schwarzer and Maka2001). Generally, the

number and order of modules present in a NPS datertne length and structure of
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the resulting NRP. The activation domain recogna&esbstrate amino (or hydroxy)
acid, usually specifically, and activates it asaityl adenylate by reaction with ATP.
This active ester is then covalently linked aghteester to the enzyme-bound 4
phosphopantetheine located within the module. €haetron continues by the direct
transfer to another acylamino acid intermediatéhenadjacent downstream module
mediated by the condensation domain to form a gefitond. In some cases,
modifications (epimerization, N- or C-methylationayclization) are catalyzed by
additional domains or by modified domains withimadule. In some NPSs, a
thioesterase domain is found at the C-terminalartle protein and is thought to
release the NRP from the NPS by cyclization or blyais (Cosminaet al, 1993).
Fungal NRPs have been found to have a wide rangmloigical activity from
being involved in plant pathogenesis to the praduodf beneficial antibiotics.
Although the production of nonribosomal peptideeassted metabolites by the
thiotemplate mechanism is well supported in trexditure, the biological significance
and benefit of these molecules to the producingmems remains elusive. However,
evidence has been presented demonstrating that M&{function as signal
molecules for coordination of growth and differation (Guillemetteet al, 2004;
Horinouchi and Beppu, 1990; Marahetlal, 1979; Schaeffer, 1969). NRPs may also
participate in the breakdown of cellular metabgplioducts (Davies, 1990). Some
NRPs such as penicillin clearly have antimicrobietivity and kill competing
microorganisms (Vining, 1990). Other NRPs actidsrephores and assist in iron

uptake (Challis and Ravel, 2000). Finally, NRPs awe as host virulence factors
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often possessing phytotoxic activities (Haesal, 1993; Johnsogt al, 2000;
Panaccionet al, 1992; Scott-Craigt al, 1992).

The genomic sequences of over fifty fungi have otrrmined, including the
fungi Neurospora crassa, Aspergillus nidulans, Stagon@spodorumand
Magnaporthe griseap name a few (Deaet al, 2005; Galagaet al, 2003; Hynes,
2003; Jonest al, 2004). As more genomes become available andnatgzaed for
theirNPSgenes, it will be interesting to see how the tyges numbers diiPSgenes
(as well as secondary metabolite-associated gargenieral) correlate with ecological
niche and the interaction with their host, eith@naal or plant. Here we report on a
putativeNPSgene AbNPS2from A. brassicicolawhich is involved in conidiation
and more specifically conidial cell wall stabiliat. We also annotate and describe
the organization of thAbNPS2region in theA. brassicolagenome and compare this
to the orthologous region in the closely relatedHieomyceteS. nodorumThis is
the first report that a fungal NPS is associatetth wonidial cell wall construction. The

role of this gene in fungal development and plathpgenesis is discussed.

Results

Structure and annotation of AbDNPS2

Seven putativélPSgenes were identified in the brassicicolagenome via
HMMER and BLAST analyses. They were designatedlas$PS1o AbNPS7 for
Alternaria brassicicolanon-ribosomal pptide_ynthetase. Among the sevBiPS
genesAbNPSZgene was functionally characterized in this stidye predicted ORF

of AbNPS2was found to be 22066 bp long and encodes a petatotein of 7195
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amino acids with typical NPS modular organizatiathvexceptions described
hereafter (Fig.1A). The predicted AbDNPS2 proteintams four repeats of the
conserved catalytic domain (adenylation (A) domaasponsible for the activation of
each constituent amino acid incorporated into ithed ynthesized peptide. Using
conserved sequence motifs for individual NPS dos)jaix peptidyl carrier protein or
thiolation (T) domains, six condensation (C) dorsaend three epimerization (E)
domains were also identified within the NPS seqaeBased on this analysis, the
synthetase consists of 19 domains, organized auorhodules and is predicted to
produce an L-D-L-D-tetrapeptide due to the existenictwo epimerization (E)
domains. It was notable that the structure of AbRIR&d no traditional initiation
module consisting of an A and a T domains, butedtiavith a T domain, and the last
elongation module of AbNPS2 was followed by a C-f@dule, not by a typical
terminal thioesterase (TE) domain. Based on thetiiikd modules and gene
organizationAbNPS2belongs to the nonlinear (Type C) NPS group difiefrom the
classical (C-A-T) architecture of linear NPSs (Moatt al, 2002).

Results of BLASTP using GenbankNR and local furggadome databases
suggested thakbNPS2and three of thBlPSgenes from other fungi investigated
might comprise an orthologous group. The most Sant hits were to putative
NPS’s fromA. brassicadscore = 12610, ID = 90%;. heterostrophuéscore =
10400, ID = 72%), an®. nodorunfscore = 8335, ID = 64%). Interestingly, all of
these organisms along wig brassicicolaare taxonomically classified as
Dothideomycetes. The most significant hit to a fumgal NPS was the gramicidin

synthetase fromBrevibacillus brevigscore = 1640, ID = 27%). In addition to the
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identical domain and module arrangement, the adéogl domain substrate
specificity sequences [as defined by Stachellefas. (1999)] from the four

Dothideomycete NPS’s were identical (Table 1).

Table 1. Specificity code of AbDNPS2 orthologs’ adgtation domains

NPS A Domain 1 A Domain 2 A Domain 3 A Domain 4
C. heterostrophus DNEDCGOIN- DAIAFVGCV- DAILVGAVV- DALFTGVIF-

A. brassicicola DNEDCGMIN DAITFIGCI- DAILVGAVV- DVGFVGGVF-
A. brassicae DNEDCGMIN- DAIAFVGAV- DAILVGAVV- DVGFVGGVEFE-
S. nodorum DNEDAGQIN- DAIAVVGCV- DAILVGAVV- DVGFVGGVE-

Organization of the AbDNPS2 region in the A. brassicicola genome

Analysis of a preliminary assembly of tAe brassicicolagenome employing
the use of the gene prediction program FGENESH(wiit Alternaria-specific gene
prediction matrix) (Salamov and Solovyev, 2000) aralistomized EnsEMBL
annotation pipeline (Pottet al, 2004) revealed a total of 61 genes predictectto b
present in a 200 kb region containing &lENPS2gene. Comparison of these
predicted genes with gene models from other aVaiffaimgal genome projects
showed that only the Dothideomyce$e,nodorunhad a similar organization flanking
its NPS ortholog. All except eight of @tedicted genes in this interval have
nodorumhomologs. The majority of the matching genes ne(l&l of 61) are located

on one segment &. nodorurts genome (supercontig 4) while 14 are located on
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Figure 1. AbNPS2 gene structure and micro-synteny at théAbNPS2 locus

A. Domain and module organization of AbNPS2. The joted protein encoded by
the AbNPSZgene is comprised of 7195 amino acid residues pilutein contained
four repeats of the conserved catalytic domain ¢Madin) responsible for the
activation of each constituent amino acid in tmaffisynthesized peptide. The
synthetase consists of 19 domains, organized auorhodules. Abbreviations: A,
adenylation; C, condensation; E, epimerizatiorthiglation.

B. Comparisons of gene organization between supegcb@tin theA. brassicicola
genome and th8tagonospora nodorugenome. (1) Predicted gene content in 200 kb
of A. brassicicolagenomic sequence from 250 kb to 450 kb of sup¢igd®. Dark
grey rectangles represent FGENESH prediétebrassicicolagenes (exons connected
with lines). Light grey rectangles represent bestagnic matches (BLASTX) t8.
nodorumpredicted proteins, which are labeled with thentdiers provided by the
Broad Institute. (2) and (3) MVista/MLagan alignmhémS. nodorunsupercontig 4

(2) and supercontig 34 (3) within Broad’'s assem®@lgly significant matches above
50% (DNA-DNA) similarity are depicted in the MVisfdots.

C. Organization of the 51 kb genomic region neBNPS2Zndicated at (3) of B. The
arrows represent a putative gene and its trangamgdtdirection. For detailed
information on the predicted genes within &leNPS2Zgene cluster, see Table 2.

another segment of the genome (supercontig 34iatidg some conservation of

synteny after chromosomal rearrangement (Fig. 1B).

Of particular importance is the fact that 11 of 16A. brassicicolagenes
syntenic to supercontig 34 8f nodoruntorrespond t&AbNPS2and its immediately
adjacent genes (Fig. 1C). These genes are co-lmeblnave the same transcription
orientation albeit with some gene deletions retativthe gene organizationt
nodorum It is possible that the conserved gene contethbadier reflect a functional
clustering around thePSgene in both species (for instance, transportig an

modifications of the NPS-derived metabolite). Sumding theAbNPS2gene there
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were an ABC transporter and two additional transpaytein homologs including a
MFS transporter and a C4-dicarboxylate transpont@it acid transport protein. A
carboxypeptidase and deoxycytidylate deaminase log®aevere also found which

may play roles in further modification of the pelats (Table 2).

It is important to note that at present the onlg @othideomycete draft
genome sequences publicly available are that dirassicicolaandS. nodorum
However the genomes of several other plant pathod@@sthideomycetes, including
Leptosphaeria maculans, Mycosphaerella graminicatadPyrenophora tritici-

repentisare currently being sequenced.

Table 2. Sequence similarities of the genes locatati51kb regions around
AbNPS2 gene

Gene Putative function Best BLASTX

1 Carboxypeptidase SNU14891.1

2 Deoxycytidylate deaminase SNU14935.1
3 Ubiquitin activating enzyme E1 like (transport-rteld) SNU14934.1

4 Cell surface glycoprotein SNU14841.1
5 MFS (major facilitator superfamily) transporter SMB40.1

6 Unknown SNU14837.1
AtrA ABC (ATP binding cassette) transporter SNU14836.1
AbNPS2  Nonribosomal peptide synthetase SNU14834.1
7 C4-dicarboxylate transporter/malic acid transpootein SNU14831.1

8 Unknown SNU14830.1

9 Unknown SNU14829.1

#Best BLASTX agains8. nodorunsequence database
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Genealogy ofA. brassicicola AbNPS2

To help confirm the putative orthology of the brassicicolaAbNPS2 with
other Dothideomycete NPS proteins, a genealoggefygation domains from NPSs
identified in the BLAST analyses was constructes.s@en in Fig.,2adenylation
domains from the putative Dothideomycete specifRS\tcluster together with 100%
bootstrap support in all sub-clades provided furthedence for the predicted
orthology of these NPSs. In addition, the individdalomains from the orthologous
NPSs are most closely related to each other, rétherother A domains from the
same NPS (i.e. Al frorA. brassicicolas most closely related to Al fro
brassicag indicating that this NPS was likely present ie thothideomycete ancestor.
In addition, each A domain from AbNPS2 and its oltlgs is most closely related to
A domains from Soradariomycota and Eurotiomycotaus] the genealogy also
suggests that the individual A domains that conepttie final ADNPS2 possibly had
unique evolutionary histories including domain degtion and subsequent mutations,
but most likely occurred in the Dothideomycete abae The resulting structure of
AbNPS2 found only to date in Dothideomycetes isliithen the result of these
domain duplications and subsequent module rearma@gis. However, the possibility
of horizontal gene transfer or the role of gens losm other Ascomycete lineages

cannot be ruled out.
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Figure 2. Adenylation module phylogeny based on pdicted amino acid sequence.
Shown are the phylogeny constructed with 50 Addipfianodules from 11 fungal
and one bacterial NPS genes that have top seqsenitarity among NPS in public

databases. Numbers on the branches are Neighborgdiootstrap supports over
50% based on 100 replicates.
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AbNPS2 is expressed during the reproductive developmentghase

To examineAbNPS2Zexpression in diverse fungal developmental stames,
20 transformants were generated harboringl@NPS2oromoter-GFP fusion construct
without disrupting the nasceAbNPS2gene. None of the transformants showed
visible phenotypic changes discernable from the-tyipe except the expression of
green fluorescence. The spatial and temporal esiorepatterns of thAbNPS2wvere
investigated by the expression of GFP in the tiamnsénts using fluorescent confocal
microscopy (Fig. 3A-C). GFP expression was notaat#e in the vegetative mycelia
grown in GYEB media for 72 hours with gentle shakiim the dark. In contrast, GFP
expression became detectable soon after the mygatidransferred to the solid
GYEA media and exposed to ambient air in the diitg. 3B). During this time the
mycelia started to accumulate melanin in the hygibal formed conidiophores and
subsequently mature conidia. The intensity of gffeerescence increased during the

conidiation process reaching a maximum in younggiaimature conidia (Fig. 3A-C).

To further the understanding of developmental plspseific expression of
AbNPS2the expression of GFP was monitored during tleevtir of the transformants
on the solid GYEA media in the dark. As the GFPregping conidia germinated, the
fluorescence signal migrated to the young germ {&lme 3D and E). We speculate
that the signal was due to the highly stable GFReprs transported from the conidia,
although we do not completely rule out the positybihat the gene is expressed
during the early germination processes. Transmmssi@ctron microscopy supported

the possibility of the cytoplasm migration from tgore to the germ tube (Inset of
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Fig. 3E). The signal, however, was completely uackaible 4 hours after germination
(8 hours after inoculation) and was not expressdtie hyphal networks invasively
growing in and on the GYEA media. Aerial hyphaetsthto develop at the center of
colony approximately 24 hours after inoculationg(RBH). However, GFP expression
was undetectable. About 36 hours after the inomugFig. 31), aerial hyphae started
to differentiate into conidiophores leading to greduction of mature conidia. The
fluorescent signal became detectable at this tincegased during the conidiation
process, and supported our earlier observation®\thdPS2s expressed primarily
during the conidiation process. However, we camalet out the possibility that
environmental stresses such as nitrogen or cataovasion or other unknown factors
may induceAbNPS2gene expression in vegetatively growing hyphaesdpport data
collected from theAbNPS2promoter-GFP fusion experiments, thieNPS2ranscript
level was examined by northern hybridization (Bdpottom panels). Consistent with
the GFP fluorescence image data, transcripts wetextitd in conidiophores and
conidia produced in the dark but not in myceliaetagjvely-grown in both GYEB and

GYEA.

AbNPSZgene expression was further examimedivo during host plant
infection (data not shown). Consistent to itheitro expression patterns, GFP-
fluorescence was detectable only in the conidoghanel conidia but not in
appressoria or in invasively growing hyphal netvgorkhis further supported the data
thatAbNPS2s expressed during the reproductive developm@hiase and not during

invasive vegetative growth vitro orin vivo.
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Figure 3. Developmental phase specific expressiohAbNPS2. Top three panels
are confocal microscopic images of GFP expressién brassicicolaransformed by
anAbNPS2promoter and a GFP coding sequence fusion comsfA)dMycelia grown
for 72 hours in GYEB liquid-culture media. (B) 8ue after transfer from liquid
culture to a solid GYEA plate. (C) 16 hours aftansfer from liquid culture to a
GYEA plate. The arrow and arrow heads indicateradtophore and conidia,
respectively. (D) A typical conidium formed on a BX plate. (E) Early germination
stage 4 hours after inoculation. Inset depictslect®n micrograph showing the
cytoplasmic migration from the spore to the gerbvetF) Vegetative growth phase 8
hours after inoculation. (G) Vegetative growth phag hours after inoculation. (H)
Vegetative growth phase 24 hours after inoculaijfrEarly stage of conidial
development 36 hours after inoculation on GYEAegdatAn arrow and arrow heads
indicate a conidiophore and conidia, respectivEhe bottom panels depict northern
hybridization results using a 550 bp probe corradpgy to theAbNPSZoding region
used for making disruption construct. RibosomalPRdnds stained with ethidium
bromide (bottom panel) are shown for the quantiéatissessment of RNA loading.
Bars indicate 1@m (A - I) and 2um (Inset of E).
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Targeted disruption of AbDNPS2

To investigate the function &bNPS2we generated Siabnps2null mutants
by disrupting the target gene using linear miniglament (LME) constructs (Clet
al., 2006) (Fig. 4A). Two of the six mutants were ramdly selected for phenotypic
characterization in this study. PCR was initialbed to identify transformants
disrupted at thdbNPS2ocus as well as ectopic mutants (data not shoeged on

these results two targeted gene disruption mutardsan ectopic insertion mutant
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Figure 4. Targeted disruption of theAbNPS2 gene. A. Shown are wild-type
AbNPSZgene locus, a disruption cassette, and two lstugdied by the cassette. The
disruption cassette is a linear minimal element E)Monstruct (Chet al, 2006)
comprised of a hygromycin phosphotransferase (HygaBsette and a partial target
gene sequence. Two mutated genomic loci AbN2-1Adoid-4 are depicted to show
two and four tandem insertions of LME constructspectively. B. Southern blot
analyses sequentially showing wild-type, ectopgemion, and two targeted gene
disruption mutants. The letter B on the genomatitoindicates enzymatic sites for
BsiGl that were used for genomic DNA digestion. Regised for labeling the
hybridization probe is marked with a bar underltME disruption construct.
Abbreviations: A, adenylation; C, condensationefmerization; T, thiolation.
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were verified by Southern hybridization (Fig. 4prGistent with the PCR results, the
wild-type hybridization pattern consisted of a $enigand (2.8 kb) shifted to 6.8 kb
and 10.8 kb in AbN2-1 and AbN2-2 transformantsjdating targeted gene disruption
by two and four copies of the LME constructs infeawtant, respectively (Fig. 4B).
We confirmed no additional integration of the cousts in any other location in the
genome by Southern hybridization wilyg Bprobes (data not shown). In addition,
we qualitatively assessed stabilityaidfnps2disruption mutants by 5 sequential hyphal
tip transfers to fresh PDA plates lacking Hyg Bapproximately one week intervals.
The repeated subculturing on PDA media did not ghdtlyg B resistance of the
abnps2mutants during the repeated hyphal tip transfites ive generations.
abnps2 mutants show decreased hydrophobicity phenotype @man aberrant
conidial cell wall

Typical wild-type conidia oA. brassicicolaare very hydrophobic. When
water drops were placed on the lawn of aerial hggdearing conidia, they remained
beaded and easily rolled around on the surfaceddo 10 hours. In contrast, water
drops on the@bnps2mutants at a similar developmental phase were uinatedy
absorbed through the lawn of aerial hyphae anddtanin addition to the rapid
absorption of the water, the mutants showed atyfighgarious conidial surface
discernable from the wild-type under a phase cshtight microscope (data not
shown). Therefore we decided to investigate therabemorphology of the mutant
conidia using transmission electron microscopy (7ER®r the wild-type conidia the
outermost layer appeared smooth and the cell Wwalttsire appeared compact (Fig. 5

D and F). In contrast, the outermost layeabfps2mutant conidia appeared fluffy
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Figure 5. Decreased hydrophobicity phenotype and eéttron micrographs of

abnps2 mutant. Top panel pictures depict the fate of BQvater drops deposited on
PDA plates covered with conidia. A. Wild-type odiai showing hydrophobic surface.
B. AbN2-1 mutant conidia showing water wettableface. C. Ectopic insertion
mutant conidia showing a similar hydrophobic phgpetas the wild-type. Four
pictures at the second and third panels are trassoni electron micrographs depicting
the aberrant ultrastructure abnps2mutants (E and G), compared to the wild-type (D
and F). F and G, Magnification of the rectangleBiand E, respectively. Arrow
heads point to microfibrils in the middle cell wkdier. Bars indicate 20 mm (A, B, C),
2um (D, E) and 200 nm (F, G). Abbreviations: OL= aatest cell wall layer, ML =
middle cell wall layer, IL = inner cell wall layer.
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and the outermost layer of the cell wall structwess separated from the middle
electron dense layer (Fig. 5E and G). There wémengntous structures, loosely
connecting the detached outermost layer with tradhailayer (Fig. 5G). We
suspected that the AbNPS2-derived metabolite ptaducvolved in cell wall

formation and/or cell wall architecture. Speciflgalt appears as though the AbNPS2-
derived metabolite product may be a componentalitites the linkage of the

outermost layer and the middle layer of the fursgaire cell wall.

AbNPS2 is important for conidial viability and virulence

Virulence and conidia production were compared agrtaro abnpsZmutants,
an ectopic insertion mutant and the wild-typeivo on the host plant (green cabbage)
leaves. When approximately 1000 (7 days old) canadieach strain collected from
PDA plates were inoculated onto detached plantelgahe difference was negligible
in the size of necrotic lesions formed. Howevee, disruption mutants produced
approximately 40% less conidia than the wild-typd the ectopic insertion mutant
(Fig. 6A). We further examined the mycelial grow#te and conidia production
vitro on PDA plates, however, there were no significhfiérence in conidial
production and mycelial growth rates among alléhstrains (Fig. 6A). This result
suggested thatbnps2mutant is more sensitive to biological stressgsosed during

plant infection than the wild-type because of g wall abnormalities.

To understand the biological significance of theantiphenotype with the
abnormal cell wall structures, we examined the geation rate of the mutant conidia

that were collected from PDA plates after 7, 14] ah days of culture incubation
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(DCI). On cover glasses, 7- and 14-day-old wildetgonidia germinated over 90%
and the 21-day-old wild-type conidia had a 60% geation rate. There was no
significant difference in the germination ratesttog ectopic insertion mutant and the
wild-type conidia. Germination rates of taBnps2mutants were lower than both the
wild-type and the ectopic mutant in all three ageslips (Fig. 6). It is especially
noteworthy that the germination rate precipitowdggreased to 50-58% for the 14-
day-oldabnps2mutants and further decreased to 40-45% leveélXenlay-old mutants.
The trend of the observed decreased germinatiesimavitro was similarnn vivo
although the average germination rate of all tesis somewhat lower than thevitro
assay in general. Germination rates became progegstower as the conidia aged on
the PDA plates for both wild-type and mutants. @fiterence between the wild-type
and the mutant was in the efficiency of the geritamarates. To investigate the
effects of decreased germination rate in regarg&tioogenicity, virulence assays
were carried out with conidia collected from PDAtgls after 7, 14 and 21 DCI. After
thein plantainoculation of 500 conidia in 10 water, the disease severity was
estimated by measuring the lesion size. Plantsiiated with conidia from 7-day-old
culture of the wild-type strain arabnps2mutants developed almost the same size of
typical black spot lesions on the leaves, but itetcans performed with 14-day-old
abnps2mutants resulted in formation of a statisticaliyngficant smaller lesion size
compared to the wild-type of same aged group. Aisaant reduction in lesion size
on the individual leaves was even more evidentlhi@y-oldabnps2mutants 5 days
after inoculation compared to the wild-type (Fi@ &nd E). In consideration of the

possibility that the reduced pathogenicity of tgec@mutants could result from other
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Figure 6. Reduced virulence associated with reducegermination rate in abnps2
mutant. A. Conidiation test on PDA arid vivo.Picture (left) shows the conidiation
in vivo of wild-type and AbN2-1 mutant strain 7 days postculation. B and C.
Germination tesin vitro (B) andin vivo on green cabbage (C) of wild-type, ectopic,
abnps2mutant strains.D and E. Pathogenicity assay on green cabbage leaves using
conidia from 7-day-(7d), 14-day-(14d), and 21-dé&y{@1d) culture of wild-type,
ectopic,abnps2mutants strains. The diagram (left side of D) ¢aties inoculation
sites of each strainF and G. Electron micrographs of 21-day-old wild-type (FRda
abnps2mutant (G) conidia. Note that the wild-type corigiere normally filled with
cellular organelles, glycogen and lipid droplets] antact intercellular walls visible
(F). The lipid granules were expanded and inteutaaliwalls aberrant iabnps2
mutants compared to the wild-type (G). Bars indicgim. Columns and error bars
on graphs represent averages and SD, respectfdbyr independent experiments
(A, B, C and E). Statistical analyses were perfattuetest the differences in
germination rates and lesion diameters among tinesfioains by least significant
difference pairwise comparisons (p85).

defectiveness of thebnps2mutant during infection, we closely investigathd t
infection process using electron microscopy. Foifganitial germination there were
no observed differences between the wild-typeabnps2mutants in appressoria

formation and penetration into plant epidermalsédiata not shown).

Conidia collected from PDA plates after 21 DCI weramined using
transmission electron microscopy to understangbtssible reason for the reduction
in conidial germination rate over timeabnps2mutants compared to the wild-type.
The wild-type conidia were filled with typical celar organelles, glycogen and lipid
droplets. The lipid granules were few in number amall in size, and an intact
plasma membrane was visible (Fig. 6F)abmps2mutant conidia, however, the lipid

granules were largely expanded and occupied althesntire cell (Fig. 6G). The
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intercellular walls between each conidial cell cam@nt appeared relatively
weakened compared to the wild-type resulting iounder shape of each cell similar

to protoplasts that lack a cell wall.

Discussion

The function of secondary metabolism has beenia tdpively debate. The
various theories have been compared and contrasiag times (Bennett, 1995;
Dieteraet al, 2003; Haavik, 1979; Hungriet al, 2004; Kelleret al, 2005; Leeet al,
2005; Omureet al, 2001; Pfeifer and Khosla, 2001; Vanek and Janer@%7;
Weinberg, 1971). One of the more interesting hyps#is is that secondary metabolites
might function to control the ordered sequenceveinés that occurs during fungal
differentiation (Kelleret al, 2005; Weinberg, 1971). Anatomic differentiatiordahe
initiation of secondary metabolism are phase depetand often occur
simultaneously after active growth has ceasedekample, the peptide antibiotics of
bacteria are usually elaborated during sporulgi@advo et al, 2002; Katz and
Demain, 1977; Yu and Keller, 2005). The phase-$peevelopment of selected
polyketides, gibberellins, ergot alkaloids, petiicjland cephalosporin has been
reviewed by Martin and Demain (1978). Our studiethe AbDNPSZgene fromA.
brassicicolastrongly demonstrated the close relationship betwengal
differentiation and secondary metabolighhNPS2s predicted to encode a large
multifunctional enzyme putatively having a rolesiiabilizing the conidial cell wall
and consequently affecting its viability. The pitatsecondary metabolite produced

via AbNPS2 could serve as a physical bridge incthradial cell wall or function as a
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regulator of conidial cell wall biosynthesis. Theaet nature of the role of AbNPS2
and the secondary metabolite associated with tRiS M:mains to be elucidated. The
secondary metabolite produced by AbNPS2 may sexeemaarker for the switch from
the vegetative phase to the reproductive phaseglfungal differentiation. This gene
has a number of unique characteristics, includimg@xpression patterns and its role in

conidial development and viability.

Structure and Genomic Organization of the AbNPS2 Rgion

The predicted protein encoded by KeNPS2gene was the largest protein
among the identified seven NPSsAinbrassicicola The identified domain structure
indicated that there are four typical C-A-T or CTAE elongation modules (Moot
al., 2002), allowing the insertion of two L-amino axig@nd two D-amino acids in the
synthesized polypeptide. Work from the laboratoaeBrick and Marahiel has led to
the crystal structure of the N-terminal 556-amingdaesidue segment of the
gramicidin S synthetase A (GrsA) (Coastial, 1997). By comparing this structure
with sequences of adenylation domains to those kmitwn amino acid specificity, a
set of rules was established to predict the spagifof the adenylation domain
(Stachelhaust al, 1999). By comparison with the activation domdiiGesA, it is
possible to speculate that the sequences fourifotir adenylation domains of
AbNPS2 results in four substrate specificity poskene for an amino acid with
positively charged side chain and three for amuiidsawith hydrophobic side chains.
This speculation was also suggested by Guillen{2@@4) with AbrePsyl iA.

brassicaewhich is an ortholog of ADNPS2.
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AbNPS2 had the unique N-terminal domain arrangersianting with a T
domain instead of an A domain suggesting therdileely some other genes in the
cluster that are involved in the synthesis or ssiil#y that these preliminary
domains (T and E) may not be functional. In additiloe last elongation module of
AbNPS2 was followed by a C-T-C module, not by adgpterminal thioesterase (TE)
domain. A deviation from the traditional modulesargement is often associated with
nonlinear peptide products, which constitute a m@rable fraction of the NPSs in
nature (Mootzet al, 2002). Another characteristic of the nonlinealSdfean be the
use of small soluble molecules such as amines todogporated into the
nonribosomally assembled peptide. Such an incotiporaeeds specialized C
domains since the amines lack a carboxyl grouja fwrvalent attachment to the
enzyme as thioester (Keatiegal, 2000a, 2000b), indicating the special use of the
unusual C domains in C-T-C module. Another possjtriegarding the role of C-T-C
module is that AbDNPS2 may use the four moduleatitezly and consequently form a
repeated peptide in multiples of four (Moetzal, 2002; Yuaret al, 2001). For
example, an iterative NPS Blisarium scirpiuses its modules three times in the
assembly of an enniatin (Glinsét al, 2002), which has a T-C didomain at the C-
terminal end like AbNPS2. It is believed that thig@merization intermediates are
stalled on this additional T domain with the C damzatalyzing both the transfer and
final cyclization (Konz and Mahariel, 1999).

In many microbial systems genes responsible forrssary metabolite
production, modification, and secretion are oftemnid to be clustered (Brakhage,

1997; Kelleret al, 2005; Kleinkauf and von Dohren, 1996; Smethal, 1990a; Smith
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et al, 1990b; Yu and Keller, 2005). Here we present dataesting that this is also
the case foAbNPS2n A. brassicicolaldenification of some transporter- and
enzyme-encoding genes aroukltNPS2and the fact that the gene organization
around theNPSgene is conserved in both Dothideomycete speaggest the
possibility of the presence of a gene clustertier@bNPS2gene product and related
genes in same secondary metabolite biosynthetiwyagt Kelleret al. (2005) have
hypothesized that the conservation of clusterimgyémes involved in the same
secondary metabolite biosynthetic pathway mighvigl®an evolutionary advantage.
One possible example would be that by maintainatated genes in close proximity
to each other, a hypothetical global regulatoresfomdary metabolism can access the
gene cluster and switch on/off the whole pathwaynae by mechanisms such as

chromatin remodeling.

AbNPS2 expression is related to conidiation, a repductive developmental phase
Filamentous fungi undergo distinct life-cycle praségrowth (accumulation
of undifferentiated hyphae) and reproduction (etabon of fruiting structures).
Switching between these two phases is highly regdl@Adams and Yu, 1998;
Fischer, 2002) and initiation is governed by peticepof a combination of
physiological and environmental conditions and q@voet al, 2002). AbNPS2
promoter-GFP fusion analysis and RNA blot analgiarly showed that the pattern
of AbNPS2expression is related to the conidiation procélss.morphological
changes associated with the reproductive phaseceemded withAbNPS2gene

expression and the putative production of a y&ietadentified secondary metabolite
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produced via AbNPS2 and the products of clusteredifying genes. It has been
reported that fungal secondary metabolism and $&uayo (conidiation) are associated
both temporally and functionally (Adams and Yu, 89@alvoet al, 2002).
lllustrating the latter, secondary metabolite#\gpergillusandFusarium(including
the mycotoxin zearalenone) are associated witloiset of sporulation (Calvet al,
2001; Mazuret al, 1991). Some secondary metabolites act as pigrpeotscting
spores (Kawamurat al, 1999). Sterigmatocystin is a fungal secondaryaiaites
that appears to be important for sporulatioAimidulangWilkinson et al, 2004).
There are many proposed and/or verified roles gl secondary metabolites,
especially those made by NPSs (Haetsal, 1993; Johnsoet al, 2000; Leeet al,
2005; Panaccionet al, 1992). For example functional analysidN®#S6in C.
heterostrophusevealed that the product of this NPS may prdtezfungus from

oxidative stress and is critical for full virulenfleceet al, 2005).

AbNPS2 may synthesize a conidial cell wall componen

AbNPS2 is related to surface hydrophobicity of damias shown in Fig. 5.
Disruption ofAbDNPS2esulted in a water-soaked, easily wettable phg®otyvitro.
Similar phenotypes were reported in several hydsbphdeletion mutants in fungi
(Bell-Pedersert al, 1992; Spanu, 1998; Stringetral, 1991; van Wetteet al,
1996), which suggested that the synthesized metataduct of AbNPS2 might be
related to a process of hydrophobic coating of &ie@rial structures (Wessels, 1997).
In addition to the rapid absorption of the watewkver, the mutants showed a

slightly vagarious conidial surface discernablexfrihe wild-type under a phase
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contrast light microscope, which has never beearteg for any hydrophobin-
disrupted mutant. Therefore we turned our intetieeghe conidial cell wall itself
instead of the surface hydrophobic proteins of diani

The cell walls of most filamentous fungi have aifiéar structure consisting of
chitin, 3-glucans, and a variety of heteropolysaddes (De Groogt al, 2005; Latge
et al, 1988; Perez and Ribas, 2004). Targeted mutafid&ioNPS2resulted in
aberrant conidial cell walls iA. brassicicolalt is very rare to obtain discernable
morphological phenotypes associated with expressidimeNPSin filamentous fungi.
Furthermore most NPS products described thus fa& baen secreted molecules such
as antibiotics, siderophores, and toxins but motatral components. The pigment
melanin was the only cell wall component encodeddxondary metabolite-
producing genes in fungi reported thus far (Benri&83). Transmission electron
microscopy showed that the outermost layer of aahall wall ofabnps2mutant
was separated from the original cell wall body. @ieroscopic studies revealed that
three layers were recognized in sections of coratitheA. brassicicolawild-type
strain: the innermost one electron transparentyidlle layer appearing electron
dense, and the outermost layer which was very(itbrto 20 nm thick) and also quite
electron dense. This cell wall organization ususdlults from the intimate
association of the different constituents througtirbgen bonding, hydrophobic and
electrostatic interactions and even by the estatlént of covalent bonds, all of them
occurring in a rather precise and specific manReiiz-Herrera, 1991). The electron
micrographs demonstrate that the middle layer aosiubstantially larger amounts

of amorphous compounds and intertwining microfgowihich stain more or less
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strongly, whereas the outermost layer had a graoulamorphous structure of high
electron density. In general, reports suggestfthaliar polysaccharides are
accumulated mostly in the inner layers of the wellls, whereas glycoproteins are
more abundant in the external layers (Wessedd, 1990). Hunsley and Burnett
(1970) concluded that the external coat was madenoirphou$-glucans placed over
a reticulum of glycoproteins. More internally, iaw/suggested, a protein layer
followed where chitin microfibrils were embeddead8d on our data and these
reports it is possible that tldnps2deletion mutants were lacking a compound
connecting or attaching the glycoprotein and/or gahous compounds in the
outermost protein layer to the microfibrillar podgsharides in the outer part of the
middle layer. The presence of residues of thell@met between the middle layer and
the outermost layer in Fig. 5G supports the notiat the role of the secondary
metabolite produced by AbNPS2 is to stabilize ardterthe conidial cell wall more
rigid, resulting in conidia with an improved abylito survive in adverse environmental

conditions.

Implications of ADNPS2

The mechanical and osmotic stability of most pkard microorganism cells is
achieved by their cell walls, constructed of diéfier polysaccharide moieties to which
various proteins are attached. The fungal cell watritical for cell viability and
pathogenicity (Farkas, 1985). Beyond serving asoteptive shell and providing cell
morphology, the fungal cell wall is a critical sftg exchange and filtration of ions

and proteins, as well as metabolism and catabaistomplex nutrients. Disruptions
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of this protein/carbohydrate cell wall matrix haesulted in high sensitivity to
osmotic lysis (Peberdy, 1990) and decreased UVante (Kawamurat al, 1999) of
fungal cells. Disruption aAbNPS2esulting in cell wall abnormalities did not affec
the osmotic resistance but did affect UV tolerafceatment with UV resulted in a
25% decrease in germination rate of élps2mutants compared to the wild-type
(data not shown). In addition to environmentalsges, biological stress also affected
theabnps2mutants. The reduced conidial reproduciiorivo suggests thatbnps2
mutant is more sensitive to biological stress tiwild-type. In Fig. 5A, we
observed the lesion size of the wild-type abaps2mutants were highly similar,
demonstrating the vegetative invasive growth ofwild-type andabnps2mutantsn
vivo was the same but only when inoculations were padd with young conidia.
However, the factors in green cabbage causing egtloonidial reproduction rate of
abnps2mutants remains to be revealed. @baps2mutants were tested for increased
sensitivityin vitro to the Arabidopsis antimicrobial phytoalexin caexah, but no

differences were observed between mutants andtyplel{data not shown).

As conidia agedh vitro, the frequency of conidial germination decreased i
abnps2mutants, but the wild-type maintained a germimatate at a relatively high
level in each test group comparedatmps2mutants. These germination assay results
were consistent im vitro andin vivoassays, suggesting that pathogenicity of older
conidia ofabnps2mutants might be less virulent mainly due to arel@se in
germination rate. In some previous experimenisag reported that decreased

germination rate resulted in reduced pathogen(&ityn et al, 2005; Solomoret al,
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2004). In fact, virulence tests widlbnps2mutants revealed a significant reduction in
lesion size compared to the wild-type when agedespaere used in experiments.
This result is supported by ultrastructural analyg@monstrating that 21-day-old
abnps2mutant conidia were abnormal. Autolysis-like ph@ena had occurred in the
conidia ofabnps2mutants, in which formation of numbers of lipiddoes and
degradation of intercellular wall occurred. Althdutipe precise biochemical
mechanism underlying these phenomena is not knswwrilar phenomena have been
reported in other fungi. These include mature baspbres with fully grown hilar
appendix (Yoon and McLaughlin, 1979) and old agewy&l hyphae grown on the
media lacking nitrogen (Kamisale al, 2004). In addition, five different genera of
filamentous fungi were incubated for 60 days, whiesulted in 23.5-87.3% degree of
cell autolysis. The secretion of the lytic enzymes consistent with the degree of
autolysis in each fungus (Lahetal, 1976). Our data suggests that the presence of
many lipid bodies and the degradation of conidéll wall in abnps2mutants resulted
from premature aging of conidia accompanied wittolygis-like phenomena. The
relatively weak cell wall obbnps2mutants might not be sufficient to prevent
premature aging of conidia. Fungal cells have §icamt internal turgor pressure and
thus undergo lysis when their cell walls are evgghty perturbed (Selitrennikoff,
2001). However, whether the outermost cell walklagffects conidial viability
remains unanswered. In addition, our evidence spitiat high numbers of
abnormally large lipid bodies filling the cytoplasshmutant conidia are related to cell
autolysis has not been reported yet in any micraasgns. Although further

experiments should be performed to answer thesgtique, we speculate that the
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relatively rapid decrease in germination rate asthq@genicity of th@abnps2mutant is
due to loss of a cell wall component or cell watkegrity in general. In conclusion,
AbNPS2a gene encoding a NPS synthesizing a seconddapoiite, plays

significant roles in conidial cell wall construati@and conidial development. This may
be one physiological mechanism associated witlthteideomycetes, a taxonomic
group which harbors many important plant pathogegeitera, that allows for

enhanced fitness and to preserve its asexual stescin space and time.

Materials and Methods

Fungal strains, media, and fungal culture

A. brassicicolasolate ATCC96836, the isolate used for whole gemghotgun
sequencing was used in this stullybrassicicolawvas cultured on 3.9% (w/v) potato
dextrose agar (PDA) (Difco, Kansas City, Mo, USAJld % (w/v) glucose 0.5%
(w/v) yeast extract (GYEB) broth. Fungi were groatr25°C in the dark for both solid

and liquid culture.

Annotation of region surrounding AbNPS2

The final genomic sequence correspondingldlPS2vas deduced following closure
of two small gaps in the genome using straightfodd®CR approaches and DNA
sequencing in our laboratory. The predictddaNPSZcoding and protein sequences
are available (see supplementary materials). ZDekb region surrounding the
AbNPS2ocus was annotated in-house using an EnsEMBLtation pipeline (Potter

et al, 2004) that includedb initio gene prediction with FGENESH (Salamov and
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Solovyev, 2000jrained forA. brassicicolaBLASTX searches of the genomic
sequence against the Uniref90 database (www.ungogdt HMM searches of
FGENESH predicted peptides against the PFAM andRH&M databases and
BLASTP searches of the predicted peptides agdiespitoteomes of other available
fungal genomes (as of June 2006). The predictectitmof the annotated genes in
the region was determined from the combined infeionaobtained from the

BLASTX, BLASTP, and HMM results.

Survey of micro-synteny around AbNPS2

Candidates of homologs for the predicted genelsait brassicicola200 kb genomic
sequence flankingbNPS2gene were identified from the fungal species whose
proteomes were available as of June 2006 (httpgdugenome.duke.edu/). Once the
list of putative homologs was assembled for altprted genes, it was sorted
according to originating species and manually caddkr evidence of co-linearity in
the given species (protein identifier numbers folllinear order in the supercontigs
of sequenced fungal genomes). Among the specigsygd only predicted proteins
from S. nodorunsupercontigs 4 and 34 showed evidence of synténglly, the 200
kb continuous genomic sequence was aligned to coipiggs 4 and 34 of the.
nodorumgenome sequence using MLAGAN and shuffle-LAGANu@moet al,
2003a; Brudneet al, 2003b) and visualized with the online versiotdfISTA

(Mayor et al, 2000).

Mining AbNPS2 orthologs from fungal proteome databases
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Seven NPS genes A brassicicolaf AbNPS1 - AbNPS7vere identified in the
partially assembled genome sequence. The predicté@tb acid sequence Af
brassicicolaAbNPS2 was used as a query against a databasegal foroteomes
(kindly provided by Dr. Jason E. Stajich, Duke UWsrsity Medical Center and
available at http://fungal.genome.duke.edu/) whth BLASTP algorithm (Altschut
al., 1990; Altschuket al, 1997). This database contains the predicted @nués of 53
sequenced fungi (list available at above website)this database, the predicted
proteome ofA. brassicicolaand the model plamtrabidopsis thalianavere added. In
addition, BLASTP against the NCBI Genbank non-rethum (NR) database was also
performed. BLAST hits were manually examined byaisy comparing alignments. It
was determined that bit score2000 correlated with ~40% amino acid identity and
these hits would be further examined for poteritthology. Domain and module
organization of predicted NPS amino acid sequenegs annotated using HMMER
results from a search using NPS amino acid seqaeaxqueries against the Pfam
database (E value cutoff & (Finnet al, 2006). In addition, NPS amino acid
sequences were used as queries against the oateilgade of non-ribosomal peptide
synthetases (http://203.90.127.50/~zeeshan/webpagssail.html) (Ansaret al,
2004). Discrepancies between the two predictionrédlgns were resolved by manual
inspection of the amino acid sequences of the tespbdomain. The predicted NPS
code for adenylation domains was determined usiagérver available at
http://www-ab.informatik.uni-tuebingen.de/toolbaxdiex.php?view=domainpred

(Rauschet al, 2005; Stachelhawet al, 1999).
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Genealogy of A. brassicicola AbDNPS2

In order to examine the genealogy of AbNPS2, thetranonserved domain of fungal
NPS enzymes, the adenylation domain (~500 bp) wigzedt Fungal NPSs were
chosen based on the BLAST analyses, and a mu#tipleo acid sequence alignment
of 50 fungal NP domains from 11 species of fungi plus six addisibbacterial A
domains was created using CLUSTALX and the BLOSUMG&&ing matrix
(Thompsoret al, 1997). A domains were defined with HMMER and ttenino acid
sequences extracted with a Perl script utilizingFzarl (Stajichet al, 2002). The
multiple alignment was edited manually to include fknown A domain motifs found
in fungal NPS A domains, this alignment was usecréate unrooted neighbor joining
(NJ) and parsimonious trees using PFAAT and PHYLIP
(http://evolution.genetics.washington.edu/phylimhtpackages respectively (Johnson
et al, 2003). The NJ tree was virtually identical to tree created with parsimony
analysis and is presented here. Columns in thaptaulilignment with >50% gaps
were excluded from the NJ tree. Bootstrapping WA replications was performed

with the unrooted NJ tree.

DNA isolation and Southern hybridization

A. brassicicolawvas clutured for 2-3 days in 50 ml GYEB media. Appmately 0.2 g
mycelia was harvested and filtered with Miraclo@falbiochem, Darmstadt,
Germany), semi dried with paper towels, and grantalfine powder with a mortar
and pestle in the presence of liquid nitrogen. Tgémomic DNA from was extracted

using Plant DNeasy kit (Qiagen, Palo Alto, CA).
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A total 2-3ug of genomic DNA was digested with an endonucl&s6l
(New England BioLab, Beverly, MA). The digested DMAs size-fractionated on a
0.7% agarose gel, followed by overnight transfea tdybond N nylon membrane
(Amersham Pharmacia Biotech, Buckinghamshire, UlKg transferred DNA was
U.V. cross-linked at 120 mJ (Spectronics corporgtivestbury, NY) to the
membrane and subsequently hybridized with 0.5 kb larobes that were amplified
from A. brassicicolagenomic DNA using PCR DIG Probe Synthesis Kit (Roc
Diagnostics, Mannheim, Germany). The entire pracedrom the hybridization to
the signal detection was carried out with Block &viash Buffer Set and CDP-Star in
the DIG Detection Kit (Roche Diagnostics, Mannhe@®@rmany) according to the
manufacturer’s protocols with following specifiésybridization was performed at
50°C. After the hybridization, the membrane was byieihsed three times at room
temperature in wash solution 1 (1XSSC, 0.1% SDS8)sanngently washed at 68°C in

wash solution 2 (0.1X SSC, 0.1% SDS) for 30 min.

RNA isolation and Northern hybridization

Total RNA for expression analysis was prepared ffongal mycelia grown under the
following condition: shake liquid glucose-yeastraxt broth (GYEB) medium, 25°C,
72 h for germination and vegetative growth. Cortid@gaerial structures containing
aerial mycelia, conidiophores and conidia weresméd at 8 h and 16 h post-
incubation as follows: about 20 mycelial balls eoted from the above 72 h liquid
culture were spread onto sterilized filter papet srcubated for conidiation. Conidia

were harvested from strains grown on glucose-y@dsact agar (GYEA) plates for 5
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days at 25°C and were washed with sterile waten8s and collected by
centrifugation for RNA extraction. For expressioralysis for different fungal
developmental stages 100 pl of conidial suspen&enlC conidia/ml) was spread
onto GYEA plates and incubated for germination emwidiation. After 4, 8, 12, 24
and 36 hours after incubation conidia which did getminate or show relatively late
growth rate were removed under the microscope laddnidia and colonies growing
well on GYEA were collected and ground in the pneseof liquid nitrogen.

Total RNA was extracted using Plant RNeasy Kit @@ia Palo Alto, CA),
followed by DNase digestion for 15 minutes at 31&ihg DNase Mini Kit (Promega,
Madison, WI). Total RNA (20 pg) was fractionatedat.5% formaldehyde agarose
gel and the gel was stained with ethidium bromadagsess quality and quantity of the
RNA. The fractionated total RNA was transferredroight from the agarose gel onto
a Hybond N nylon membrane (Amersham Pharmacia Biotech, Bigtkimshire,

UK). Hybridization and detection procedures aftex RNA transfer were carried out
as described in the Southern hybridization seaiarept that hybridization and

washing was carried out at42

AbNPS2 promoter and GFP fusion-protein construct

Two primers were designed at 1 bp position witleaogenoug\pad site
(tagggcccATGGTGAGCAAGGGCGAGGA) and at 2370 bp position wih
exogenousdindlll site (acaagcttTGGTTCCCGGTCGGCATCTA) in relatitmthe
GFP start codon. These primers were used to anfpily coding region and Hyg B

cassette from template plasmids pCG16G6-Nac @fab, 2006). The PCR products
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were cloned at the corresponding multiple cloniibgssn pBluscript (SK+) to create
pCB16G6-PF. Another set of primers were designedl Bp position (upstream of
start codon) with an exogenoApd site (gagggcccCGTGGGCCGTGTGTGGTTTC)
and at approximately the -1000 bp position witheaagenoupnl
(gtggtaccCAGCCTCGCAGACACTCGAQC) in relation to tAbNPSZstart codon.
These primers were used to amplify &i&NPS2oromoter region and the subsequent
PCR products were cloned in the corresponding pialtiloning sites of pCB16G6-
PF to make pCB16g6-N2. The pCB16G6-N2 sequenttaliains 1 klAbDNPS2
promoter, a GFP open reading frame, and Hyg B ttadsetween M13 forward and
the M13 reverse priming sites. All cloning and phés production were carried out as
described in the following section. A fragment @ning 1 kbAbNPS2promoter
region, GFP cassettes and Hyg B cassettes weréfi@ohfiiom pCB16G6-N2 with
M13 forward and M13 reverse primers. The PCR prslwere transformed in the

wild-type A. brassicicolato makeAbNPS2promoter-GFP fusion mutants.

Generation of targeted gene disruption construct and fungal transformation

Based orAbNPSZsequence identified in the partially asseml#flefrassicicola
genome sequence, two primers were designed aflthb®position with an
exogenous enzyme siténdlll (cttgaagcttTCCTTCCTGCTGTCGATGTT) and at the
1441 bp position with an exogenaxisa site
(ccattctagaATGCGTCTGGGAATTGGCAC) in relation to thatative start codon.
These primers were used to amplify a 550 bp padrget gene from the genomic

DNA. PCR products were digested wiimdlll and Xbal, and ligated at the
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corresponding multiple cloning sites in pCB1636 €Ryardet al, 1997). The ligation
was transformed i&. colistrain DH® (Invitrogen, Carlsbad, CA). The plasmid was
isolated via miniprep (Qiagen, Palo Alto, CA) amdjgence verified for the presence
of insert and Hyg B cassette and used as temgat®CR amplification using M13
forward and M13 reverse primers. The PCR produet puaified with PCR Cleanup
kit (Qiagen, Palo Alto, CA) and further concentrhte 1ug/pl under vacumn before
fungal transformation.

Fungal transformation was carried out with line@RPproducts based on the

transformation protocol described previously (Ghal, 2006).

Surface hydrophobicity assay
The strains to be assayed were plated onto PDAnantbated at 25°C until
sporulation. Sterile distilled water (30 pl) waaged on the surface of cultures and the

plates were incubated for 30 min at room tempeeatii).

Electron microscopy

Conidia of wild-type strain ATCC96836 ardnps2mutant AbN2-1 were released in
sterile water from 7-day-old and 21-day-old PDAtesaand collected by
centrifugation at 5000 x g for 10 min. The conigallet was coated with 0.8%
agarose and fixed in modified Karnovsky's fixatbamtaining 2% paraformaldehyde
and 2% (v/v) glutaraldehyde in 0.05 M sodium cadaidybuffer (pH 7.2) overnight at
4°C. After washing three times with 0.05 M sodiuatadylate buffer (pH 7.2) for

10 min each, samples were post-fixed with 1% (wAmium tetraoxide in the same

buffer for 2 hours at 4°C. The post-fixative wasmed by washing briefly twice
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with distilled water at room temperature and thegias wereen blocstained with
0.5% uranyl acetate overnight at 4°C. Then the $esnpere dehydrated in a graded
ethanol series and embedded in Eppon resin. Ultraéttions cut from the Eppon-
embedded material with ultramicrotome (MT-X, RMCSA) were collected on
carbon-coated grids, stained with 2% uranyl acdtat8 min, and with Reynold's lead
solution (Reynolds, 1963) for 3 min. Examinationsveanducted with a JEM-1010

(JEOL, Tokyo, Japan) electron microscope operatrép kV.

Confocal microscopy

AbNPS2promoter-GFP fusion transformants were grown oreE@Ylate and in

GYEB broth, and prepared exactly the same as th& Blbtting samples for the
confocal microscopy. Inverted laser scanning mimope (LSM-510, Carl Zeiss,
Gottingen, Germany) and an argon ion laser fortatton at 488 nm wavelength and
GFP filters for emission at 515-530 nm were usedhis experiment. The imaging
parameters used produced no detectable backgraymad §om any source other than
from GFP. Confocal images were captured using LIM-$oftware (version 3.5; Carl
Zeiss) and were recorded simultaneously by phaseast microscopy and
fluorescent confocal microscopy. Phase contrasfj@savere captured with a
photomultiplier for transmitted light using the sataser illumination for

fluorescence.

Conidiation assays
The conidiation rates were compared between thidtyde,abnps2mutants, and

ectopic insertion mutants. We examined the ratesiglthe developmeni vitro on
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PDA plates anah vivoon plants. For th vitro assay, fungi were cultured on PDA
plates with a photoperiod of 16 h using fluoresdighits for 7 days and conidia were
harvested in sterile water. For tinevivo assay 7 day-grown 1000 conidia in 10 pl
water were inoculated on detached green cabbagese®llowed by 7 days of
incubation at room temperature with 100% relatiuentdity under long-day

conditions (16-h light/8-h dark cycle). Conidiariia size of 1cfinfected leaf
fragment were released in 5 ml water. Conidia pcedwon lesions were harvested by
vortexing the test tube vigorously. Leaves wereaesd, and the conidia-containing
suspensions were centrifuged at 5000 x g for 15 e conidia were resuspended in

200 pl of water, serially diluted, and counted gsarhemacytometer.

Germination rate comparisons

Conidial germination was measured on cover glagsshkier Scientific, Hampton,

NH, USA) and plant leaf surfaces. Conidia were bsted from 7-day-old, 14-day-old
and 21-day-old cultures on PDA in sterile distilledter and adjusted to 1 x*10
conidia per ml. Drops (30 ul) were placed on caylasses and detached leaf
segments, then placed in a moistened box and itedilb& RT for 36 h on cover
glasses and 8 h on detached leaf segmient®vo conidial germination was measured
as follows: the leaf fragments with conidial dropare transferred into a test tube
containing 2 ml of water, the test tube was vortexigorously to release conidia, and
conidia were harvested from the test tube by pimgtiThe percentage of germinated
conidia was determined by microscopic examinatioat éeast 100 conidia per

replicate in at least three independent experimevith three replicates per treatment.
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Statistical analyses were performed to test thfer@ihces in germination rates among

the four strains by least significant differencéwese comparisons (p8.05).

Virulencetests

To test virulence, conidia of fungi were harvedtretdn PDA agar plates incubated for
either 7 days, 14 days or 21 days at 25°C, ancesulggl in sterile water at a
concentration of 5 x @onidia per ml. Conidial suspensions (pwere applied as
drops on the surface of middle-aged leaves (fiftbugh sixth leaf stages). Inoculated
plants were placed in a plastic box at RT and iatedbat 100% humidity for 24 h in
the dark, and then followed with a photoperiod &filusing fluorescent lights for 4
days. Lesion diameters were then measured. t8tatianalyses were performed to
test the differences in lesion diameters amonddtestrains by least significant

difference pairwise comparisons (p<05).
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Chapter IV

Biosynthesis and role in virulence of the histoneahcetylase
inhibitor depudecin from Alternaria brassicicola

Abstract (This work was published iKim et al., 2009, MPMI, 22:1258-1267)

Depudecin, an eleven-carbon linear polyketide nigdiae pathogenic fungus
Alternaria brassicicolais an inhibitor of histone deacetylase (HDAC)ciemically
unrelated HDAC inhibitor, HC-toxin, was earlier sitoto be a major virulence factor
in the interaction betwee&dochlioboluscarbonumand its host, maize. In order to test
whether depudecin is also a virulence factor¥obrassicicolawe identified the

genes for depudecin biosynthesis and created depuaenus mutants. The
depudecin gene cluster contains six geDEsR(1-DEP6), which are predicted to
encode a polyketide synthagdPKS9or DEPY), a transcription factoEP6), two
monooxygenase®EP2 andDEP4), a transporter of the major facilitator superfigmi
(DEPJ), and one protein of unknown functiddEP1). The involvement in depudecin
production o DEP2 DEP4, DEP5 andDEP6was demonstrated by targeted gene
disruption. DEPS5 is required for expression oftlal DEP genes, but not the
immediate flanking genes, thus defining a co-regdaepudecin biosynthetic cluster.
The genes flanking the depudecin gene clustemdiuthe cluster itself, are conserved
in the same order in the related fusgagonosporaodorumandPyrenophoraritici -

repentis Depudecin-minus mutants have a small (10%) tagistically significant
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reduction in virulence on cabbagegréssicaoleraceg, but not on Arabidopsis. The

role of depudecin role in virulence is thereforgsldramatic than that of HC-toxin.

Introduction

Host-selective toxins are positive agents of gty and virulence in a
number of plant disease interactions (Walton 199étton and Panaccione 1993;
Friesen et al. 2008). All known HSTs are made mgfuand most of them are small
secondary metabolites. HC-toxin, a cyclic tetrajpkpmade byCochliobolus
carbonum s a critical determinant of virulence in thedrgction between the
pathogen and its host, maize. Isolate€ ofarbonunthat synthesize HC-toxin are
extremely virulent on maize homozygous recessithahucleaHM1 andHM2 loci,
killing plants in a few days (Sindhu et al. 2008ak@gn 2006)HM1 encodes HC-toxin
reductase, which detoxifies HC-toxin by reducingeasential carbonyl group in HC-
toxin (Johal and Briggs 1992; Meeley et al. 1992iltahi et al. 1998). HC-toxin is an
inhibitor of histone deacetylases (HDACSs) of thepdy RPD3/HDALlike), and Type
Il (HD2, plant-specific) classes, but not of the Typg3IR2like, sirtuins) class
(Brosch et al. 1995; Hollender and Liu 2009). H&htchas been shown to inhibit
Type | HDACs in maize, protozoans, yeast, and malsimath in vivo and in vitro,
and has been used as a specific HDAC inhibitoumerous studies (Brosch et al.
1995; Darkin-Rattray et al. 1996; Deubzer et a082Woung et al. 2004). There is no
evidence that HC-toxin and chemically related coomuts have any other sites of

action.
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Earlier studies on the role of HC-toxin in plaathpogenesis raise the question
of the role of HDACs in plant disease — why dodshition of HDACs facilitate the
development of disease; what is the role of HDACdisease resistance? Attempting
to further our understanding of HDACs and diseassomplicated by several factors.
First, there are multiple sensitive HDACs in maarel other plants. Maize has 14 and
Arabidopsis has 16 HDAC genes of the HC-toxin-daresclassesRPD3 HDAL, and
HD2) (Gendler et al. 2008). Second, all of the costdmes are subject to reversible
acetylation, and each has multiple acetylatableéysesidues. HC-toxin affects
acetylation of multiple core histones in maize,eesglly H3 and H4 (Ransom and
Walton 1997). There are thus many possible permoatabdf histone acetylation/
deacetylation, especially when combined with midtipossible permutations of
acetylation-dependent methylation, which can |eadifferent physiological outcomes
(Jenuwein et al. 2001). Third, many other non-metproteins have now been shown
to be regulated by reversible acetylation, inclgdubulin, cell cycle regulators,
transcription factors, DNA helicases, heat shockdis, and HDACs themselves
(Brandl et al. 2009; Westerheide et al. 2009). &fwe, in regard to elucidating the
role of HC-toxin and HDACSs in disease resistanberd are multiple possible targets,

each with multiple possible substrates.

Reversible histone acetylation is involved in maejjular processes (Brandl|
et al. 2009; Haberland et al. 2009), and therafasenot surprising that HDAC
mutations in plants are pleiotropic. Mutational amibition studies indicate that

HDACSs control the expression of numerous plant gemal are involved in the
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regulation of processes such as embryo and floesgldpment, the jasmonic acid
(JA) and ethylene pathways, light responses, senes¢nucleolar dominance,
silencing of transgenes and transposons, Agrobactdransformability, leaf polarity,
abscisic acid and abiotic stress responses, amndhadodensity (Hollender and Liu
2008). In cerealfidalOlmutants of maize have pleiotropic effects on dewelent
and gene expression (Rossi et al. 2007). Overesipresf a rice HDAC gene causes

changes in plant growth and architecture (Jang 083).

In regard to the role of reversible histone a@iyh in plant pathogenesis,
there are some suggestions of a relation$tipA 19 expression in Arabidopsis is
induced by infection with the pathog@iternaria brassicicola and overexpression of
HDA19 causes enhanced resistance and upregulationytérehand JA-induced
pathogenesis-related (PR)-proteins (Zhou et al5pMowever, in light of the
multiple developmental abnormalitiesldDA19 mutants, it is not clear HDA19 has
a primary or secondary role in disease resistahies @nd Chen 2001; Wu et al. 2000,
2003). Mutants in a genelUB1, encoding a histone H2B monoubiquitinating
enzyme, have earlier flowering, thinner cell wallad increased susceptibility Ao

brassicicolaandBotrytiscinerea(Dhawan et al. 2009).

Another connection between histone acetylationdiselase response comes
from the finding that HDA6 of Arabidopsis interaetgh COI1, an F-box protein
required for JA signaling (De Voto et al. 2002; fids et al. 2007). This is consistent
with the known importance of JA in responsétdrassicicolasee below) and with

transcription profiling experiments suggestingri Ibetween COI1-regulated genes
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and resistance tA. brassicicolalvan Wees et al. 2003). JA induces expression of
HDAG as well adHDA19, but notHDAS5, HDAS8, HDA9, HDA14, andHD2A (Zhou et

al. 2005).

HDAL9 interacts with WRKY38 and WRKY62, which aregative regulators
of defense, and they are induced by salicylic acidseudomonasyringaeinfection
in anNPRZXdependent manner (Kim et al. 2008). OverexpressitiDA19 enhances
resistance, and mutation enhances susceptibhiay;i$,HDA19 appears to act as a
positive regulator of defenseDA19 might work throughERF1, a gene that integrates
JA and ethylene pathways, becat2A19 overexpression upregulate®F1(Zhou

et al. 2005).

HDACSs and their target proteins can be both pasiind negative regulators
of gene expression (Brandl et al. 2009). If HDAG=evnecessary for induction of
defense genes, then by inhibiting HDACs HC-toximgimisuppress expression of
those genes (Brosch et al. 1995). This model isistant with the studies dtDA19
in theP. syringadArabidopsis pathosystem (Kim et al. 2008), butdoet exclude
other models, e.g., that HDACs repress a negatigelator of defense. There are
several additional major uncertainties, such ashdreHDACs could have a different
role in dicotyledons versus cereals such as marmto what extent the role of
HDACs might be affected by the known differencedéfiense signaling pathways in
response to bacterial biotrophic pathogens su¢h agringaeas opposed to

necrotrophs such &. carbonumand species dklternaria.
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In order to expand our understanding of the réldIDACs in defense, we
have considered th&. brassicicolaArabidopsis pathosysterA. brassicicolacauses
black spot of most cultivatdBirassicaspecies including broccoli, cabbage, canola,
and mustard. Many speciesAiternaria make host-selective toxins (Walton 1996).
AlthoughA. brassicicolas a weak pathogen on wild-typeabidopsis(Kagan and
Hammerschmidt 2002), it causes significant disesqead3 (phytoalexin-deficient)
and DELLA mutants (Navarro et al. 2008; Thommale1299). Its genome has been
sequenced and it is genetically tractable (Chao. @086). Transcriptional changes
during infection have been profiled in the fungGsgmer and Lawrence 2004) and the
host (Narasuka et al. 2003; Schenk et al. 2003Waaes et al. 2003). Plant factors
that modulate reaction #. brassicicolanclude JA, gibberellins acting through the
JA pathwayBOS1(encoding an R2ZR3MYB transcription factadB)S2 BOS3
BOS4 RLM3(encoding a TIR-domain protein), and a lipase (yiste et al. 2003;

Navarro et al. 2008; Oh et al. 2005; Staal et@D82 Veronese et al. 2004).

A critical attribute ofA. brassicicolarom the point of view of elucidating the
role of reversible histone acetylation in deferssthat it makes an HDAC inhibitor
called depudecin (Kwon et al. 1998; Matsumoto £1892). Depudecin is a small
linear polyketide (Fig. 1) (Tanaka et al. 2000) pDéecin is anti-parasitic and anti-
angiogenic and, like HC-toxin, causes detransfaonaif oncogene-transformed
mammalian cells and inhibits HDAC activity in vitemd in vivo (Kwon et al. 1998,
2003; Matsumoto et al. 1992; Oikawa et al. 199Jepudecin is a virulence factor

for A. brassicicolaon Arabidopsis one could exploit the genetic resesi of both
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partners to address the role of HDACs in diseasistesce. Here we report the
identification and characterization of the genestduresponsible for depudecin
biosynthesis irA. brassicicolaand the disease phenotype of depudecin-minusistrai
Although depudecin does contribute to virulencéhed fungus, the effect is much less

dramatic than the role of HC-toxin in tRe carbonunmaize interaction.

Figure 1. Structure of the polyketide depudecin (Taaka et al. 2000).

Results

AbPKS9 encodes the depudecin polyketide synthase

We identified nine genes encoding putative poligeesynthases (PKSs),
designatedAbPKS1throughAbPKS9 in the genome oA. brassicicolaDisruption
mutants for each PKS gene were generated in ARGC 96836 using the linear
minimal element (LME) method (Cho et al. 2006). Btategies and expected results
for homologous integration &bPKS%are shown in Fig. 2A, B. Of the nine PKS

genes, mutants &bPKS1throughAbPKSSstill produce depudecin (Fig. 3A, and data
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not shown). Of three transformants obtained usiMdEltargeted tcAbPKS9 DNA
blotting indicated that two are knockout mutantd ane is an ectopic transformant
(Fig. 3B, panel 1). Both the wild-type and thlkes9-1strains contain a 1.6-KbcoRlI
fragment hybridizing t®AbPKS9and strairpks9-1has a 3.6-kb band hybridizing to
hphl which together indicate thpks9-1is an ectopic transformant. In bqiks9-2
andpks9-3transformants, the 1.6-kb band is replaced by akbli2and hybridizing to
AbPKS9(Fig. 3B, panel 1), consistent with homologousitan integration of five
copies of the construct (see Fig. 2). The 1.6-Kd-tyipe band is restored in the
complemented mutant PKS9-2C (Fig. 3B, panel 1)eBas TLC and HPLC
analysis, neither of the knockout mutamkg9-2andpks9-3 produces depudecin,
whereas the ectopic transformapk$9-1 and the complemented strain do (Fig. 3C,
D).

Additional mutants oAbPKS9were made by double-crossover gene
replacement in a different strain Af brassicicolaMUCL 20297. Two independent
mutants ofAbPKS9 calledpks9-4andpks9-5 were verified by DNA blotting (Fig.
4A, B). Neither produces depudecin (Fig. 4C, D)gdiber, these results indicate that
AbPKS9%encodes the PKS responsible for depudecin biosgrgthin light of
subsequent characterization of the depudecin bibstin clusterAbPKS9was

renamedEP5 (see below).
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Figure 2. Strategies for disrupting depudecin biosythetic genes. ALinear
minimal element (LME) strategy and predicted outedighown fopks9-2in ATCC
96836).B, Gene replacement strategy and predicted outcon2HB5 (AbPKS9 in
MUCL 20297.C, Gene replacement strategy and predicted outconi@HB6. hphl
designates the gene encoding hygromycin phosplsbérase, and E designatesoRl
sites.
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Figure 3. Characterization of depudecin mutants anadomplemented strains in A.
brassicicola ATCC 96836. A,Lanes 1-8: TLC analysis of culture filtratesadipks1-
abpks8mutants. Depudecin was detected with an epoxideHspreagent.B, DNA

blot analysis of transformants. In each pair ofgstabeled 1-4, the upper panel was
hybridized with a gene-specific probe and the lopeaatel with a fragment of thghl
gene. Panel 1 shows three independbpksdtransformantspks9-1 pks9-2 and
pks9-3 and a complemented strain (PKS9-2C) of mupks©-2 DNA was cut with
EcaRI. Panel 2 shows two independent mutadéepR-2anddep2-4 and a
complemented strain (DEP2-4C)d¥p2-4 DNA was cut withPst. Panel 3 shows
two independent mutantdép4-4anddep4-5 and a complemented strain (DEP4-4C)
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of dep4-4 DNA was cut withBanH|I. Panel 4 shows two independent mutadep6-

1 anddep6-3 and a complemented strain (DEP6-1Cllep6-1 DNA was cut with
Xhd andBanHI. C, TLC analysis of ATCC 96836 wild-typpks9-lectopic mutant,
andpks9-2andpks9-3disruption mutants. Lane 1, 5ug depudecin standizane 2,
10pul extract of ATCC 96836; lane 3, 1(pids9-1ectopic extract; lane 4, 10 pks9-2
mutant; and lane 5, 10 pks9-3mutant. D, HPLC analysis of transformants. Note
that 20-fold more culture filtrate was injectedtloé four transformants than the wild-
type. Depudecin was eluted from the column at ~6anithwas detected at 210 nm.
The identities of the compound eluted at 6 min tagdcompound with the same éh
TLC as authentic depudecin were confirmed by mpssteometry (data not shown).

A 123 B 123

9.1kb- = 4.2kb- e

1 2 3 4 5 6 7

Cc
-
-
D Standard (1ug) eI
2.0 2.0
1.0 1.0}
T 01234567809 01234567809
8 MUCL 20297 (1yl) Pks3-5 (20p1)
2.0 2.0
1.0 1.0

e

A ]
01234567889 0123456789
Time (min) Time (min)

Figure 4. Characterization of depudecin mutants irMUCL 20297. A,DNA blot
analysis of wild-type (lane 1) and two disruptioansformants (lane pks9-4 lane 3,
pks9-5 probed with the deleted fragmentAliPKSYDEPY) (see Fig. 2). B, DNA
blot analysis of the same three strains probed avitagment of théphlgene. C,
TLC analysis of crude extracts of wild-type grid9-4andpks9-5replacement
mutants. Lane 1, 5ug depudecin standard; laneld,vtild-type; lane 3, 10bpks9-4
lane 4, 10 ppks9-5 D, HPLC analysis of wild-type and replacement mutaNtse
that 20-fold more of the two mutants than the viyide was injected.
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The depudecin biosynthetic cluster

The protein coding regions in 72 kb of genomic Dsl&roundingAbPKS9
were predicted with FGENESH (www.softberry.com)ngsiheAlternaria model. The
genes adjacent #hbPKS%are predicted to encode two monooxygenases, a raemb
transporter of the major facilitator superfamilyk®), and a transcription factor, all of
which could have a plausible role in depudecinymtisesis and regulation. The two
monooxygenases and the transcription factor wessashfor mutational analysis.
Disruption of the putative MFS transporter was aitémpted because genes of this
class are often necessary for self-protection,hiciwcase a mutant would probably be

lethal (Pitkin et al. 1996).

The LME strategy was used to construct mutante@fwo monoxygenases
(DEP2andDEP4). Two independent mutants of each gene were datagiep2-2
dep2-4 dep4-4 anddep4-5 (Fig. 3B, panels 2 and 3). Botlep2mutants fail to
produce depudecin as judged by TLC and HPLC, bydgrdduce smaller amounts of
an epoxide-containing metabolite of slightly higRethan native depudecin (Fig. 5A,
lanes 3 and 4). This compound is not depudecindged by HPLC (Fig. 5B). Both
dep4mutants also produce a trace of an epoxide-cantagompound of the same R
as native depudecin (Fig. 5A, lanes 5 and 6). Adamever, this is not native
depudecin as judged by HPLC, in which no compouritiesame retention time as
depudecin is seen (Fig. 5B). Complementation ofitqe2-4anddep4-4mutants
(DEP2-4C and DEP4-4C) restores depudecin syntfieigjs5B). The mutants have

no other distinguishable phenotypes (growth, catarphology, and sporulation).
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These results indicate that the two putative mogigerase genes are also required

for, and dedicated to, depudecin biosynthesis.

Two engineered mutants of the putative transaniptactor gene, calledEP6G,
made with the LME methodlép6-1anddep6-3, do not produce depudecin (Fig. 3B,
panel 4, and Fig. 5A, lanes 7 and 8, and Fig. BBmplementation aflep6-1restores
depudecin production (DEP6-1C) (Fig. 5B). Threespmehdentep6mutants dep6-3
dep6-4 anddep6-5 constructed using double-crossover gene replaceiméUC
20297 also fail to synthesize depudecin (Figdép6mutants have no discernible
phenotype other than loss of depudecin produclibese results indicate thREPG,
like AbPKS9DEP2 andDEP4 is required for, and dedicated to, the biosynghek

depudecin.

DEPG6 regulates the depudecin cluster

DEPG6is required for biosynthesis of depudecin (Fig®)5Its sequence shows
some similarity to known fungal transcription fast¢see below). Therefore, it might
be a pathway-specific regulator of the expressich@genes involved in depudecin
biosynthesis and could be used to define the dejrudtuster. In order to test this,
expression of the putative depudecin cluster gerassanalyzed by RNA blotting. As
shown in Fig. 7, RNA expression DEP2andDEP4 (the monooxygenasef)EP3

(the MFS transporterDEP5 (AbPKS9, andDEPG6itself are dependent dpEPG.
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Figure 5. Mutational characterization of genes inhe depudecin cluster. ATLC
analysis of depudecin production. Ten ul crudeaetiwere applied to each lane. Lane
1, depudecin standard; lane 2, wild-type ATCC 968&te 3, dep2-2 lane 4 dep2-4
lane 5,dep4-4 lane 6,dep4-5 lane 7,dep6-1 lane 8dep 6-2 B, HPLC analysis of
wild-type, depudecin mutantd€p2-2 dep2-4 dep4-4 dep4-5 dep6-1 anddep6-3,

and complemented mutants (DEP2-4C, DEP4-4C, ancbHER. Depudecin is the
peak eluted at ~6 min.
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Figure 6. Analysis of dep6 mutants in MUCL 20297 A, DNA blot analysis of
wild-type (lane 1) and three mutants (lanel@y6-3 lane 3, dep6-4 lane 4,dep6-5.
Blot was probed with a fragment DEP6. B, DNA blot analysis of the same strains
except probed withphl dep6-4shows multiple bands hybridizing liph1,

apparently due to a multiple integration eventooam additional ectopic integration.
C, HPLC analysis of depudecin production by the viyde and the mutant strains.
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Figure 7. The depudecin gene cluster &. brassicicola ATCC 96836. Arrows
indicate the directions of transcription. RNA arsagyof each gene in tliep6mutant
are shown under the map. In each panel, the uppepanels show RNA
hybridization to the indicated gene. The lower pasbow the major ribosomal band
stained on the blot with methylene blue. Wild-typ@en the right and théep6mutant
on the left. MO1, monooxygenase 1; MFS, major f@tdr superfamily transporter;
MO2, monooxygenase 2; PKS9, polyketide synthagd-9transcription factor. “Gene
4” and “Gene 11" refer to two flanking genes thiag aot regulated bglep6
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Furthermore, expression of another gene upstreddeB®, calledDEPY, is also
dependent oDEPG6 (Fig. 7). On this basi®EP1is part of the depudecin gene
cluster. Expression of the genes immediately upstrefDEP1 and downstream of
DEPG6 (genes 4 and 11) are not affected indbp6strain, and therefore are not part of

the co-regulated gene cluster (Fig. 7).

Genes of the depudecin cluster.

Reverse transcriptase PCR and RACE were useddmuee the structures
and protein products @EP1throughDEP6. DEP1has no introns. Depl, the protein
encoded bY)EP1, has 580 amino acids and a molecular mass ofida3 Regulation
by DEP6 (Fig. 7) and synteny analysis (see below) suggeste in depudecin
biosynthesis. It has no detectable conserved danalre best match by BlastP in
GenBank is to a predicted protein (CIMG_02399) fiGotcidioidesmmitis (score
303, expect 2e-80, 48% amino acid identity). Theosd best hit, a predicted protein
from Talaromycestipitatusis considerably poorer (score 132, expect 5e-2% 2
identity). Several additional hypothetical protefrem ascomycetes give weaker
scores (>1e-22). There are no strong orthologshard’leosporaceae (Fig. 8). None

of the putative orthologs has a known function.

DEP2has three introns. Its predicted product has 528a@acids (59.1 kDa).
Blastp results indicate that it has conserved dosedrresponding to the pyridine
nucleotide-disulfide oxidoreductase superfamiljhds an FAD-binding domain (pfam

family 01494). Dep2 is also a member of COG083MiKl) containing 2-polyprenyl-
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6-methoxyphenol 4-monooxygenase and related FARudgnt oxidoreductases. The
best BlastP hit against the NR database is to athggical protein (CIMG_01450)
from C. immitis(expect score 1e-135, 53% identity ). Dep2 is alsvolar (expect
scores <1e-50) to a number of hypothetical FAD-ddpat monooxygenases from
other ascomycetes. By BLASTP against SwissProt2B3&pws weak amino acid
similarity to salicylate monooxygenase (EC 1.14£2)3nd zeaxanthin epoxidase (EC
1.14.12.4). These monooxygenases are all in clgsa\Berkel et al. 2006). A
number of monooxygenases of this class have bemmsto be involved in secondary
metabolite biosynthesis. For exam@énM of AspergillusflavusandpaxM of
Penicilliumpaxilli are predicted to be monooxygenases involved ibith&ynthesis of
the indole-diterpenes aflatrem and paxilline, respgely. These compounds contain
hydroxyl groups and aflatrem contains an epoxideuf)§ et al. 2001; Zhang et al.
2004). In the biosynthesis of depudecin, Dep2 miightesponsible for the
epoxidations or hydroxylations of depudecin (Fig.The novel product made in the

dep2mutants might be depudecin with one less hydrarg/or epoxide (Fig. 5A).

DEP3has eight introns. Its product is 564 aa (60.1)kD&P3 encodes a
membrane transporter of the major facilitator stgrmeily (MFS). MFS genes are
found in many fungal secondary metabolite clusé@id presumed to be responsible
for exporting secondary metabolites and/or to gteself-protection (Pitkin et al.

1996).

DEP4has four exons and its product is 581 aa in le(@ftD kDa). Its best hit

is CIMG_02397 ofC. immitis(expect score 0.0, 66% identity), followed by @&
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number of hypothetical proteins in other ascomyedimnserved domains include
COG2072 (TrkA, predicted flavoprotein involved ifi ansport), and pfam00743
(flavin-binding monooxygenase). Althou§fEP2 andDEP4 are both predicted to
encode monooxygenases, they are of different da¥¢bereas Dep2 is in class A,
Dep4 is in class B (van Berkel et al. 2006). Deprelated to cyclohexanone 1,2-
monooxygenase (EC 1.14.13.22), 4-hydroxyacetoprenwmmnooxygenase, and
dimethylaniline monooxygenase. Like monooxygenasetass A, enzymes related to

Dep4 can catalyze epoxidations (Colonna et al. 2082 Berkel et al. 2006).

DEPS5 (also known asbPKS%nd as AB01916 in the recently released
annotation ofA. brassicicolaat the Department of Energy Joint Genome Institute
[DOE-JGI]), has five exons, and its product has@8mino acids (259 kDa). Dep5 is
a polyketide synthase (PKS), the central enzynaepudecin biosynthesis. Of
characterized PKSs in the SwissProt database, Erepss high overall amino acid
similarity to the lovastatin nonaketide synthasésgpergillu terreugHendrickson et
al. 1999). Dep5 is a Type | reducing PKS with megubr ketoacyl synthase (KS),
acyltransferase (AT),dehydratase (DH), and termaegl carrier protein (ACP).There

is also probably an enoyl reductase (ER) module.

DEP6has four exons and encodes a 646-amino acid prgt2ié kDa). At its
amino terminus Dep6 contains a GAL4-like,Zys binuclear cluster DNA-binding
motif typical of fungal transcription factors. Thest hit against GenBank NR is to

SNOG_06678, a putative trancription factoSitmgonosporaodorum The
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dependence of expressionEP1throughDEP50nDEPGis consistent with it

encoding a pathway-specific transcription factadley and Walton 2001).

A related gene cluster inCoccidioides immitis

The best BLASTP hits against GenBank NR for tlofene depudecin cluster
genes are proteins fro@ immitis even though GenBank contains many complete
genomes of fungi more closely relatedMadorassicicolaDothidiomycetes) tha@.
immitis (Eurotiomycetes). Furthermore, the two best lnithé products dDEP1and
DEP4areC. immitisproteins closely linked to each other (CIMG_023949
CIMG_02397, respectively). This raises the posgjhihat C. immitishas a gene

cluster related to the depudecin clusteAobrassicicola

To test this possibility further, additional BLABTqueries were performed,
especially specifically against the genom&ofmmitisRS. The best match of Depl
to any protein in GenBank NR is CIMG_02399 (seevahoDep3, encoding the MFS
transporter, has numerous very strong hits in GekB&ER. However, the third best hit
in NR, and the best hit withi@. immitis is CIMG_02396, which is now re-annotated
as CIMG_10938 (score 676, expect 0.0, identity 63Plg best hit of Dep4
(monooxygenase) to any protein in NR is CIMG_02@&bre 769, expect 0.0, 66%

identity), which is also clustered with CIMG_02399.

PKSgenes are common in fungi, and Dep5 (AbPKS9) aligith more than
50 proteins in GenBank NR with expect scores of Bd@wvever, the fourth best hit of

Dep5 against any protein is CIMG_02398 (score 28%f¢ct 0.0, identity 52%).
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DEP2andDEP6do not continue the same pattern of clusterin@.immitis The best
match to Dep2 of any protein in GenBank NR is diealso aC. immitisprotein
(CIMG_01450), but this is not clustered with CIM@2399. Finally, the best hit of
Dep6 inC. immitisis CIMG_10246, which has relatively poor similgrfscore 103,

expect 8e-22, 24% identity).

In conclusion, four of the six genes of the demirdeluster DEP1, DEP3
DEP4, andDEPY) have as their best, or among their best, BLASiT$four clustered
genes irC. immitis(CIMG_2399, CIMG_2396, CIMG_2397, and CIMG_2398,
respectively). This suggests tl@timmitishas a gene cluster that is evolutionarily
related to the depudecin clusterfofbrassicicolaand raises the possibility th@t

immitismakes a secondary metabolite chemically relatepudecin.

Synteny between the depudecin cluster region &f. brassicicola and other
Pleosporaceae.

The predicted protein sequences flanking the deginctluster and the
experimentally deduced proteins DEP1throughDEP6were used to search the
genomes o8.nodorum(Phaeosphaerimodorun) (Sn) andPyrenophoraritici -
repentis(Ptr), which are also in the family Pleosporacddmee four contiguous genes
on the left flank of the depudecin clusterfofbrassicicolanumbered 1-4 in Fig. 8)
are contiguous in Ptr and Sn. The seven geneseangttt side (genes 12-18) are also
contiguous in all three fungi, although there ig ¢tocal rearrangement in Sn

(inversion of SNOG_8336 and SNOG_8334) (Fig. 8)bdth Ptr and Sn, the syntenic
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|\ pepe|DEP2| IDEP3| |DEP4| IDEPS 1DEPS[ | || || || U U U U L
mox1| | MFs | |Mox2| | PKs [| TF

PTRG 89582 8580 8579 8578 595 4787 11551 3357 6303 793 9093 8182 8181 8180 8179 8177 8175 8174

00 e104 00 e91 ¢10 e40 00 ed0 00 e25 e160 00 00 e166e88 00 00 00

SNOG 8377 8378 8379 8380 9444 795 9923 13063 11272 6678 15038 8329 8330 8332 8336 8334 8337 8338
00 e56 e167 e69 e10 ed4 e131 ed5 00 e116 e138 00 00 e-149 e-80 163 e-179 00

Figure 8. Synteny betweer\. brassicicola, P. tritici-repentis, and S. nodorum in the depudecin cluster regionThe gene
numbers indicate the best BLASTP hit of the coroesiingA. brassicicolgprotein in the genomes of Ptr (PTRG) or Sn (SNOG).

The numbers underneath the gene numbers are tbetesqores of the BLASTP hit.
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regions on the right and on the left are linkedl@same supercontig but are not
contiguous, i.e., there is a 396-gene gap in RiraaBl-gene gap in Sn between the
left and right flanks. The closest hits to the digain genes themselves are scattered
throughout the genomes of Ptr and Sn, represeatirey members of the same gene

families (i.e., other PKS’s, MFS transporters, mmx@enases, etc.).

These results indicate that the genomes of theee fungi are syntenous in
the region surrounding the depudecin cluster, buthe cluster itself. The depudecin
cluster thus appears as an indel of ~25 kb in themges ofA. brassicicolaSn, and
Ptr (Fig. 8). These results also support the canatudrawn from analysis of tltkep6
mutant thaDEP1throughDEPG6 constitute the depudecin gene cluster (Fig. 7ihis
regard, gene 11 is an anomaly; it is not regulateDEPG6 (Fig 7), nor is it syntenic
with Ptr and Sn (Fig. 8). It is unlikely to be irved in depudecin biosynthesis
because it is predicted to encodenahh 3-mannosyltransferase. This gene is a single
copy in Ptr and Sn. One possible explanation fev tios situation arose is that the
presence of gene 11 is related to the indel eventjt moved by chance with the
cluster to its present location in the genom@ dbrassicicolaeither from elsewhere

in the genome or from another organism.

Depudecin contributes to virulence on cabbage.

Virulence of the wild-type, twdep5(abpks9 mutants, an ectopic insertion
mutant (which had wild-type production of depudg¢cand a complemented mutant
of DEP5were compared oBrassica oleracedgreen cabbage) leaves (Fig. 9). We

observed a small but statistically significant (aGd) reduction of ~10% in lesion size
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between wild-type and mutant strains (Fig. 9B). iigxin is thus a minor virulence
factor of A. brassicicolaon cabbage. No statistically significant differenia virulence

among the strains could be seenfpabidopsis(Fig. 9C; quantitation not shown).

&

ATCC 96836 PKS9-2C

B

.20

E X s
E;m 1

@

012 -

E

]

B8

S

.B 4 i

2

0 - T T T T
ATCC pks9-1 pks9-2 pks9-3 PKS9-2C
(o4 96836

ATCC 96836  pks9-1 pks9-2 pks9-3

Figure 9. Virulence analysis of Abrassicicola dep5 (abpks9) mutants. A,

Conidial suspension (10 pl of 2 x*bnidia/ml) of ATCC 96836 wild-type, two
mutants pks9-2andpks9-3, or a complemented strain (PKS9-2C) were inoedlan
green cabbage leaves. Five days after inoculatisease severity was calculated
based on the lesion diameteB, Quantitation of virulence. Column heights and erro
bars represent average and standard deviatioreatesgly, of four independent
experiments, each experiment measuring at leastsidns. Stars indicate lesion
diameters statistically significant (p<0.01) fronetotherspks9-1is an ectopic
transformant (see Fig. 3)C, Virulence of the ectopic transformant and two mtga
on Arabidopsigpad3l

135



Discussion

In this study we have identified a gene clustepingd in depudecin
biosynthesis and have constructed multiple depued®inus strains of\. brassicicola
The depudecin cluster appears to comprise six gémasof which we have shown by
gene disruption to be required for depudecin bitssis. We cannot exclude that
additional, unclustered genes are also requireddpudecin biosynthesis. With the
exception oDEP], the genes of the depudecin cluster have plausilés in
depudecin biosynthesis based on our knowledgenufssigenes in other secondary
metabolite pathway®EPG, a putative transcription factor, is a positivgukator of

the other genes of the cluster.

Based on the pathogenicity assays it appearsvtie depudecin does play a
minor role in virulence oA. brassicicolaon cabbage, it is not a major virulence factor
like HC-toxin is forC. carbonunon maize. It was not possible to detect a statiliyi

significant effect of depudecin on virulence of Bidopsispad3mutants.

There are several possible reasons why HC-toximtiudepudecin is a strong
virulence factor in their respective pathosyste@rse possibility is that depudecin is
not made in sufficiently high concentrations, on@ieates insufficiently well, to
effectively inhibit HDACs during infection of cabba or Arabidopsis. Compared to
HC-toxin, depudecin is a relatively weak HDAC initilp; whereas Aeo-containing

cyclic peptides such as HC-toxin cause half-maximiabition of in vitro HDAC
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activity at <10 nM, depudecin is active only at +8@ (Deubzer et al. 2008; Kwon et

al. 1998; Monneret 2005).

Another possible explanation is that HDAC inhititis an effective virulence
strategy against grasses but not against othetsplsuch as Arabidopsis (Sindhu et al.
2008). That is, HDACs might be required for defeagainst pathogens in some plants
but not others. Despite many lines of data sugggshiat HDACs have at least an
indirect role in defense signaling in Arabidopsisne of the evidence is as strong as
that from theC. carbonunimaize pathosystem (De Voto et al. 2002; Dhawaal. et
2009; Kim et al. 2008; Thines et al. 2007; Walt@®@, Zhou et al. 2005). A possibly
relevant consideration in this regard is the apuaspecialization of the genera
Alternaria andCochliobolus Although both make a number of host-selectiven®x
Alternariatends to pathogenize dicotyledenous plants, we&eahliobolusis
specialized on cereals (Walton 1996). It is possibat defense in cereals as opposed

to other plants differs in the involvement of histaacetylation.

A third possible explanation for our results iattA. brassicicolanakes
additional HDAC inhibitors, which mask the lossdafpudecin production. In addition
to at least five known cyclic tetrapeptide inhib#oelated to HC-toxin, there are a
number of other natural products that are HDAChbitbirs (Monneret 2005; Walton
2006). Depudecin itself is known to be made by twagi other tharA. brassicicola
(Amnuaykanjanasin et al. 2005; Tanaka et al. 200@. brassicicolamakes
additional HDAC inhibitors, the mutant strains gexted in this study will be useful

for finding them.
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Materials and Methods

Fungal growth and depudecin analysis

A. brassicicolaAmerican Type Culture Collection (ATCC) 96836 angddthéque
Université Catholiqgue de Louvain, Belgium (MUCL)ZBY were maintained on
potato dextrose agar (PDA) (Difco) or V8-juice adaor depudecin production, the
fungus was grown in still culture in one-liter fk@scontaining 125 ml potato dextrose
broth (PDB) (Difco) for 7 to 10 d. The cultures wdiltered through Whatman #1
paper and extracted twice with equal volumes dfldiomethane. The
dichloromethane fractions were evaporated undanwacat 40°C and redissolved in 3
ml methanol. After reconcentration under vacuure,réssidue was redissolved in 100
pI methanol. This crude extract was used for bat@ &nd HPLC. Depudecin

standard was obtained from Sigma-Aldrich and dis=bin methanol at 1 mg/ml.

For TLC, crude extract (10 ul) was spotted ontd-@m silica plates with
adsorbent strip (Whatman). Plates were developédlimacetone:dichloromethane.

Depudecin was detected using an epoxide-specdgerg (Hammock et al. 1974).

For HPLC, 20 pul of extract was combined with 6@fihcetonitrile and 20 pl
of sterile distilled water. The sample was injeactetib a C18 reverse phase column
(Agilent Eclipse XDB-C18 silica, 5 um, 4.6 x 150 mand eluted with a linear
gradient of 10% (v/v) acetonitrile in water to 10@%etonitrile in 30 min at a flow

rate of 1 ml/min. The eluant was monitored at 24 n

Gene disruption
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To disruptDEP5 (AbPKS9 by the LME method (Cho et al. 2006), two primeese
designed, one at the 954-bp position (in relatothe start codon) with an added
Hindlll enzyme site and the other at the 1442-bp mosivith an adde&bal site (see
Fig. 2 and Supplementary Table S1 for primer secge®n These primers were used to
amplify a 509-bp fragment from genomic DNA. PCRdurots were digested with
HindlIll and Xbal and ligated to the corresponding sites in pCB1&36eigard et al.
1997). The ligation was transformed iffocoli strain DH@ (Invitrogen). The

plasmid was isolated and used as template for R#tfecation using M13 forward

and M13 reverse primers. The PCR product was pdréind concentrated to 1 pug/ul.

To disruptDEP6, DEP2 andDEP4by the LME method, two primers for each
gene, (DEP6KOFor and DEP6KORev EP6, DEP2KOFor and DEP2KORev for
DEP2 and DEP4KOFor and DEP4KORev IDEP4), were used to amplify 751-bp
partial DEP6, 812-bp partiaDEP2 and 807-bp partiddEP2 sequences from genomic
DNA. Another set of two primers for each was usedmplify cassettes ¢iphl
(encoding hygromycin phosphotransferase) from tasmid pCB1636: DEP6HygFor
and DEP6HygRev, DEP2HygFor and DEP2HygRev, or DER#dr and
DEP4HygRev. The resulting fragments for each geerewmnixed and subjected to a
second PCR reaction with primers DEP6KOFor and DBR&ev, DEP2KOFor and
DEP2HygRev, or DEP4KOFor and DEP4HygRev. The raguftnal products were

used to transform. brassicicolato makedep6 dep2 ordep4mutants, respectively.

In order to complement tledep5mutant, the wild-typ®EP5allele fromA.

brassicicolagenomic DNA was amplified using primer set P9camB P9comRTo
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complement thelepg dep2 anddep4mutants, a 2.7-kBDEP6 allele with primers
TfcomF and TfcomR, a 2.6-KDEP2allele with primers MolcomF and MolcomR,
and a 3.4-kibEP4allele with primers Mo2comF and Mo2comR were afrgadifrom
genomic DNA. Separately, a 1449-bp nourseothriesistance (NAT) cassette
carrying the nourseothricin acetyltransferase-emgpgenenatl was amplified using
primer set PNRcomF and PNRcomR from plasmid pNRal¢kek et al. 2004). The
final two PCR products, each target gene fragneend,a NAT cassette were used to
transform simultaneously tldep2 dep4 or dep6mutant strains, and transformants
were selected on PDA plates containing nourseathidl transformants were

subjected to two rounds of single-spore isolation.

For disruption by gene replacement, primer paasd 2 were used to amplify
575-bp and 476-bp fragments from the 5’ and 3’ esfd3EPS5, respectively,
overlapping the transcriptional start and stopsSisee Fig. 2 and Table S1). Primer
pairs 4 and 5 were used to amplify 476-bp and 0itdgments oDEP6. The
internal primers had an additional 25-30 bp comgletary tchphlof pCB1003
(Carroll et al. 1994). Primers 7 and 8 were useahtplify hphland had an additional
25 bp complementary tbe target gene. Thgstream and downstream flanking
regions oDEP5andDEP6were combinedith hphlin a second round of PCR using

the outside gene primers.

PCR products were ligated into pGem T-easy (Pranaqd transformed into

E. coli DH5a (Invitrogen). PCR products were purified with QEAquick PCR
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purification Kit (Qiagen) and used directly in teformation of protoplasts (Cho et al.

2006). Transformants were purified oo rounds of single-spore isolation.

DNA extraction and analysis

DNA isolations and DNA blottings were performeddascribed previously (Kim et
al. 2007). The DNA blots shown in Fig. 3B was paried and hybridized according
to the manufacturer’s instruction (Roche DiagnastMannheim, Germany) using
digoxigenin (DIG)-labeled DNA probes. A total of34tg of genomic DNA was
digested witHecaRl for analysis oDEP5 (AbPKS9, with Xhd andBanHI for
analysis oDEPG with Pst for analysis oDEP2 and withBanHlI for analysis of
DEP4 The PCR DIG Probe Synthesis Kit (Roche) was tsdéabel a 509-bp
fragment ofDEP5, a 751-bp fragment @EP6, an 812-bp fragment @EP2, and
807-bp fragment dDEP4. A 500-bp fragment from pCB1636 and a 1-kb fragimen

from pNR1 were used as probes for the selectioegen

For the DNA blots shown in Fig. 4, DNA was extracfeom lyophilized mats
of 5-7 day-oldA. brassicicolaMUCL 20297 grown in potato dextrose broth in still
culture (Pitkin et al. 1996). DNA (15 pg) was digeswithNrul (dep5mutants) or
Mlul (dep6mutants) (Fig. 2B, C). DNA was transferred to MytiSPC (Whatman)

and hybridized witt#?P probes (Pitkin et al. 1996).

RNA was extracted as described (Hallen et al. pOR&verse transcriptase
(RT)-PCR followed by 5’ and 3’ Rapid Amplificatiasf cDNA Ends (RACE) was

done with the SMART RACE cDNA amplification kit (@htech). Overlapping gene
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specific primers were designed from available gen@®guence. In most cases
several gene-specific primers were utilized. PCotipcts were cloned into pGem T-

easy (Promega) and transformed iBtaoli DH5a (Invitrogen).

For RNA blotting, 15-20 ug of total RNA was useat fane. Internal gene-
specific probes using primers given in Table Slewggnerated directly from cDNA
templates. rRNA bands on the blots were staineld Wi?2% methylene blue in 0.5 M

sodium acetate, pH 5.5.

Virulence assays

Pathogenicity assays used wild-type and mutannhstcd ATCC 96836. Conidia were
harvested from potato dextrose agar (PDA) plateshated for 7 d at 25°C and
suspended in sterile water at 2 X t0nidia/ml. Conidial suspensions (10 pl) were
applied as drops on the surface of leaves at fifetfirough sixth leaf stages.
Inoculated plants were placed in a plastic boxoahr temperature (21°C) and kept at
100% relative humidity for 24 h in the dark, folled/by 4 d under fluorescent lights
with a photoperiod of 16 hr light/8 hr dark. Lesidiameters were measured. The
experiments were repeated four times with >15 plaet treatment. Results were

analyzed using a pair-wise t-test using JMP (SASy(NC).

Arabidopsis plants (Col-0 anhd3 were grown in a growth chamber a2
70% relative humidity, and a 12-hr light/dark cyde brassicicolaspores were
collected from PDA culture plates in 2 ml 0.1% Twe9. The third through the

seventh true leaves from 4-week-old plants weré-speulated with 1Qul of 10°
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spores/ml. Plants were covered to maintain highitiiyn Lesions were measured and

photographed 4 d after inoculation.
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Chapter V

TmpL, a Novel Transmembrane Protein Is Required for
Intracellular Redox Homeostasis and Virulence in &lant
and an Animal Fungal Pathogen

AbStraCt (This work was published &im et al., 2009, PLoS Pathogens, I n Press)

The regulation of intracellular levels of reactweygen species (ROS) is critical for
developmental differentiation and virulence of mgayhogenic fungi. In this report
we demonstrate that a novel transmembrane prdteipL, is necessary for regulation
of intracellular ROS levels, tolerance to extefR&lS, and required for infection of
plants by the necrotropAlternaria brassicicoleand mammals by the human
pathogenAspergillus fumigatudn both fungitmpLencodes a predicted hybrid
membrane protein containing an AMP-binding domsix putative transmembrane
domains, and an experimentally-validated FAD/NADif)ding domain.

Localization and gene expression analyses. inrassicicolandicated that Tmplis
associated with the Woronin body, a specializedyieome, and strongly expressed
during conidiation and initial invasive growithplanta A. brassicicolaandA.
fumigatusAatmpL strains exhibited abnormal conidiogenesis, acatddraging, an
enhanced oxidative burst during conidiation, angengensitivity to oxidative stress
when compared to wild-type or reconstituted straihsreover A. brassicicoladtmpL
strains although capable of initial penetratiomibited dramatically reduced invasive
growth on Brassicas and Arabidopsis. SimilarlyAafumigatusdtmpL mutant was

dramatically less virulent than the wild-type aedonstituted strains in a murine
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model of invasive aspergillosis. Constitutive exgsien of théA. brassicicola yapl
ortholog in anA. brassicicoladtmpL strain resulted in high expression levels of genes
associated with oxidative stress tolerance. Oveesgon ofyaplin theAtmpL
background complemented the majority of observeidpmental phenotypic
changes and partially restored virulence on plarapl-GFP fusion strains utilizing

the nativeyaplpromoter, exhibited constitutive nuclear localiaatin theA.
brassicicoladatmpL background. Collectively, we have discovered aghpvotein
involved in the virulence of both plant and anirhaigal pathogens. Our results
strongly suggest that dysregulation of oxidativess homeostasis in the absence of
TmpL is the underpinning cause of the developmeartdlvirulence defects observed

in these studies.

Introduction

Oxidative stress arises from a significant incraagbe concentration of
reactive oxygen species (ROS) inside the cell,ispdimarily caused by either an
imbalance of the cellular antioxidant capacity aeficiency in the antioxidant system
controlling ROS levels (Halliwell and Gutteridg€d®). The damaging effects of
ROS on DNA, proteins, lipids and other cell compurend their role in pathological
and aging processes is well established (Apel artd 2004; Halliwell and Gutteridge,
1986; Stohs, 1995). Numerous studies of pathodganm have documented the
crucial role of ROS produced by either fungal pgtrts or their hosts in pathogenesis
and defense-related activities (Egan et al., 2003sall et al., 2004; Nathues et al.,

2004). There is also increasing evidence suppoamglternative view that ROS play
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important physiological roles as signaling molesulROS have been shown to be
critical in immunity, cell proliferation, cell diffrentiation, and cell signaling pathways.
However, the mechanisms by which ROS and theirczasal enzymes regulate
development in microbial eukaryotes remain to endd (Finkel, 2003; Lambeth,
2004). Taken together, all the deleterious, patiiol, and regulatory roles of ROS
have generated great interest in defining the nmeshres by which ROS are produced,

sensed, and managed in eukaryotes.

Because ROS readily lead to oxidative injuriess éxtremely important that
the cellular ROS level be tightly controlled by qalex and sophisticated redox
homeostasis mechanisms. In yleastSaccharomyces cerevisjadhe transcription
factors Yapland Skn7 and a pair of related factors, Msn2 anadd\{disn2/4)are
implicated in controlling intracellular ROS levéMoye-Rowley, 2003; Temple et al.,
2005; Thorpe et al., 2004japl and Skn7 activate the expression of protéias t
intercepiand scavenge RO%apl is primarily controlled by a redox-sensitivectear
export mechanism that regulates its nuclear accationl when activated (Kuge et al.,
1997). The Msn2/4 regulon contains only a small benof antioxidantbut also
includes heat shock proteins (HSPs), metabolicraezyand components of the
ubiquitin-proteasome degradation pathidgsan et al., 2002). Recently, a heat shock
transcription factor, Hsfl, has been added toitef oxidative stress-responsive
activators (Yamamoto et al., 2007). In additiorthtose found irS. cerevisiaghybrid
histidine kinase Mak1 and response regulator Rri8kfr7 homolog), and bZIP

transcription factors Atfl and Papl (a Yapl homplogchizosaccharomyces pombe

151



are also involved in transducing hydrogen peroxkdi€,) signals. These proteins are
required to induce catalase gentel” and other genes in response t®k(Buck et al.,
2001; Santos and Shiozaki, 2001). Although sewwnalar proteins have been found
and characterized in filamentous fungi, little rokvn about other transcriptional
regulators or the defined regulatory mechanismgioaed in oxidative stress
responses in filamentous fungi (Hagiwara et alo&Molina and Kahmann, 2007,
Nathues et al., 2004). However, orthologs of mostgonents of the oxidative stress-
sensing pathway described in yeasts are also kimwea conserved in filamentous
fungi such af\spergillus nidulangndNeurospora crasséAguirre et al., 2005;

Borkovich et al., 2004).

Pathogenic fungi need specialized, multi-facetedharisms to deal with the
oxidative stress encountergdvivo during infection. Therefore, adaptive mechanisms
that confer resistance to the oxidative stress firdma- or extracellular sources may
contribute to the efficient colonization and petesi€e of fungal pathogens in their
hosts. One of the most rapid plant defense reactacountered by plant pathogens is
the so-called oxidative bursthich constitutes the production of ROS, primarily
superoxide and its dismutation product at the site of attemptéavasion
(Mehdy, 1994; Wojtaszek, 1997). The ROS producethbyxidative burst either
activateplant defense responses, including programmedleath, ofunction as
secondary messengers in the induction of variotisganesis-relatedPR) genes
encoding different kinds of cell wall-degrading gmes (Bindschedler et al., 2006;

Hammond-Kosack and Jones, 1996; Torres et al.,)2608thermore, the presence of
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H,0O,is essential for the formation of lignin polymeepursors via peroxidase
activity, which provide additional plant barriergainst pathogeattack (Passardi et

al., 2005).

Similarly, animal phagocytic cells produce ROS ¢émbat invading fungal
pathogens. For example, following inhalation obamneAspergillus fumigatus
conidia,the normal host is protected by pulmonianate immunity, including
phagocytosis by macrophages, where the kibindpe engulfed conidia is known to be
directly associated with ROS production (Brummeallgt2005; Philippe et al., 2003).
In vitro studies of neutrophil function have shown thaDkeffectively kills fungal
hyphae (Diamond and Clark, 1982) and that neuttepbdiated damage is blocked
by the addition of a commercial catalase (Diamanal.e1978). Consequently, to
counteract the potentially dangerous accumulatidR@S surrounding infection sites,
fungal pathogens have developed diverse stratefiese include physically fortified
or specialized fungal infection structures andaasiantioxidant defense systems
through transporter-mediated effluxing, non-enzyonantioxidants, and enzymatic
scavenging systemgenerally using NAD(P)H as reducing equivalentsr{@g) 1997,

Belozerskaia and Gessler, 2007; Shibuya et al§;280n et al., 2006).

Through a combination of computational and funaiagenomics approaches
a novel genémpl, encoding a transmembrane protein with a N-terh#héP-
binding domain and C-terminal NAD(P)/FAD-bindingrdain, was characterized in
this study. Previously, a protein with approximate0% identity but lacking the

AMP-binding domain present in TmpL was discovered.inidulansto be important
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for regulation of conidiation (Soid-Raggi et alod5). TmpL was initially identified
during this study and referred to as the large Ampmolog but was not functionally
characterized (Soid-Raggi et al., 2006). In thespnt study, we characterize TmpL in
both a plant and an animal fungal pathogen andigeasytochemical and genetic
evidence that demonstrate a filamentous fungi-§penechanism for control of

intracellular ROS levels during conidiation andhmafenesis.

Results

Structure and annotation oftmpL

Previously, seven putative nonribosomal peptider®stase IPS genes
designated aBbNPS1to AbNPS7 for Alternaria brassicicolanonribosomal pptide
synthetase, were identified in tihe brassicicolagenome via HMMER and BLAST
analyses in our lab (Kim et al., 2007). During ttisdy, aNPSlike gene was
identified with only a putative AMP-binding domasmmilar to an adenylation domain,
followed by six transmembrane domains. There wersaguences in the adjacent
region similar to thiolation and condensation damawhich are typical components in
the multi-modular organization dfPSgenes. We designated this AMP-binding
domain containing gene &spL, referring to the previous nomenclature but
designating it asmpL.in lieu of largetmpAhomolog (Soid-Raggi et al., 2006). The
entire sequence of thmpL gene was determined and confirmed by several
sequencing events using genomic DNA and cDNA agplaes for PCR based
amplification and sequencing with primers basedhéormation derived from thA.

brassicicolagenome sequence (http://www.alternaria.org). Tenaeading frame
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(ORF) of thetmpLis 3450 bp long and predicted to encode a protei®®5 amino
acids. The predicted TmpL hybrid protein containgdAMP-binding domain, six

putative transmembrane domains, and a FAD/NAD(R}bg domain (Fig. 1A).

TheA. brassiciolaTmpL protein sequence was used to search fé. an
fumigatusortholog via BLASTP analysis in the genome seqaeaficstrain CEA10.
The highest sequence similarity was found for aganoencoded by a gene with the
locus ID AFUB_085390. The protein sequences are diE#tical and use of protein
domain prediction tools suggested thatAhdumigatugprotein, like theA.
brassicicolaprotein, has a putative N-terminal AMP-binding dom followed by six
transmembrane domains and a FAD/NAD(P)-binding doraathe C-terminus.
Based on the high sequence and structural sineatido theA. brassicicolampL
gene, we named thggeneA. fumigatus tmplas well. The ORF of tha. fumigatus
tmpLis 3357 bp long, contains 8 predicted introns emcbdes for a protein of 994

predicted amino acids.

The AMP-binding domain of the TmpL protein showeghhsimilarity to
adenylation domains of the NPS proteins (Schwagtzal., 2003), which are generally
involved in the activation of an amino acid sulttia the nonribosomal synthesis of
polypeptides. One of the most similar sequencéisarGenBank NR database was
Cochliobolus heterostrophus NPS(E2ore = 2901, ID = 54%), which was reported as
a putativeNPSgene (Lee et al., 2005). However protein functialmanain searches
conducted against NCBI conserved domains and teeHro database did not detect

any thiolation and condensation domains in theipted TmpL protein. This indicates
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that the TmpL is indeed lacking both thiolation aehdensation domains that are

conserved among NPSs, and thus is not a true NR&imr

A TmpL (1025 aa)

AMP-binding transmembrane
FADI/NAD(P)-binding

membrane

FAD/NAD(P)-binding

w
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Figure 1. TmpL is a putative membrane flavoprotein. (A) Domain organization of
TmpL. The predicted protein encoded by timpL gene is comprised of 1025 amino
acid residues. This protein contained an AMP-bigdsix putative transmembrane,
and FAD/NAD(P)-binding domains. Bottom picture stsogredicted topological map
of the TmpL protein. Regions of TmpL proposed tdgdrophobic membrane-
spanning domains or hydrophilic domains facingayi®sol or subcompartmental
matrix were identified using the TMHMM (http://wwebs.dtu.dk/services/TMHMM-
2.0/) and PRED-TMR (http://02.biol.uoa.gr/PRED-TMR2B) UV-visible spectra of
TmpL partial recombinant protein containing FAD/NAE)-binding region. The
absorbance spectrum shown indicates that the protaitains bound flavin,
demonstrating that TmpL is a FAD/NAD(P)-bindingvtgorotein. A solution of the
FAD-incubated protein (1 mg M) in 50 mM sodium phosphate buffer, pH 7.5, was
analyzed.
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TmpA 199 AIITIVAYPTFRFKRHDYFELTHRFSGWLIVALFVILLMVFVDEASAREGKPMGRFLIELP 258
*s foat R oRR el ok TRER CWHR e Rr R 2 sl B *
TmpL 801 SLWLITAATCAIIFPWLFLRRVPVRPEVLSSHAVRLHFDSEVTP-GKGVRLAQHPLRDWH 859
TmpA 259 AFWFLMLVVLATITHPWLLIRKVKVTPEYLSPHAVRLHFSHTTTTFGKGIQLSKHPLODWH 318
sk L. kxk _khkk.kk .k Kk kk kk hkhkkhhEk Lk, kEk ..k okEkKk L hEkE
TmpL 860 GFATITNAP-GGKGHSVIVSRAGDFTGNMIDTAPTHIWRRGIPTSGVLRIATLFKSVVVV 918
TmpA 319 GFATFPDVDRDGKSFSSLVSKAGDWTAATIKDQOPTHLWKRGVLIYGFAYAMRVYKRVVVV 378
****:_:_ _**__* :**:***‘.*_ *_ ***:*:**: *. ::* * ok Kk
TmpL 919 AT‘LSIFPYR-HVAMRVLWTAPNHETTFGKAIVDAVRRK_DPR_AVLYNTRTSGKP 977
TmpA 379 TT LSFLGDENRPSLRVIWQTRAPKRTYGKEVLNLVGRMDPNPVIIDTNSSGRL 438
:**********:: . : ::**:* s H *:** I * & **_'*: :*.:**:
TmpL 978 DMSLLAYRVYKESDAEAVLVISNKRFTQQIVFDMEKRGIPAYGAIFDS 1025
TmpA 439 DMVPVIRQIAREHDAEAICVISNPFVTKKVVYELESMGIPAYGPIFDS 486
* * : P :* ****: * ok k. .*:::*:::*. ******‘**t*

Figure 2. Sequence comparison &. brassicicola TmpL protein with Aspergillus
nidulans TmpA protein. The partial amino acid sequence (501-1025) of TmspL
aligned with TmpA protein (GenBank accession noPAB095) fromA. nidulans
using ClustalW2. Identical amino acid residuesiagécated by asterisks and similar
residues by dots. Predicted transmembrane donraingmplL and TmpA are
underlined. Hypothetical FAD (RLHFD) and NAD(P) (G&5P) phosphate-binding
domains are indicated with light and dark gray lsosespectively.
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TmpL is a FAD/NAD(P)-binding flavoprotein

Given that TmpL does not appear to be a true NS ext sought to
determine the function of this proteinAn brassicicolaThe transmembrane and
FAD/NAD(P)-binding domains demonstrated a high seme similarity and predicted
structure to the previously identified plasma meanlerflavoprotein, TmpA, in
Aspergillus nidulangFig..2) (Soid-Raggi et al., 2006). As with Tm@ghAe sequence
analysis of the FAD/NAD(P)-binding domain showedttmpL contains two
important consensus sequences which are highlseceed in flavoproteins that bind
both FAD and NAD(P). They are hypothetical FAD (REBl) and NAD(P)

(GSGIGP) phosphate-binding domains (Fig. 2), amdespond to the RXYS(T) motif
for the FAD-binding domain and the GXGXXG or GT(S}HXP consensus
sequences for the NAD(P)-binding domain, respelstiii@ym and Eisenberg, 2001;
Rossmann et al., 1974; Sridhar Prasad et al., 18998jldition, protein structure
homology modeling with TmpL C-terminal 247 aminadascusingAzotobacter
vinelandiiNADPH:ferredoxin reductase as a template (Sritirasad et al., 1998) via
SWISS-MODEL at ExPASYy (http://swissmodel.expasypspowed a possible cleft
formed by the two domains where the FAD and NAD§Pding sites were
juxtaposed (data not shown). This finding was aégmrted in the TmpA study (Soid-

Raggi et al., 2006).

To support thisn silico data, we generated a partial TmpL recombinant prote
containing the FAD/NAD(P)-binding domain via coli expression. The UV-visible

spectra of the partial protein observed were charnatic of a flavoprotein (Fig. 1B).
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The absorbance peaks at 367 and 444 nm indicaaéthiéhnenzyme contained bound
flavin. All of these analyses suggest that TmpLsesses an enzymatic function using
its FAD/NAD(P)-binding domain like other NAD(P)H-dendent flavoenzymes
containing FAD or FMN cofactors such as the fereiductase (FRE) protein group.
Fungal proteins belonging to the FRE group inclom#alloreductase (Singh et al.,
2007), NADPH-cytochrome P450 reductase (Kargel.e1896), ferric-chelate
reductase (Shatwell et al., 1996), and NADPH 0xadgdlOX) (Lambeth, 2004).
TmpL is associated with specific fungal Woronin boaes and shows conidial age-
dependent association with peroxisomes

Next, we examined the putative subcellular locailimaof TmpL to gain
possible insights into its cellular functions. gjin silico analyses were performed
USINgWoLF PSORT SHERLOG TARGETP, TMHMM , PRED-TMR andsIGNALP (Bendtsen et
al., 2004; Horton et al., 2007; Nakai and Horta®99; Pasquier et al., 1999; Shatkay
et al., 2007; Sonnhammer et al., 1998)crLOCpredicted a possible subcellular
localization of the TmpL protein to the peroxisoma@mbrane with a high probability
score (0.94), whilevoLF PSORTaNndTARGETP assigned no definitive subcellular
location.TMHMM andPRED-TMR analyses predicted six possible transmembrane
helices in TmpL similar to the results of initialgpein conserved domain searches.
There was no predictable N-terminal signal pepsielguence for co-translational
insertion into a specific subcellular componensigNALP. Taken together, these
predictions indicated that TmpL might be a peroxiabintegral membrane protein

with six transmembrane helices.
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To experimentally determine the localization of Tnwathin the various cell
types and intracellular compartments and organellés brassicicolaa strain
expressing a TmpL-GFP fusion protein was generdied. transformants carrying a
single copy of thempL gfp allele tagged at the genomic locus were identifigdPCR
analysis and further confirmed by Southern blotysis (data not shown). Compared
with the wild-type strain, neither of the two trémsnants exhibited differences in
growth or pathogenesis except for expression adrgfieiorescence in conidia,
suggesting that TmpL-GFP is fully functional. Orfdlee transformants, A1G4, was
used to analyze the localization of TmpL-GFP usiogfocal laser scanning
fluorescence microscopy. The GFP signal was deteeteonidia, but no GFP signal
was detected in the vegetative mycelia of the A$Gdin grown in complete media
(CM) (Fig. 3A). The GFP signals were localized ipumctate pattern in the cytoplasm
as one or two tiny spots in each conidial celh@itnear septae or associated with the
cortical membrane. Given the previaossilico analyses, we hypothesized that the
GFP signal might come from a specialized peroxidatnacture, the Woronin body
(WB). In order to perform a co-localization tesg selected the known WB core
protein HEX1 inN. crassaand searched for the ortholog@shexlgene inA.
brassicicola Using the same strategy with the TmpL-GFP fusiomnstructs, we
produced a DsRed-AbHex1 fusion protein-expressagsformant in the TmpL-GFP
strain A1G4 background. DsRed-AbHex1 showed a ampilinctate distribution in
the cytoplasm, mostly near septal pores, but adistant from septal pores. Figure 3A
shows only DsRed-AbHex1 that are distant from dqqiees co-localized with the

TmpL-GFP. A separate analysis by confocal microgadstrains that expressed
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either TmpL-GFP or DsRed-AbHex1 ruled out any palsstross talk between the
two fluorescence signals. Although there is nadiigre indicating two distinct types
of WBs in fungal conidia, this might suggest thatpL is associated with a specific
WB that is not associated with septal pores. Usiaigsmission electron microscopy
(TEM) of A. brassicicolaconidia, we confirmed several WBs located distafidim
septal pores (Fig. 4). As mentioned, there wasmplFGFP detected in vegetative
hyphae, while the DsRed-AbHex1 was distributed segtal pores (Fig. 3A) as

reported in other studies (Engh et al., 2007; Madag et al., 2007).

The WB has been described as evolving or beingddrfrom peroxisome.
The HEX1 assemblies emerge from the peroxisomésbioh (budding off) and the
nascent WB is subsequently associated with thecodkx (Liu et al., 2008; Tey et al.,
2005). To observe the peroxisomes and their oglahiip to TmpL, we co-expressed
TmpL-GFP and peroxisome matrix-targeted DsRed whaha C-terminal SKL
tripeptide, a peroxisome targeting singal 1 (PT$he TmpL-GFP was mostly
associated with relatively large peroxisomes (BB). Interestingly, depending on
whether conidia were harvested from the centedge @f the colony (old to young)
prior to microscopic examination, three differeyds of association between TmpL-
GFP and DsRed-PTS1 were observed. The TmpL-GFRIsignyoung conidia most
often showed complete association with peroxisoilieme TmpL-GFP signals
mainly in older conidia were detected in a pamisgdociation with or complete
dissociation from DsRed-PTS1 (Fig. 3B). TogethehwimpL-GFP localization with

DsRed-AbHex1, these sequential associations migitate a sequential process of
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WB biogenesis iA. brassicicolaAbHex1 assemblies in large peroxisomes (Fig. 3B,
a green circle), a budding event of nascent WBobtiie peroxisome (Fig. 3B, white
circles), and a mature WB that is completely sepdrfom the peroxisome (Fig. 3B,
red circles). This result was also supported byotteervation of aged conidia from
21-day-old colonies, which rarely showed co-locaiian between TmpL-GFP and

DsRed-PTS1 fusion proteins (data not shown).

It has been recently shown that PEX14, an essexaimponent of the
peroxisomal import machinery, is essential forlifegenesis of both peroxisome and
WB. The deletion opexl4leads to complete mis-localization of peroxisomakrix
proteins containing PTS1 signal and HEX1 to thesgt (Managadze et al., 2007). To
determine whether deletion of the brassicicolahomolog ofpex14affects TmpL
localization, we generatetbex14mutant strains in a TmpL-GFP strain background
using a linear minimal element (LME) gene disruptemnstruct (Cho et al., 2006) and
examined the mutants with confocal microscopy. bstof the TmpL-GFRfpex14
mutant conidia, disruption @iex14resulted in an uneven distribution of the TmpL-
GFP in the cytoplasm (Fig. 3C). The DsRed-AbHdp&x14mutants used as control
also showed cytoplasmic distribution of the DsRdiHAx1 as reported in the study
mentioned earlier (Managadze et al., 2007). Theegb@ex14is related to the proper
localization of TmpL protein in association with \\ABd peroxisome proteins
governed byexl4related peroxisomal import machinery, further segjong that

TmpL is associated with a specific type of WB tisatot associated with septal pores.
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Figure 3. Subcellular distribution of TmpL-GFP fusion protein.

(A) Colocalization analyses with a TmpL-GFP and DsRb#tex1 double-labeled
strain inA. brassicicolaconidium (upper panel) and vegetative hypha (lopaarel)
were examined using confocal microscopy. TmpL-Gdtralizes over cell cortex-
associated or cytoplasmic DsRed-AbHex1 signalevydreads), not the septal pore-
associated signals. Note that no TmpL-GFP signabs®rved in the growing
vegetative hypha. Bars = 10 uiB) Colocalization analyses with a TmpL-GFP and
DsRed-PTS1 double-labeled strainAinbrassicicolaconidia. DsRed-PTS1
fluorescence reveals peroxisomes. A large perox@ssrmmompletely associated with
TmpL-GFP signal (a green dotted circle, top paréie other circles denote a partial
association between TmpL-GFP and DsRed-PTS1 si¢nalte dotted circles, top
and middle panels) and a complete dissociatiomgbd-GFP with DsRed-PTS1
signals (red dotted circles, middle and bottom fgnblote that different conidial age
determined by collected sites, from the centeh#oedge of fungal colony, shows
different types of association between two fluoesse signals. Insets indicate a
magnified view of each white dotted circle represgna partial association between
TmpL-GFP and DsRed-PTS1 signals. Bars = 10 pm.

(C) Localization analyses witlipex14mutants on a background of either a TmpL-
GFP or DsRed-AbHex1 mutant strain. Note that tHetaa of pex14resulted in
cytoplasmic redistribution of TmpL-GFP and DsRed-&lx1 fluorescence signals.
Bars =10 pm.

Figure 4. Transmission electron micrographsfofbrassicicolawild-type conidia
showing Woronin body localization. Note that thare two locations of Woronin
bodies: near septal pores (arrowheads) and aparttire septal pores, in cytoplasm
(arrows). Bars = 500 nm. Abbreviations: L, lipiddyp M, mitochondria; P,
peroxisome; S, septa; V, vacuole.
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Figure 5. The transmembrane domain of TmpL proteincarries organelle

targeting signal. Organelle targeting of partial or complete TmpLFGiEsion
proteins. At left schematic representations: grayels represent the AMP-binding (A)
domain of TmpL protein; six tandem black boxes espnt the transmembrane (T)
domain; and a blue box represents the FAD/NAD(RYHoig (FN) domain. Right
micrographs show GFP signal localization pattefresach fusion protein iA.
brassicicolaconidia. Bars = 10 pm.

The organelle targeting information is located in he transmembrane region of
TmpL

HEX1 and its orthologs in filamentous fungi poss&$3TS1 at their C-
terminal end that target it to the peroxisomal mdtéalagan et al., 2003). However,
as other known peroxisomal membrane proteins, ibdigied TmpL sequences do not
carry any defined localization signal peptides ©EReptides. To identify the
organelle targeting information in TmpL, we proddi¢eree transformants by
appending GFP marker protein at three locationengbL: the AMP-binding domain,

transmembrane domain, and FAD and NAD(P)-bindingaia. This produced
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truncated TmpL-GFP fusion proteins under the cdmtirthe wild-type tmpL
promoter (Fig. 5). Using each construct, we geeerttree different GFP-tagged
strains and examined their localization patterre AMP-binding-GFP fusion protein
resulted in cytoplasmic distribution of the GFPnsig while the transmembrane- and
FAD and NAD(P)-binding-GFP fusion proteins were cemtrated in a punctate
pattern in the cytoplasm (Fig. 5). This suggests the transmembrane domain carries
the targeting signal to the organelle membrane.
tmpL is strongly expressed during conidiation and ini&l invasive growthin
planta

To gain further insights into the possible funot@f TmpL, we next examined
tmpL mMRNA abundance in diverse fungal developmentglestaRelative abundance
of tmpLmRNA transcripts during vegetative growth, conigiaf and plant
colonization were estimated by quantitative remletipolymerase chain reaction
(QRT-PCR) (Fig. 6A). The abundancetofpL mRNA during vegetative growth in
liquid CM was extremely low compared with the imi@rreference gena.
brassicicolaglyceraldehyde 3-phosphate dehydrogen@ePDH). Interestingly, the
MRNA abundance dfmpLincreased almost six fold at 12 hr post-inocutatiopi) on
plant leaves (i.e., approximately at the time wpenetration and infection hyphae
develop from appressoria), compared with that oidia (O hpi). This result was also
supported byn plantaobservation of the TmpL-GFP strain using epiflsoence
microscopy (Fig. 6B). At 24 and 48 hpi, howeveg thRNA abundance was
significantly decreased from the 12 hpi level. Fré8nhpi, the mMRNA abundance

gradually increased until 120 hpi. To examimpL mMRNA abundance during
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Figure 6. Phase specific expression #&f. brassicicolatmpL. (A) The phase specific
expression ofmpLwas quantified by quantitative real-time (QRT)-Pafier
synthesis of cDNA of each developmental RNA inchgrlinfectious growth,
vegetative growth, and condiation. Relative abundasftmpL transcript during
infectious growth (from ungerminated conidiarnglantafungal cells 120 hpi) and
conidial development (from 12 hr air-exposed myc#di 24 hr air-exposed mycelia)
was normalized by comparing with vegetative groimthquid CM (set to transcript
level 1). (B) Epifluorescence microscopy wf plantaGFP expression for the TmpL-
GFP mutant strain. The germ tubes and appressdrizotlshow any GFP signal on
the plant surface at 6 hpi. However, GFP signal dedsctable at 12 hpi in a punctate
pattern in the appressoria and infection hyphawigigpwithin the plant tissue,
consistent with the QRT-PCR results. The wild-tgpain was used as a control.
Abbreviations: a, appressorium; ih, infection hypha
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conidiation, vegetative mycelia grown in liquid Ghére exposed to ambient air to
stimulate conidiophore formation and subsequenide@mproductiontmpL mRNA
abundance was gradually elevated up to six-folthduzonidiation compared with
vegetative growth in liquid CM. Overall, these dettdicate thatmpL transcript is

strongly accumulated during conidiation and durirfgctionin planta

Targeted mutagenesis ofmpL results in abnormal conidiogenesis and accelerated

loss of conidial integrity with aging

To further characterize the role of TmpL in fundalelopment and pathogenesis, a
targeted gene replacement strategy was adopteddagetmpL deletion mutants iA.
brassicicola(Fig. 7) andA. fumigatuqFig. 8). For the complementation of thAe
brassicicoladatmpL (Ab4tmpl) strain we introduced both the full-lengthpL gene
and nourseothricin resistance geNAT)fragments into the AftimpL strain. Re-
introduction of full-lengthtmpL gene inA. fumigatustitmpL (AfAtmpL) strain was
conducted as well by introducing full lengthpL with hphgene for hygromycin
resistance ectopically into the AmpL strain. The resulting complemented strains
were named AbtmpL rec and AftmpL rec #rbrassicicolaandA. fumigatusmutant
strains, respectively. All strains were rigoroustnfirmed with Southern blot and

PCR analyses (Fig. 7 and 8).

Analysis of developmental characteristics, inclgdgermination, growth, and
conidiation on CM anth planta of A. brassicicola tmpldeletion mutants indicated

that they were indistinguishable from wild-type ardectopic mutant A1E1. The
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mutant strains also showed no defects relatednmbs stress, cell wall perturbation,
or responses to antifungal drugs (data not shoMmever, it was noted that the
AbatmpL strains displayed less pigmentation in culture (B#). Light microscopy
showed that the conidia of the mutants were leggsi@nted and were narrower than
the wild-type. Few multicellular conidia with lorigdinal septa were detected among
the mutants, which may explain the larger minos axiwild-type conidia. In addition,
increased conidial chain branching was observeébuttmpL strains compared with
the wild-type (Fig. 9A). Further investigation diet abnormal mutant conidia using
TEM revealed that the conidial cell wall was sigrahtly more electron-dense and
thicker in the wild-type than the AbmpL strain (wild-type, 746 £ 116 nm, n = 53;
AbAtmpL, 504 £ 83 nm, n = 64; p<0.01). The reconstituteals AbtmpL rec showed
therescue of the less pigmented conidia and abnoramadliogenesis seen in the

AbAtmpLstrains (data not shown)

Another interesting difference betwegnbrassicicolawild-type and4tmpL
strains was noticed in older fungal colonies. Toeidial suspension of a 21-day-old
AbAtmpL strain appeared more yellow in color than a comparwild-type
suspension (Fig. 9B). We analyzed the conidial sasjons to obtain a secondary
metabolite profile using high performance liquidamatography but the profiles were
comparable (data not shown). A protein quantifmatssay, however, detected large
differences in the amount of protein. The 21-dayAb4tmpL strain released more
cytoplasm than the wild-type as judged by the arhotitotal protein quantified in the

conidial suspensions (Fig. 9B). This result washierr supported by our finding that
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Figure 7. Targeted gene replacement of th&. brassicicola tmpL locus. (A) A gene replacement construct was generated by
fusion PCR method and used for transformation n§&l protoplasts oA. brassicicolasolate ATCC93866. Shown are wild-type
tmpLgene locus, a replacement cassette, anttrApL mutant locus replaced by the cassette. The muggtiedmic locus of
AbAtmpL mutant is depicted to show homologous recombinaifdhe replacement cassettéB) A. brassicicolawild-type (WT),
ectopic mutant (A1E1), and replacement of wild-typeL with a single copy dfiph cassette by homologous recombination in
two AbAtmpL mutants (A1-3 and Al-4) were first screened by R@R primers (P1/P2).(C) Southern blot analysis @f.
brassicicolawild-type strain (WT), ectopic mutant (A1E1), twiémpL mutants (A1-3 and Al-4), and two reconstitutedantsg
(A1C1 and A1C2). The wild-type and a hygromycinisest mutant ALE1 both contained a 2.58d1G| fragment, but Southern
blotting withhphfragment showed a 5 kb band in A1E1 (data not showdicating ectopic integration of a possiblentrated
replacement construct. A band shift to about 1@v&b detected in both AfbmpL mutants, indicating that homologous
recombination occurred at a single site. The comptged mutants, A1C1 and A1C2, generated from amhgtrain A1-3
showed the same 2.5 kb band to the wild-type, atoig AbitmpL mutant A1-3 have been complemented by a full-letrgpL
gene fragment. The letter B on the genomic locysr{dicates enzymatic sites fBsrGl that were used of genomic DNA
digestion. The region used for labeling the hylzadion probe is marked with a bar under the rephere cassette (D) Reverse
transcription (RT)-PCR showirtghpL transcripts from mycelia actively producing comnidif A. brassicicolawild-type (WT),
ectopic mutant (A1E1), twatmpL mutants (A1-3 and Al-4), and reconstituted mufadtC2). RT-PCR showed thanpL
transcripts are not detected amongifbpL mutants during active conidiogenesis when myaseéiee exposed to ambient air.
actin was used as an internal control.
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Figure 8. Targeted gene replacement of th&. fumigatustmpL locus. (A) A. fumigatuswild-typetmpLgene locus was
replaced by thé. parasiticus pyr&assette, resulting in AfmpL mutant locus. The mutated genomic locus oftAfpL mutant is
depicted to show homologous recombination of tipdaement cassette(B) Southern blot analysis &. fumigatuswild-type
strain (CEA10)AtmpL mutant (A#itmpL), and reconstituted strain (AftmpL rec). The wijghe strain CEA10 contained a 6.3 kb
Ncd fragment. A band shift to about 3.8 kb was detédch Af4tmpL strain, indicating that homologous recombinatiocowred at

a single site. The reconstituted strain AftmpL showed the same 6.3 kb band to the wild-type aBdI3band to théfAtmpL
strain, indicating the AftmpL mutant has been ectopically complemented by ddatithtmpL gene fragment. The letter N on the
genomic locus (A) indicates enzymatic sitesNad that were used of genomic DNA digestion. The @agised for labeling the
hybridization probe is marked with a bar (Probe).
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Figure 9. Abnormal conidiogenesis and rapid loss afell integrity in aged conidia
of the AtmpL mutants. (A)Fungal colony grown on solid CM plates (colonyight
micrographs (LM) of less-pigmented conidia and abred branching of the conidial
chain of the A@tmpL mutants compared to the normal conidiogenesiseofild-

type. Transmission electron micrographs (TEM) diémicthe less electron-dense and
thinner cell wall of an AbtmpL mutant conidium compared to a wild-type conidium.
Bars = 500 nm. Abbreviations: cw, conidial cell lyay, conidial cytoplasm; v,
vacuole. (B) Quantification of protein concentration from caaldsuspensions .
brassicicolawild-type anddtmpL mutant. Note color difference of conidial
suspensions between the wild-type and mutantstjingalues indicate the total
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guantity of protein released by different-aged falngultures from each strain.
Average values and SD of three independent qutiatisaare shown.(C) Light and
transmission electron micrographs of 21-day-oldaiarof A. brassicicolawild-type
andAtmpL mutant. Arrows indicate cytoplasmic bleeding tlgiowell burst of the
AbAtmpL mutant conidia. Bars = 2 um(D) Transmission electron micrographs
showing sections of 10-day-old conidiaAaffumigatuswild-type CEA10 anditmpL
mutant strains. Compared to the normal nucleussabdellular structures of the wild-
type conidia, more than half of the AmpL mutant conidia showed at least one of the
apoptotic histological markers: (a) discontinuousnissing mitochondrial outer
membrane, (b) chromatin condensation and margméioowheads; a and b), (c)
accumulation of huge electron dense materials\{aym cytoplasm, and (d) conidia
with features of necrotic cell death. Bars = 50Q Afobreviations: er, endoplasmic
reticulum; m, mitochondria; N, nuclei.
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Figure 10. Detection of cell death irA. brassicicola wild-type and AtmpL conidia
stained with annexin V-FITC. (A) Conidia collected from 7- and 21-d-old fungal
colonies grown on solid CM were subjected to anm&FITC staining. Percentage
of conidia showing fluorescence that are classifiedlead cells was measured.
Columns and error bars represent average and Speatvely, of two independent
experiments.(B) Representative micrographs showing an annexinNGKlositive
conidial cell of the 21-d-old AftmpL mutant, while no staining in the 21-d-old wild-
type conidia.
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the 21-day-old AbitmpL conidia showed frequent cell bursts in water uridgéit
microscopy, which resulted in exuding large amownhtsytoplasm (Fig. 9C, LM).
Ultrastructural analysis revealed more frequentrestrosis-like phenotypes in cells
of the AkitmpL conidia compared with seemingly intact wild-tymidlia (Fig. 9C,
TEM). In order to clarify the TEM observation, wetdrmined the percentage of old
conidia that stained positive with annexin V-FITa&Ccompound that specifically stains
apoptotic or dead cells by binding to phosphatieiyte present on the outer leaflet
(Champagne et al., 1999; De Smet et al., 2004).ahnexin V-stained conidia from
21-day-old AbttmpL strain were increased significantly to 30 %, whsrthe annexin
V-positive wild-type conidia had increased lesanth@ % after 21 days of growth on
CM (Fig. 10). These phenotypic abnormalities sugtied the membrane protein
TmpL is required for proper fungal conidiation andintenance of fungal cell

integrity with aging irA. brassicicola

A. fumigatusitmpL strains displayed no noticeable phenotypic changenw
grown on glucose minimal media (GMM) plates comdaxgth the wild-type strain
CEAL10. UnlikeA. brassicicoladtmpL strains A. fumigatusitmpL strains displayed
normal pigmentation and cell wall thickness in cliimicompared with CEA10 (data
not shown). However, when we examined aged conisiigg TEM, obvious
differences were observed in thedéthpL strain conidia (Fig. 9D). The 10-day-oid
fumigatuswild-type conidia featured cells with normal stwre and clearly
identifiable organelles, nuclei surrounded by a@acmembrane, and mitochondria

with well-preserved outer and inner membranes #iy. CEA10). TEM of the
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reconstituted strain AftmpL rec conidia were conaiée to the wild-type conidia
(data not shown). However, AimpL conidia had an abnormal subcellular
morphology (Fig. 9D, AMtmpLl). The mitochondria were less well defined androfte
displayed discontinuous or missing outer membréfes 9D, a). Chromatin
condensation and margination was observed in maalgin(Fig. 9D, a and b) and
amorphous electron-dense fragments were frequagtyegated in the cytoplasm (Fig.
9D, c). Signs of cell death, such as distorted meties and numerous small vacuoles,
were also observed in some conidia (Fig. 9D, disElfeatures appeared frequently,
but not all were observed in every cell.
Deletion oftmpL leads to hypersensitivity to oxidative stresses argkcess
oxidative burst in fungal cells during conidiationand plant penetration

Given the peroxisomal association of TmpL and tteercgitic phenotype
during conidiation observed HtmpL strains, we suspected a possible involvement of
TmpL in oxidative stress responses. To investigagehypothesis, wild-type and
AtmpLmutants ofA. brassicicolavere examined for sensitivity to two different
sources of oxidative stress, the superoxide gemekdd, and HO,. The AltmpL
strain showed increased sensitivity to oxidativesst compared with the wild-type
(Fig. 11A). The minimal inhibitory concentration (@) of KO, for A. brassicicola
wild-type was 12.5 mM and for the AbmpL strain, 7.5 mM; the MIC of bD, for
wild-type, 7.5 mM and for AbtmpL, 5 mM. The reconstituted strain AbtmpL rec
showed comparable sensitivity to oxidative stregl the wild-type, indicating
deletion oftmpL caused the hypersensitivity to oxidative stres@rter to investigate

the functional conservation of tide fumigatus tmplLwe also examineA. fumigatus
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AtmpLstrains for sensitivity to oxidative stress. Wdedsgermling sensitivity to
H,0O; for theA. fumigatusstrains (Fig. 11B). The germlings of the4&hpL strain
were more sensitive to-B, than the wild-type (p=0.0018). The reconstitutedis
AftmpL rec showed comparable sensitivity teQd as the wild-type, and a slight, but
statistically not significant, increase in tolerarto oxidative stress created byQd in

the germling test (Fig. 11B).

Visualization of the accumulation of reactive oxggpecies (ROS) was
examined to investigate oxygen metabolism duringdiation and plant infection in
A. brassicicolawild-type anddtmpL strains. We first investigated the production of
ROS by using nitroblue tetrazolium (NBT), whichrws a dark-blue water-insoluble
formazan precipitate upon reduction by superoxadicals. Using this technique, it
appeared that the AltmpL strain colonies and conidia accumulated higheruantsoof
superoxide than the wild-type (Fig. 12A). Such @aged accumulation of superoxide
was also detected in the AlmpL strain inoculated on onion epidermis. Formazan
precipitates were typically more intense in theuratppressoria and emerging
infection hyphae of the AimpL strain, normally after 12 hpi (Fig. 12B). However,
wild-type appressoria and infection hyphae hadfle@ssazan precipitate than the

AbAtmpL strain.

To investigate production of other ROS in conidigobrassicicolastrains,
we used 27'-dichlorodihydrofluorescein diacetate {BICFDA). This cell-permeable
ROS indicator remains nonfluorescent until it iacktylated by intracellular esterases

and oxidized to yield DCF. The,BCF can be oxidized by several ROS generated by
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intracellular peroxidases, but not directly bya4 (Myhre et al., 2003; Royall and
Ischiropoulos, 1993). Conidia released from 7-dilyenlonies were subject to the
H,DCFDA staining. More than half of the AbmpL strain conidia examined were
stained by HDCFDA while only few wild-type conidia showed grefumorescence
(Fig. 12C). Staining with 3;3liaminobenzidine tetrahydrochloride (DAB) visualiz
that mature appressoria of theAAmpL strain on green cabbage cotyledons also
accumulated more 4@, than wild-type appressoria at 12 hpi (Fig.12D)g&iner

these data indicate that deletiortopL in A. brassicicolacaused an intracellular burst

of ROS in conidia and infection structures.

This accumulation of ROS was also visualizediffumigatuswild-type and
theAtmpL strain conidia using #DCFDA (Fig. 12E). HDCFDA staining of conidia
from 3-day-old colonies showed a greater intensitjfuorescence in the AtmpL
conidia than in the wild-type CEA10 conidia. Thiggihter fluorescence was detected
mainly in the smaller, younger AfmpL conidia (Fig. 12E, inset). ROS production
appeared to be greater in the conidiophores gtrApL than wild-type conidiophores,
especially in the phialides and not the inflatediele of the conidiophore. This
indicates that the oxidative burst first takes plawstly within phialides and then
young conidia that are formed on the phialideh@adbsence of thenpL gene inA.
fumigatus Taken together, these data indicate that deletfiompLin A. fumigatus
resulted in the same phenotype asAhbrassicicoladtmpL strains: a burst of ROS in

conidia and conidiophores.
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Figure 11. ThedtmpL mutants are hypersensitive to the oxidative stresss.

(A) Increased sensitivity dk. brassicicoladtmpL mutants to oxidative stress
generated by K@or H,O, compared with wild-typeConidial suspensions .
brassicicolawild-type (WT), AtmpL mutant (Akitmpl), and reconstituted strain
(AbtmpL rec) were cultured on minimal agar mediupntaining different
concentrations of K@or HO, and evaluated 5 days after inoculatiofB) Increased
sensitivity ofA. fumigatusitmpL mutant germlings to oxidative stress generated by
H,0O, compared with wild-type. Plates with the germlimg\. fumigatus wild-type
strain (CEA10)tmpL mutant (A#itmpL), and reconstituted strain (AftmpL rec) were
overlaid with 1.25mM HO, solution, incubated at 37°C for 10 minutes. Aftexshing
the plate with sterile distilled water the platesrgvincubated until colonies were big
enough to count. Samples were prepared in trigjcatd error bars on graph
represent SD of two independent experiments.
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Figure 12. Excess ROS production during conidiatiorand infection in AtmpL
mutants. (A) Accumulation of excess superoxide in the coloaies conidia of thé\.
brassicicolaatmpL mutants. 7-day-old colonies (upper panels) anddiarfiower
panels) ofA. brassicicolawild-type and4tmpL mutant grown on a nutrient-rich
medium were strained with nitroblue tetrazolium (NBo detect superoxide. Each
panel shows the picture before or after NBT stgniB) Accumulation of excess
superoxide in the mature appressoria and emergfagtion hyphae of thA.
brassicicolaatmpL mutants. Conidia oA. brassicicolawild-type and4tmpL mutant
were inoculated on onion epidermis, incubated atrrtemperature for 8 and 12 hr,
and stained with NBT. Bars = 10n. Abbreviations: a, appressorium; ih, infection
hypha. (C) Accumulation of excess ROS in the conidia of AhdrassicicoladtmpL
mutants. Conidia released from 7-day-old coloniesevstained with EDCFDA and
viewed by epifluorescence microscopy. Bars su60 (D) Accumulation of excess
H,0, on mature appressoria of tAebrassicicolaatmpL mutants. Conidia of tha.
brassicicolawild-type anddtmpL mutant were inoculated on green cabbage
cotyledons and incubated at room temperature fdw Iizfore being stained with 3,3
diaminobenzidine tetrahydrochloride (DAB). Insetts the magnified view of each
appressorium. Bars = 10n. Abbreviations: a, appressorium; ih, infectiophge.
(E) Accumulation of excess ROS in the conidia of chédumigatusitmpL mutants.
Conidia and conidiophores of tiAe fumigatuswild-type (CEA10) anditmpL mutant
were released from 3-day-old colonies and subselysained with HDCFDA for
30 min and 1 hr, respectively, and viewed by coalffogicroscopy. Bars = 20m.

Deletion of A. brassicicola tmpL causes increased expression of antioxidant genes
and nuclear localization of the Yap1l transcriptionfactor during conidiation

Given the increased ROS accumulation in the absaintempL, we next
sought to determine whether the ROS scavengingrsyafas impaired in thétmpL
strains ofA. brassicicolaWe compared the expression of general antioxidadt
redox control gene orthologsttl (catalase T)sod1(Cu,Zn superoxide dismutase),

gshl(gamma glutamylcysteine synthetageh2(glutathione synthetasdjx2
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(thioredoxin),gpx1(glutathione peroxidase 1), and two redox-regutpgjeneyapl
andskn7in A. brassicicolawild-type anddtmpL strains (Fig. 13A). In the wild-type
strain, the relative transcript levels of all gemeseased up to nine-fold during
conidiation (36 hr air-exposed mycelia) comparethwhe transcript levels in
vegetative mycelia. During conidiation all stressaciated genes examined showed
up to a two-fold increase in mRNA abundance inAbgtmpL strain compared with
the wild-type, while there was a very slight diface observed between the two
strains during vegetative growth. These observatindicate a higher ROS level in
the AlMtmpL conidia, based on the fact that increased ROSslegsult in higher
expression of the enzymes that decompose them (€fradn 2003; Moye-Rowley,
2003). When combined with excess ROS accumulatisered in AdtmpL conidia
(Fig. 12), these results also indicate a fundanh@madility of the mutant to reduce
cellular ROS level possibly because it's alreadyonel the cellular capability to
neutralize them, even by the increased activitthefantioxidants. These results also
strongly suggest that the Yapl and Skn7 regulai@siot downstream of TmpL

activity.

It has been demonstrated in multiple yeast anddusygstems that during
oxidative stress, the transcription factor Yapllitates targeted gene expression by
migrating into the nucleus from its location in thgosol (Kuge et al., 1997). This
cellular movement of Yapl might provide additiomdbrmation about the state of
oxidative stress in the AMtmpL strain. Wild-type and AitmpL strains were

transformed with a GFP-Yap1l construct under therobof theA. brassicicolayapl
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promoter. Cellular localization of the GFP-Yaplasis was examined by confocal
microscopy (Fig. 13B). During normal conidiation solid CM, fluorescence of GFP-
Yapl was distributed evenly throughout the cytaplag wild-type conidia (Fig. 13B,
0 mM HO,). In contrast, the AftmpL:pYapl-GFP-Yapl strains showed a focal,
condensed GFP signal typical of nuclear localiratsuggesting the mutant is in a
state of constitutive oxidative stress during ca@tidn. By constrast, there was
cytoplasmic distribution of the GFP signals obsdrivemycelia of the
AbAatmpLpYapl-GFP-Yapl strains (data not shown). This niadi®n not only
indicates excess ROS accumulation only in conmk#s, but also excludes any
possible involvement of environmental factors gatieg ROS in fungal cells, such as
UV radiation, temperature shift, mechanical damage(Gessler et al., 2007). In a
parallel experiment, treatment of WT:pYapl-GFP-Yap#l AitmpLpYapl-GFP-
Yapl strainsvith 1 mM H,O, for 1 hr resulted in substantial nuclear local@abf
GFP-Yapl in both strains (Fig. 13B, 1 mM@®3). This indicates that the GFP-Yap1l
proteins in both strains are functional. StaininthidAPI confirmed our observations
that GFP-Yapl was indeed localized to the nucleukase experiments (data not

shown).

TmpL is required for A. brassicicola and A. fumigatus virulence

Given the above phenotypes of #tenpL strains, we hypothesized that TmpL
may play a key role in fungal virulence. To invgate the role of TmpL iA.
brassicicolavirulence, susceptible green cabbageagsica oleracepwere inoculated

with two different concentrations of young, 7 dagf conidia (2x18 and 5x160
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conidia ml*) (Fig. 14A). Plants inoculated with either wildey or ectopic mutant
(A1E1) developed extensive, typical black spots$eaves at both concentrations of
conidia tested. However, the black necrotic spesgsilting from inoculation with
AbAtmpL strains (A1-3 and Al-4) at both conidial concetibrzs was significantly
smaller than those produced by the wild-type oogictmutant inoculations (p<0.01).
The reconstituted strain AbtmpL rec (A1C2) was fdtm be just as virulemts the
wild-type at both concentrations of conidia. Therage reduction in disease severity
caused by the mutants compared with the wild-type more than 62% and 80%
when using the higher and lower conidial concermmnat respectively. Similar results

were obtained in virulence assays wMitabidopsis

We next asked the question whettrapLis also involved in fungal virulence
in the human fungal pathogéspergillus fumigatuDeletion oftmpLin A. fumigatus
led to a statistically significant reduction (p<D)Gn virulence in a chemotherapeutic
murine model of invasive pulmonary aspergillosig(E4B). Mice infected with the
AfAtmpL strain did not display normal symptoms associatigd invasive
aspergillosis (IA) in contrast to wild-type and oestituted strain infected mice which
displayed well described symptoms of IA includindfled fur, hunched posture,
weight loss, and increased respiration. Consequdikié thedtmpL mutant inA.
brassicicolathat has reduced virulence on plants, TmpL is edgaired for fungal

virulence in mammalian hosts.
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Figure 13. Expression of antioxidant-related genesnd nuclear localization of
GFP-Yapl in A. brassicicola AtmpL mutants. (A) Transcript levels of antioxidants-
related genes in vegetative mycelia and 36 hrgosed mycelia of. brassicicola
wild-type anddtmpL mutant. Relative transcript abundance was deteutiye
comparing each gene transcript level with the tapslevel of the same gene in
vegetative mycelia of wild-type (set to transcigtel 1). Data are mean + SD of three
independent experimen{®) Constitutive nuclear localization of GFP-YaplAn
brassicicolaatmpL mutant conidia. Distribution of GFP-Yap1 in thddmype
(WT:pYaplGFP-Yapl) and the AbmpL mutant (AbitmpLpYaplGFP-Yapl) strains
during normal conidiation on CM (0 mM,B,) and following treatment of wild-type
and AltmpL mutant with HO, for 1 hr (1 mM HO,).
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Figure 14. Reduced virulence offtmpL mutants. (A) Virulence assay on green
cabbage leaves using two conidial concentratiobis; 20" and 5 x 16 conidia mi* of

A. brassicicolawild-type (WT), ectopic (A1E1), twdtmpL mutants (A1-3 and Al-4),
and a reconstituted mutant (A1C2) strains. Fivesddter inoculation (graph), disease
severity was calculated based on the lesion diam@tdumns and error bars represent
average and SD, respectively, of five independepeements(B) Virulence assay on
mice inoculated intranasally with 46onidia/ 25ul of A. fumigatuswild-type
(CEA10),4tmpL mutant (AftmpLl), and reconstituted mutant (AftmpL rec) strains. P
value for comparison betweenAMmpL mutant and wild-type CEAL1® = 0.0006.
AfAtmpLis significantly less virulent than the wild-ty@#&=A10 and the reconstituted
strain AftmpL rec.
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A. brassicicola AtmpL strains fail to penetrate plant tissue and induceactive
callose depositiorin planta

To understand the reasons for the reduced viruleh8e brassicicoladtmpL
strains on green cabbage, we performed microseopiyses of the infection
processes. Examination of green cabbage cotylaedsing light microscopy at 12 hpi
revealed that the mutants formed appressoria opl#m surface similar to those
formed by wild-type (Fig. 15A). Intracellular infeen hyphae formed directly under
the appressoria of the AtmpL strain, however, rarely developed inside of plant
epidermal cells, while development of infection hgp from wild-type appressoria
was consistently observed. An onion epidermis aakyshowed similar results as
the cotyledon assay (Fig. 16A). Only 7% offimpL appressoria produced visible
intracellular infection hyphae at 12 hpi (FigureB)gbut initial penetration hyphae
from most individual appressoria were frequentlible (Fig. 16A, inset). At 24 hpi,
~ 11% of the AlitmpL appressoria developed intracellular infection faghrhe
remaining AbfitmpL appressoria did not develop infection hyphaejigbme cases,
produced one or several germ tubes that formediaddi appressoria (Fig. 16A, 24
hpi). In contrast, more than half of the wild-tygepressoria successfully produced
intracellular infection hyphae at 12 hpi (Fig. 168hich usually penetrated cross-

walls and spread within 24 hr (Fig. 16A, 24 hpi).

To characterize the host-pathogen interface, iratedlgreen cabbage leaves
were examined by light and electron microscopydrtical leaf sections inoculated
with the compatible wild-type, fungal appressonacessfully penetrated, formed

intracellular infection hyphae, and killed mostmgléissue below the infection sites
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within 24 hr (Fig. 15B and 16C). In contrast, lsattions inoculated with the less
virulent AbdtmpL strain appeared undamaged, though it was notéa¢lcaosis

similar to a hypersensitive response or papillaméion (callose deposition)
developed below the infection site (Fig. 15B). Bmamssion electron microscopy
revealed penetration hyphae and appressoria &hiltemplL strain showing cell
death-like phenotypes (cytoplasmic fragmentatioharged vacuoles, and distorted
organelles) and the penetration hyphae were coeiplatrested by papillae formation
in plant epidermal cells (Fig. 16C). Callose deposiwas also detected by
cytological staining using aniline blue (Fig. 16Dhe wild-type induced small,
scattered deposits in close proximity to the stfigsenetration and tissue necrosis was
extensive. In contrast, callose deposits obsemwkalfing AbdtmpL inoculation were

much more pronounced and often localized at tieeasipenetration.

In order to investigate whether the AlmpL strains can colonize the host plant
when the first physical barrier, the plant cell el removed, wounded leaf assays
were performed (Fig. 15C). Symptoms produced bygutadion of the wild-type on
wounded tissue were more severe than on intact\roumded) tissue. The AtbmpL
strain formed larger lesions on wounded leaves timaimtact leaves, but were still

smaller than wild-type lesions on wounded leaves.

Together, these results indicate tAabrassicicoladtmpL strains have defects
in pathogenicity associated primarily with verylgatages of plant infection,
resulting in the failure of appressoria penetratirig epidermal cells and an induction

of callose deposition.
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Wild- type AbAtmpL

Figure 15. Formation of appressoria and infection fiphae and a virulence assay
of wounded and non-wounded green cabbage leaves cutated with A.
brassicicola wild-type and AtmpL mutant. (A) Green cabbage cotyledons were
used to examine the appressoria and infection leyfuranation of wild-type and
AbAtmpL mutant infection. Intracellular infection hyphafetioe Ab4tmpL mutant
were rarely developed inside of the plant epiderceds, while infection hyphae of
the wild-type appressoria were consistently obserBars = 2Qum. Abbreviations: a,
appressorium; ih, infection hyph@B) Green cabbage leaves inoculated with wild-
type and AltmpL mutant were collected at 12 and 24 hpi, embeddegeresin,
sectioned, and stained with 0.1% toluidine blud’fant tissues around the wild-type
fungal cells were extensively macerated and degradd plastids were abnormally
inflated (arrows). By contrast, leaf sections inated with the A@tmpL mutant
maintained almost intact plant tissue (12 hpi) plaght cells below the infection site
showed cell necrosis or callose-deposition-likergmeenon at 24 hpi (arrowheads).
Bars = 20um. Abbreviations: a, appressorium; ec, epidermifil ibe infection hypha.
(C) Wounded leaf infection assay of wild-type and4ftbpL mutant. The upper panel
indicates intact (non-wounded) leaf inoculated wité wild-type and AbtmpL
mutant, and the lower panel depicts wounded Idatiion by needle scratching.
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Figure 16. Appressoria and infection hyphae formatn, ultrastructure, and
callose detection assays @f. brassicicola AtmpL mutant infection. (A) Light
micrographs of onion epidermis inoculated withbrassiciolawild-type and4tmpL
mutants at 12 and 24 hpi. Bars =|#0, except for the inset where it denotggtn
Abbreviations: a, appressorium; gt, germ tubeinifection hypha; ph, penetration
hypha. (B) Frequency of infection hyphae formation beneathregsoria of thé.
brassicicolawild-type anddtmpL mutants on onion epidermis. Columns and error
bars represent average and SD, respectively, ofifidependent experimentgC)
Transmission electron micrographs showing trangveestions of green cabbage
leaves inoculated witA. brassicicolawild-type anddtmpL mutants. Arrow indicates
papillae formation (callose deposition) around gl penetration hypha. Bars = 2
um. Abbreviations: a, appressorium; cu, cuticle taijfe secondary infection hypha;
ph, penetration hyphéD) Callose deposition on green cabbage cotyledorwulated
with A. brassicicolawild-type anddtmpL mutants. White spots indicate callose
deposition of the inoculation sites stained byiaaiblue and viewed by
epifluorescence microscopy. The tiny black spogpelised on plant surface are fungal
conidia. Bars = 5@m.
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Overexpression ofyapl in A. brassicicola AtmpL background leads to partial
complementation of abnormal conidiation, oxidativestress tolerance, and
reduced virulence

Given the excess oxidative burst phenotypes offthgL strains, we
hypothesized that overexpressioryaplmay rescue thétmpL mutant phenotypes.
To determine whether overexpression of the Yapistmaptional regulator can
enhance the cellular scavenging ability of fungdiscand consequently restore the
abnormal phenotype and reduced virulencdtmpL strains, we generatedlaxA
promoter-driveryaploverexpression cassette using fusion PCR methods.
Subsequently, we introduced the overexpressiorettasato bothA. brassicicola
wild-type anddtmpL backgrounds and examined its effect on each staiishown in
Figure 17A, the mRNA abundanceyaplsignificantly increased at least 25-fold
compared with each recipient strain: wild-type additmpL, indicating thayapl
overexpression cassettes were successfully inexfjnathe genome and expressed
under the control of th€oxApromoter. To evaluate whether Yapl overproduction
affected the induction of the antioxidant defengesm, we monitored the
transcriptional activation afttl andsodlorthologs as representative downstream
genes regulated by Yapuring vegetative growth, there was no inductibthe cttl1
andsodltranscripts. During conidiation in 36 hr air-expdsnycelia, however, the
yaploverexpression mutant in the AimpL background (AdtmpLpToxA-Yapl)
showed significantly increased expression (almwesetfold) of antioxidant genes. Yet,
yaploverexpression in the wild-type (WT:pToxA-Yaplyuéed only in a slight

increase of these antioxidant genes, possibly lsecalithe mechanism of Yapl
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activation; Yapl is post-translationally activatady in the presence of cellular ROS

(Kuge et al., 1997; Yan et al., 1998).

Overexpression ofaplrestored oxidative stress tolerance of thefpL
strain, resulting in comparable sensitivity tgOd as the wild-type (Fig. 17B).
Furthermore, the AfimpLpToxA-Yapl strain produced wild-type-like conidig.
17C), indicating thayaploverexpression complemented, at least to a sutatan
degree, theitmpL phenotypes. There was no distinguishable pherotifference
between the WT:pToxA-Yapl strain and the wild-typeipient strain. In addition to
the conidial phenotype, green cabbage infectioayasshowed that the
AbAatmpL:pToxA-Yap1l strain partially restored its virulenoempared with the
AbAtmpL recipient strain, but was still not comparabléhte wild-type (AbitmpL, 4.1
+ 2.83 nm, n = 26; AltmpLpToxA-Yapl, 12.9 + 4.52 mm, n = 26; p<0.01) (Fig.
17D). Interestinglyaploverexpression in the wild-type caused slightlyrdased
lesion size compared with its wild-type recipietmag (wild-type, 17.2 £ 2.5 mm, n =
22; WT:pToxA-Yapl, 15.7 + 3.8 mm, n = 22; p<0.08yicating that excess
antioxidant activity resulting frorjaploverexpression did indeed negatively affect
the pathogenesis of tide brassicicolawild-type. Overallyaploverexpression in the
AbAtmpL strain strongly suggested that the phenotypicalefend reduced virulence
were attributable to failure in the regulation wifracellular ROS levels, particularly in
conidia and infection-related structures duringdbeidiation process and during plant
infection, respectively. However, the residual ience defect in the presenceyapl

overexpression may suggest additional rolesngilin fungal virulence.
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Figure 17. Restoration of the abnormal phenotypesral reduced virulence of the
A. brassicicola AtmpL mutants by a redox regulatoryapl overexpression. (A)
Transcript levels ofapl, sod] andcttl in vegetative mycelia and 36 hr air-exposed
mycelia ofA. brassicicolawild-type (WT),yaploverexpression mutant on wild-type
background (WT:pToxAYapl)ytmpL mutant (Aitmpl), andyaploverexpression
mutant ondtmpL mutant background (AdmpLpToxAYapl). Relative transcript
abundance was determined by comparing each gersetiat level with the transcript
level of the same gene in vegetative mycelia oflsype (set to transcript level 1).
Data are mean + SD of two independent experiméBjdlypersensitivity to
oxidative stress generated by®4 was recovered byaploverexpression in
AbAtmpL mutants(C) Light micrographs showing restoration of the alomair
conidiogenesis of AlttmpL mutants in AltmpLpToxAYapl overexpression strain.
Bars = 20um. (D) Partial restoration of the reduced virulence offfbpL mutants in
AbAtmpL:pToxAYapl overexpression strain.

193



100 Pn EAT89158
100 Ch AAX09994

Ab EU223383
C 100 - FvFVEG11841.3
100 — Fo FOXG13405.2
— Gz XP 391470
—1100 Cc EAU85234

100 100 Cc EAUB85219

100 Cc EAU85986

Pc egww2.20.19.1
Fo FOXG09998.2
100 Fv FVEG08516.3
%3 100 — Gz XP 383421
182 Mg XP 001414743
Gz XP 387657

87 100 — Af XP 001481395
100 L NfXP 001261745
100 At XP 001210730
100 Ac XP 001275157

An XP 682398

Figure 18. Phylogenetic analysis of the TmpL orthalgs. TmpL orthologs were
aligned with ClustalW, the alignment imported iIRBAAT, and a neighbor joining
tree generated based on its predicted amino agicksees. Numbers at the node
represent the result of 100 bootstrap replicati@enBank or organism-specific
accession numbers follow species abbreviations.ifkdates Dothideomycetes,
green for Sordariomycetes, yellow for Homobasidiootg, and blue for
Eurotiomycetes. Abbreviations: Pthaeosphaeria nodorurth Cochliobolus
heterostrophusAb Alternaria brassicicolaFv Fusarium verticillioidesFo Fusarium
oxysporumGz Gibberella zeagCc Coprinopsis cinereaPcPhanerochaete
chrysosporiumMg Magnaporthe grisegAf Aspergillus fumigatus\f Neosartorya
fischeri At Aspergillus terreusAc Aspergillus clavatusAn Aspergillus nidulans
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Discussion

Mechanisms for adapting to stress either from aditalar or extracellular
sources are among the most relevant and timelggopifungal biology. During
normal developmental processes, a fungal organmmousters various stresses from
toxic by-products of its metabolism or oxidativeess generated mainly through
aerobic respiration (Belozerskaia and Gessler, 2D@VSorbo et al., 2000). The
cellular environment within a host, whether plananimal, also represents a major
source of stress to an invading fungal pathogem(Et al., 2006; Hammond-Kosack
and Jones, 1996; Osbourn, 2001). In order to egadecumvent stress, the fungus
must possess special adaptation mechanisms. Isttiag we provide the first
evidence that a novel, pathogenicity-related geom fa plant and animal fungal
pathogentmplL,is critical for proper conidiogenesis and infentmf healthy host
tissues. FurthermorémpL appears to be associated with a filamentous fapegegific

stress defense system that particularly respondsitiative stress.

TmpL is a novel hybrid protein consisting of an AMPding domain, six
putative transmembrane domains, and a FAD/NAD(RHbg domain. Based on our
phylogenetic analysis, TmpL and its putative ontlgsl are present only in filamentous
fungi (Fig. 18) and not highly related to protewmish known functions. Although
portions of the predicted TmpL amino acid sequesta®ved high similarity to
putative NPS protein sequences in the GenBank N&bdse, its sequence lacked
thiolation and condensation domains necessarye@merl minimal module in typical

NPS proteins. The AMP-binding domain is very simiaan adenylation domain.
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The latter is most often associated with modulaBMRzymes, where it activates
amino acids prior to their incorporation into ndrmsomal peptides (NRP)
(Stachelhaus and Marabhiel, 1995). Interestinglyfualgi that contained a TmpL
homolog also contain numerod®Sgenes. Though the exact function of TmpL
remains to be determined, it may modify or activsgtecific amino acids associated
with certain nonribosomal peptides acting as aaigrolecule for oxidative stress
responses in filamentous fungi. It is also propdbetl based on the similarity of the
C-terminal sequences of TmpL to a previously idedj although smaller, plasma
membrane flavoprotein iA. nidulans TmpA, TmpL might be involved in production
of a regulatory signal, which eventually leadsuodal differentiation. As predicted
in TmpA (Soid-Raggi et al., 2006), we suspected ttna C-terminal region of TmpL
had enzymatic activity. Bioinformatics analysiscathowed TmpL and its orthologs
contain proposed sites for FAD and NAD(P)-bindibgsed on protein modeling and
the existence of two important consensus sequesgggesting that the protein is
specifically reduced by NAD(P)H with a reductiont@atial. Indeed in our study, a
partial recombinant protein of TmpL, which includesD/NAD(P)-binding domain,
supports this hypothesis by showing that the daptizein is capable of binding
flavin. In addition, NCBI conserved domain BLASTasehes identified a ferric
reductase (FRE) domain with low similarig-¢alue 0.004) in the FAD/NAD(P)-
binding domain of the TmpL protein, suggesting thaipL might be distantly related
to the FRE group of proteins. Indeed several FREeprs are known to be involved in
the response to oxidative stress in various orgaid.ee et al., 2007; Yannone and

Burgess, 1998), as part of a system that actiwatesnber of different enzymes
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involved in redox control. When considered togetitas likely that TmpL uses
electrons from NAD(P)H, transferred via FAD, toiaate or modify unknown
substrates or possibly downstream proteins in ax<eelated signal transduction

pathway.

Our localization assays indicated that TmpL is asged with the Woronin
body (WB) in filamentous fungi. WBs are known taiglseptal pores in response to
fungal cell injury, preventing excesgtoplasmic leaking (Galagan et al., 2003;
Woronin, 1864)Early TEM studies indicated a peroxisomal origin\WéBs (Camp,
1977). More recently, genetics and cell biologyeessh confirmed that the WB is first
assembled in large peroxisomes (Liu et al., 20@¥; &t al., 2005). Our confocal
microscopy analysis showing a sequential assoaidigdween TmpL and peroxisomes
suggests that TmpL is first targeted into peroxiestay an unknown peroxisomal
targeting signal and then goes through WB biogenesentually becoming part of a
mature WB. However, WB iA. brassicicolaconidia appeared to be divided into two
groups based on their location and the localimadioTmpL. It is generally accepted
that depending on the organism, cell type, and boditarequirements, distinct sets of
proteins could be housed within certain multipugposganelles or microbodies
(Managadze et al., 2007; Titorenko and Rachubirk4). Confocal analyses with
TmpL-GFP and DsRed-AbHex1 double-labeled strainEall analysis ofA.
brassicicolaconidia showing existence of one or two WB locatethe cytoplasm
near the cell cortex support this hypothesis. ditaah, cytoplasmic redistribution of

the TmpL-GFP fluorescence indgexl4strain indirectly, albeit strongly, supports the

197



idea that TmpL is associated with a specific WB reh&bHex1 is localized. Several
reports on WB from other fungi have establishedafesence of WB in non-septal
regions, such as the tips of the germlings andrskany infectious hyphae, or at the
cell periphery (Markham and Collinge, 1987; Momaal., 2002; Soundararajan et
al., 2004). These WB showed no association withihpal septum, suggesting other
possible functions than plugging septal pores spoase to cell injury. For example,
loss of WB inMagnaporthe griseahexlstrains led to increased cell death in
response to nitrogen starvation. This suggestd/fttamay function in response to
environmental stress (Soundararajan et al., 2B0RD40, associated with WB in
Sordaria macrosporawas pivotal in triggering the developmental stittom
protoperithecia to perithecia (Engh et al., 2000gether, these findings indicate
other possible functions of the WB associated wéhelopment or the multicellular
growth characteristic of filamentous fungi. On titeer hand, it is also true that very
little is known about the WB function in other fualgtructures such as conidia and
specialized infection structures. Although we camnte out the possibility that
DsRed-AbHex1 was targeted incorrectly to the pesmxie-like organelles where
TmpL-GFP was localized because of its ectopic esgom, it is more likely that these
observations reflect the existence of a specific Wch is associated with TmpL. To
confirm the association between TmpL and WB infthere, more detailed
biochemical analyses are needed. These includer emimunodetection assays using
TmpL- and Hex1-specific antibodies following diféertial and density gradient

centrifugation, or immunofluorescence microscopy.
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It has been well documented that regulation of R&8I is important during
fungal development (Aguirre et al., 2005; Gessla.¢ 2007). In this study, we also
highlighted the significance of intracellular RO&centration in relation to fungal
development. Given the observations tingbL was highly expressed during
conidiation and the loss-of-function mutation résdlin abnormal conidiogenesis and
excess ROS accumulation in conidia, we can spexcthiat TmpL is involved in
important mechanisms for balancing ROS level ducmgidiation. Deletion of a
catalase gene€CATB) in M. griseacaused similar phenotypic changes as was observed
in thedatmpLstrains, such as less pigmentation, fragile conaha reduced virulence
(Skamnioti et al., 2007), indicating a possible ocoon effect of excess intracellular
ROS in filamentous fungi. In many fungi, inhibitioh ROS generation or excess
intracellular ROS levels affected various fungalelepmental processes (Egan et al.,
2007; Gessler et al., 2007; Hansberg et al., 1898;et al., 2006). Even a fungus-
plant mutualistic symbiosis requires a sophistdaegulation of the ROS production
(Takemoto et al., 2006; Tanaka et al., 2006). Goest with the involvement of ROS
in cell-wall biosynthesis (Takemoto et al., 2007seems probable that the excess
ROS levels imtmpLstrains caused lighter pigmention in thebrassicicolaconidia.
Several studies also reported that accumulatidd@® within the cytoplasm played a
centralrole in apoptosis-like cell death (Greenlund etE95; Madeo et al., 1999), as
shown in our observations of apoptosis-like cetltigphenomena in aged conidia of

bothA. brassicicolaandA. fumigatusitmpL strains.
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Increased expression of antioxidant gene&.ihrassicicoladtmpL strains is
another indicator of increased ROS levels in the teleed, several reports in
different microorganisms have shown a correlatietwieen the up-regulation of
specific antioxidant enzymes and increased celR@S6 levels (Aguirre et al., 2005;
Chang and Petrash, 2008; Kawasaki and Aguirre,)280fgesting that increased
ROS levels result in higher expression of the eres/that decompose them. On the
other hand, it could be questioned why the incréasgioxidant expression in the
AtmpL strains did not result in reducing cellular ROgels in the mutant cells. The
possible reason for that would be excess ROS lavéteAtmpL strains were far
beyond the cellular capability (or threshold) tatnalize them. Our results from
experiments ofaploverexpression intmpL mutant background provide a major
evidence for this hypothesis. Upon oxidative str&sg1l is involved in activating
genes involved in a cellular antioxidant systenchsasGSH1(Y-glutamylcysteine
synthetase)lRX2(thioredoxin),GLR1(glutathione reductasgndTRR1(thioredoxin
reductase) (Lee et al., 1999). Therefore we caousgte that Yapl overproduction led
to the increase of the cellular antioxidant deferegeability in theditmpL strain that
produces excess intracellular ROS in conidia. Iddg&ploverexpression suppressed
most of the phenotypic defects shown inApL strain, indicating excess
intracellular ROS was most likely the primary reasar the phenotypic changes
observed in thdtmpL mutants. Interestinglyaploverexpression in the wild-type
strain did not affect the expression levels of dstneam antioxidant gene#tl and
sodl, consistent with the post-translational activatieodel of the Yapl protein by

intracellular ROS. When considered together, theselts demonstrate that TmpL
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may be associated with a filamentous fungi-speoificlative stress defense system.
However, we cannot rule out another possibilityt tfrapL is involved in cellular
ROS production. As a consequence of the loss ofL Fogerated ROS production, an
additional means of ROS generation may be up-régpilduring conidiation, resulting
in excess production of ROS. Inddddgriseadnoxldnox2mutant displayed
increased ROS generation during hyphal growth ceegpaith wild-type strain (Egan
et al., 2007), indicating that there is an altau@aROS source that is activated upon
loss of the Nox enzymes. Similarly, fFodospora anserinanactivation ofpanoxlled
to an enhanced ROS production in mycelia (Malagnad., 2004). However there
was no difference observed in the expression lexMeds brassicicola noxiomologs,
AbnoxAandAbnoxBbetween wild-type andtmpL stains during conidiation process
(data not shown), suggesting the NADPH oxidase-atediROS production is not the

cause of oxidative stress in thmpL stains.

A major question from our work is the role of TmipLfungal virulence. We
observed that loss of TmpL function resulted ira@ence in both plant and animal
fungal pathogens. With regard to plant pathogenAsisrassicicoladtmpL conidia
successfully germinated and formed normal appeappgessoria on plant surfaces at
similar rates as wild-type. Thus, a defect in g@ation or appressoria development
cannot explain the mutant phenotype during platiiggenesis. However, only 7% of
thetotal appressoria were capable of penetrating tisednd growth was rapidly
arrested in the epidermal cells. Additionally, thatant appressoria and penetration

hyphae observed by TEM showed a cell-death-likanptygpe that we speculate may

201



be due to excess oxidative stress, as indicatétBiyand DAB staining. To
understand whether the infection failuredtmpL strains was related to the excess
buildup of ROS therein, we tried to reduce the lewé ROS duringn planta
appressoria development and penetration using amMRBxidase inhibitor
diphenylene iodonium or antioxidant ascorbic acidwever, none of the treatments
were successful in restoring the infection failoféhe AtmpL strains. Even the
infection of wild-type strains treated with theggeats was seriously suppressed and
resulted in tiny lesions on host leaves (data hows). The latter result seems to be
explained by the same reasoning with the obsenvatatyaploverexpression in the
wild-type strain caused reduced lesion size contpaath its wild-type recipient
strain. All of these results suggest that an exosdsction in intracellular but not
extracellular oxidative stress also leads to aisaggmt suppression of fungal infection.
In other words, a sophisticated balancing of RQ@®8l&during pathogenesis is critical
in fungal pathogenesis of plants. As an alternatie¢hod of reducing excess ROS in
appressoria and/or penetration hyphae o#thgL mutants, we chose to manipulate
the existing antioxidant system present in filamestfungi by overexpressirygpl
NBT staining showed less superoxide accumulatichenappressoria of the
AbAtmpLpToxA-Yapl overexpression strain compared withAbatmpL recipient
strain (data not shown). Although the overexpresstoain exhibited significantly
restored virulence, it still was not comparabléhte wild-type. Thus, owapl
overexpression analyses clearly demonstratedhibanfection failure imitmpL

strains was related to the intracellular accumaitatif excess ROS in fungal infection

structures.
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Regulation of ROS level during pathogenesis has laecritical factor that
governs success or failure of the infection procees exampleM. griseashowed
considerable amount of oxidative burst in appreasturing its pathogenesis, and
inhibition of the ROS production by some inhibitoesulted in abnormal appressoria
and further failure of plant infection (Egan et @007). Deletion of the Yapl
oxidative stress response proteiruistilago maydiscaused avirulence on corn,
resulting from an excess oxidative stress on irdadtructures (Molina and Kahmann,
2007). In addition, numerous fungal pathogens ahats have been reported to
possess a defined genetic program to respond tlaidxe killing by the host (Akhter
et al., 2003; Cuellar-Cruz et al., 2008; Moye-Row002; Moye-Rowley, 2003).
However,yapldeletion mutants in the human fungal pathogefumigatusre still
virulent in chemotherapeutic models of invasiveeagilosis (Lessing et al., 2007).
This observation, coupled with the lack of fullugnce restoration in thé.
brassicicolaatmpL mutant strains overexpressipgplmay suggest that the virulence
defect oftmpL deficient strains is due to additional unknownsesu Indeed, in our
studies the virulence of thee fumigatusitmpL mutant was also attenuated in
gp9¥"*" mice, which are deficient in generating a respimaburst and highly
susceptible t&\. fumigatusnfection (data not shown). Collectively, thesedsts and
our observations suggest that production and aclationi of excess intracellular ROS,
and not increased sensitivity to extracellular R@$othAtmpL mutants of plant and
animal pathogenic fungi is the primary cause fouced virulence. Thus increased
sensitivity to and detoxification of host derivectracellular ROS, is most likely not

the reason for the avirulence observedtmpL mutants in both pathosystems. Recent
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discoveries of functional ROS-generating enzymehiwiilamentous fungi have
elucidated some possible roles of the fungus-déR®S in pathogenic species (Egan
et al., 2007; Lara-Ortiz et al., 2003). Fungal cdmitions to ROS production have
been obtained from fungi showing such activity withany contact of host cells. For
example, spores . griseagerminating in water generated®, O,’, and OH
extracellularly (Aver'yanov et al., 2007) and RQ8duction was associated with the
development of infection structures on glass cdyeEr$Egan et al., 2007). Previous
studies have also speculated the possible involneofdungus-derived ROS
production in the rapid growth and spread of thla@gens inside their hosts (Govrin
and Levine, 2000; Schouten et al., 2002). Togethttr the excess ROS accumulation
in thedtmpL conidia it is more plausible to speculate thatf¢hieire of regulating
intracellularly produced ROS caused the penetrdéuare of thedtmpL strains, and
thus the reduced virulence. Whie fumigatuss not known to produce penetration
structures like appresoria to invade mammalianshdtsinay be possible that failure to
handle fungal ROS accumulation during the inittabes of host infection result in the

avirulence of theftmpL mutants.

In conclusion, we have identified a novel transmiamb protein, TmpL,
involved in plant and animal fungal virulence. @esults suggest that TmpL is
involved in a complex redox homeostasis mechanisf brassicicolaandA.
fumigatusduring fungal development and pathogenesis. Ajhatie biochemical
function of TmpL needs to be further investigatéds plausible that the AMP-

binding domain may activate signaling molecules, anglether with the enzymatic
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activity generated by the FAD/NAD(P)-binding domaiegulate intracellular redox
homeostasis. Since WBs have a peroxisomal origey €f al., 2005), we can
speculate that the TmpL protein, associated with Wight also have a peroxisomal
origin. Considering that peroxisomes play a ke inlboth the production and
scavenging of ROS in the cell,®; in particular (Elgersma et al., 1997), the
peroxisome-originated TmpL may act as a detoxdfdROS in the same way as many
enzymatic peroxisomal membrane proteins and prelyadentified peroxisomal
antioxidant regulators (lida et al., 2006; Mullexda release, 1996). Another recent
finding to support this connection between fungd Whd oxidative stress is that
disruption ofabhexlin A. brasscicolaesulted in mutant strains lacking WBs and
were more sensitive to oxidative stress@b) than wild-type (Kim et al., unpublished
data). This result was meaningful because theidalef hexlin other fungi also
causes the complete loss of WB in the resultingamst(Jedd and Chua, 2000;
Soundararajan et al., 2004). Of further intere#itas thedabhexlmutants are not as
hypersensitive agtmpL strains, suggesting a possible, complicated relskig
between the antioxidant involvement of the TmpLt@iroand its association with WB.
Future studies will focus on identification of theecific substrate(s) directly or
indirectly interacting with TmpL, and definitivelyetermining the role of this

interesting protein in plant and animal fungal ience.

Materials and Methods

Fungal strains, media, fungal culture
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Alternaria brassicicolastrain ATCC 96866 was used in this study (Ameritgpe
Culture Collection, Manassas, VA). The growth araintenance of. brassicicola
and media composition were performed as descrigdd (2007) except for a
minimal medium (MM) (1% glucose, 0.5% (M}ASQ,, 0.2% KHPO,, 0.06% MgSQ,
0.06% CaClJ, 0.0005% FeS©7H,0, 0.00016% MnS©OH,O, 0.00014% ZnSH7H0,
0.00037% CoGIl6H,;0). Aspergillus fumigatustrain CEA10 was used as the wild-
type, stored as frozen stock in 20% glycerol at€&@&nd grown at 37°C, on glucose
minimal medium (GMM) with appropriate supplemergspaeviously described
(Shimizu and Keller, 2001)A. fumigatusstrain CEA17, a uracil auxotroph derived
from CEAL0, was used as the recipient strain foregation of theftmpL mutant. In
our study, solid complete medium (CM) refer to potdextrose agar and liquid CM

to glucose-yeast extract broth (1% glucose, 0.586tyextract).

Plant Virulence Assays

The virulence test on green cabbaBeaésica oleraceawas performed as described
by Kim (2007). Briefly,A. brassicicolavas inoculated with a 1d drop of conidial
suspension (5xf@r 20x1d conidia mt*) on each leaf of 5-week-old plants.
Inoculated plants were kept in a plastic box atiamtttemperatures and incubated at
100% humidity for 24 hr in the dark, followed by h6fluorescent lights per day for
4-6 days. Lesion diameters were measured for ilence tests. Statistical analyses
were performed to test the differences in lesi@mditers among the tested strains by
a pairwise t-test using JMP software (SAS Institate). P-values 0.01 were

considered statistically significant. To test thdity of AbAtmpL strain to colonize on
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wounded plants, the same conidial suspensions apgieed to needle scratches on
host plant leaves.

Generation of tmpL replacement constructs, fungal transformation, and
complementation in A. brassicicola

A tmpLreplacement construct was made by a double-joifR R€thod from three
PCR fragments, with slight modifications (Yu et 2004). UsingA. brassicicola
genomic DNA as a template, a 993tbppL 5’ flanking region was amplified with
primers TMPLR1 and TMPLR2, and a 992tbmpL 3’ flanking region was generated
with primers TMPLR5 and TMPLR6. Using pCB1636 (Sgaed et al., 1997) as a
template, a ~1.4 kb hygromycin B phosphotransfeflash) gene cassette was
amplified with primers TMPLR3 and TMPLR4 . The eese primer TMPLR2 that
amplifies the 5flanking region and the forward primer ATMRS5 tlzamplifies the 3
flanking region, contained 20 bp tail sequencesdhkarlapped the’mand 3 ends of
thehphcassette. Likewise, the forward and reverse prilnPLR3 and TMPLR4
that amplified thénph cassette also contained a 20 bp tail sequenceswbdapped
the 8 and 3flanking regions. The three PCR fragmentswerefigdrivith the
QIAquick PCR purification kit (Qiagen, Valencia,  Avere then diluted 10-fold ,
and subjected to fusion PCR with primers TMPLR1 aMPLR6. The final 3.4 kb

tmpLreplacement construct was purified again with th&dQick PCR purification

kit and reduced to 1 pg/pl under vacuum beforesttamation. Fungal transformation

was based on protocol described previously (Clad. £2006). Transformants with

expected genetic integrations were identified byRR@d Southern blot analysis.
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In order to reintroduce wild-typenpLinto thedtmpL mutant, we amplified
the wild-typetmpL allele fromA. brassicicolagenomic DNA using primer set
TMPLcomF and TMPLcomR. The resulting PCR produstets 5.2 kb between the
953 bp upstream in relation to the start codonthedl132 bp downstream in relation
to the stop codon. A 1449 bp long nourseothricsistance gend\NAT) cassette was
amplified with primer set PNRcomF and PNRcomR figRR1 plasmid (Malonek et
al., 2004). The final two PCR products were usetueaneously to transforoftmplL
mutant A1-3, and the transformants were selectad)asnourseothricin antibiotic.
PCR and Southern blot analyses were used to igidrdiisformants with expected
genetic integrations.

Generation of tmpL replacement constructs, fungal transformation, and
complementation in A. fumigatus

Generation of ampL null mutant inA. fumigatusstrain CEA17 was accomplished by
replacing an ~1.9 kb internal fragment of thL coding region (~3.36 kb; GenBank
accession no. EDP49089) with parasiticus pyrGThe disruption construct was
generated by cloning a sequence homologous timpklocus into plasmid pJwW24
(donated by Nancy Keller, University of Wisconsin-atiison). The 5" and 8hpL
homologous sequences, each ~1 kb in length, wenedlm flankA. parasiticus pyrG
in pJW24. The resulting plasmid, pTMPLKO, was uasc template to amplify the
~5.2 kb disruption construct (primer RAC39 and RAL#I use in fungal
transformation. To complement tHempL strain, a plasmid with thenpL gene
connected to theph gene was constructed. Therefore,tthpL gene was amplified

using genomic DNA of CEA10 as template and the prefRAC357 and RAC110.
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The ~5.3 kb PCR product and the plasmid pBC-Hygreewleyested witliNotl and
Spd. The PCR product was then ligated into the vecibe resulting plasmid,
PTMPLREC, was used as a template to amplify the kB geconstitution construct

(primer RAC325 and RAC326) for use in fungal tramsfation.

Generation of fungal protoplasts and polyethylelyeat-mediated
transformation oA. fumigatusvere performed as previously described (Bok and
Keller, 2004). Briefly, 10 pg of thenpLKO PCR-generated disruption construct was
incubated on ice for 50 min with 1 x Afuingal protoplasts in a total volume of 100 pl.
Gene disruption transformants were initially scexeby PCR to identify potential
homologous recombination events attimgL locus. PCR was performed with
primers designed to amplify only the disruptegpL locus - RAC109 and RAC22
(PCR product: 2077 bp); RAC21 and RAC110 (PCR pecadilb95 bp). For the
reconstituted strain, 10 pg of ttrapLREC PCR-generated reconstitution construct
was used in the protoplast transformation. Coloniese selected for growth on
hygromycin containing media. Reconstitution evemse then screened by PCR by
amplifying a part of thémpL that was replaced kyyrG in the mutant [RAC351 and
RAC352 (PCR product: 778 bp)]. Homologous recomtoomeof the disruption
cassette and random integration of the reconstitugdonstruct was confirmed by
Southern analysis with the digoxigenin labelingtsys(Roche Molecular
Biochemicals, Mannheim, Germany) as previously dieed (Cramer and Lawrence,
2003). To eliminate the chance of heterokaryonsh éi@nsformant was streaked with

sterile toothpicks a minimum of two times to obtaotonies from single conidia.
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Preparation of A. brassicicola nucleic acids

DNA isolation and Southern blot analysis were @enfed as described by Kim
(2007). ThempL 3 fragment was used as @mpL specific probe and a 500 bph
fragment from the pCB1636 plasmid was used laghespecific probe, and a ~1 kb
NAT fragment from pNR1 plasmid adNAT specific probe. All sequencings were
done using the ABI Prism 310 automated sequerqmplied Biosystems, Forster
City, CA). Total RNA was extracted from fungal gales using the RNeasy Plant Kit
according to the manufacturer’s protocol (Qiageale¥icia, CA). For thexpression
analysis with QRT-PCR, leaves of green cabbage imerilated with 1Qul drops of
wild-type conidial suspension (1x16onidia mf'), and infected samples were
collected at 12, 24, 48, 60, 72, 96, and 120 larafioculation. Total RNA was also
extracted from mycelia grown in liquid CM for 72 thm order to maintain vegetative
growth with no stress, the liquid CM was changeelg 24 hr. About 20 mycelial
balls collected from the above 72 hr-liquid cultwere spread onto sterilized filter
paper, incubated for conidiation, and collected4aand 48 hr for total RNA
extraction.

Expression and purification of TmpL FAD/NAD(P)-binding region and FAD-
binding assay

First-strand cDNA was generated from the total RNMA8 hr air-exposed mycelial
balls with random primers using SuperScript™ F8stnd Synthesis System
(Invitrogen™ Life Technologies, Carlsbad, CA, USA)635 bptmpL partial coding
sequence containing the FAD/NAD(P)-binding regieas amplified from the cDNA

using primers Alfn_ExpKpnFor and Alfn_ExpHndRew afoned between thepnl
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andHindlIl sites in plasmid pKLD66 (Rocco et al., 2008)dbtain plasmid pA1FNE.
coli BL21(DES3) was transformed with pA1FH. coliBL21(DE3)(pA1FN) was
grown to an optical density of 0.6-0.8, followedihguction with 0.2 mM IPTG.
After 3 hr of induction, cells were harvested bytcidugation at 7000 x g for 10 min
at 4°C. The resulting 2 g cell pellet was resuspdrnd 2.5 ml nickel-nitrilotriacetic
acid (Ni-NTA) 50 mM sodium phosphate buffer, pH.7TRe cell suspension was
passed three times through a French pressuret geprassure of 1.28 x 4@a. The
resulting cell lysate was centrifuged at 8000 »ig25 min at 4°C to remove cell
debris. The resulting supernatant was mixed witth Ni-NTA His Bind Resin
(Novagen) and incubated for 1 hr at 4°C with comsé@itation. The incubated
solution was loaded onto a column bed and the colvas washed with 10 ml Ni-
NTA washing buffer (50 mM sodium phosphate (pH &)l 20 mM imidazole). The
column was sequentially eluted with 50-500 mM inziole containing 50 mM sodium
phosphate buffer (pH 7.5). Fractions at about 280imidazole were pooled and
concentrated on an YM-30 membrane (Amicon). Theglpnotein concentrate was
incubated with 0.2 mM FAD at 4°C for 5 hr. Freevitawas removed by filtration and
three 1 mL washes with 50 mM sodium phosphate b(fld7.5), on the membrane
of a YM-3 concentrator (Amicon). The product wasaeered in 50 mM sodium
phosphate buffer (pH7.5) and assayed for protemerd. A UV-visible spectrum of

the protein was analysed with 200-800 nm waveleratige.

Generation of fusion protein constructs
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A tmpL C-terminalgfp fusion construct was generated by fusion PCR. dJ&in
brassicicolagenomic DNA as a template, an 1tkippL 3' region was amplified with
primers TMPLGFP1 and TMPLGFP2-GA. Another set afners, TMPLGFP3-GA
and TMPLGFP4, were used to amplify a 2.4gkp andhphcassette from template
plasmid pCB16G6-Nac (Cho et al., 2006). Two resglfragments, the 1 kimpL 3’
fragment and the 2.4 lgfp andhph cassette, were mixed and subjected to second
fusion PCR with primers TMPLGFP1 and TMPLGFP4. Tésulting 3.4 kb PCR
products were transformed in tAebrassicicolawild-type to make TmpL-GFP fusion
transformants. Transformants with expected gematiggration events were identified

by PCR and Southern blot analyses.

The same fusion PCR strategy was applied to genarséries of fusion
proteins in which different portions thpL, an AMP-binding and transmembrane
domain, were appended to the N terminus ofyfipeFor the tmpL AMP-bindingyfp
fusion construct, two primers, A1AdeGFP1 akitlAdeGFP2-GA, were used to
amplify an 881 bpmpL AMP-binding domain region. Another set of primers,
AlAdeGFP3-GA and A1AdeGFP4, were used to ampl2ydakbgfp andhph
cassette from template plasmid pCB16G6-Nac. Therésolting PCR fragments were
subjected to second fusion PCR with primers AlIAdeGand A1AdeGFP4. The
resulting 3.4 kb PCR products were transformedhéwtild-type. In the same way,
four primers were designed to generatetthel transmembrangfp fusion construct
as follows: AITmGFP1 and AITmGFP2-GA for a 756impL transmembrane

region; AI.TmGFP3-GA and A1 TmGFP4 fogfp andhph cassette.
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To generate thBsRedabhex1fusion construct by fusion PCR, three PCR
fragments were amplified as follows: a 573Mypenophora tritici- repentis ToxA
promoter fragment using primers ToxAFor and ToxARBdRev from template
plasmid pCB16G6-Nac; a 728 BisRedORF fragment using primers DsRed-
ToxAFor and DsRed-AbHEX1Rev from template plasmiAG-DsRed (Matsuda
and Cepko, 2004); a 969 bphexlfragment using primers AbHEX1-DsRedFor and
AbHEX1Rev fromA. brassicicolagenomic DNA. These final three PCR fragments
were subjected to second fusion PCR with primessAFor and AbHEX1Rev. The
final construct was transformed into the TmpL-GEBidn strain to generate TmpL-

GFP:DsRed-AbHex1 dual fluorescence-labeled strains.

To construct th®sRedPTS1 construct that serves as marker of peroxisoma
matrix, theDsRedfragment was amplified from pCAG-DsRed plasmichggprimers
DsRedPTS1For and DsRedPTS1Rev, which append thi #ip&ptide SRL to the C
terminus ofDsRed Using pNR1 as template, a 1.4 kb nourseothresstance gene
(NAT) cassette was amplified with primers DsRedPTS1N#Tdnd
DsRedPTS1NATRev. These final two PCR fragments webgected to second fusion
PCR with primers DsRedPTS1For and DsRedPTS1NATRe® final construct was
transformed into the TmpL-GFP strain to generatpli@FP:DsRed-PTS1 dual

fluorescence-labeled strains.

To disruptpex14in TmpL-GFP and DsRed-AbHex1 strains, a linearimal
element (LME) construct was generated as previadesgribed (Cho et al., 2006).

Primers pex14KOFor and pex14KORev were used toing#i15 bppexl4partial
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fragment from thé\. brassicicolagenomic DNA and another set of two primers,
pex14HygFor and pex14HygRev, were used to ampfifg.4 KbNAT cassettes from
the plasmid pNR1. The two fragments were subjetiesdcond fusion PCR with
primers pex14KOFor and pex14HygRev. The final caastwas transformed into the
TmpL-GFP and DsRed-AbHex1 strains to generate TRBpR4pexl4and DsRed-

AbHex14pexl4mutant strains, respectively.

To generatgfp-yaplconstruct under the control of tii@plpromoter, four
PCR fragments were amplified by fusion PCR. A 5pGragment of thegapl
promoter region was produced frébrassicicolagenomic DNA using primers
PromoYaplFor and PromoYaplRev, a 570 bp fragmethteaffp ORF region from
pCB16G6-Nac plasmid using primers GFPYaplFor anBYaplRev, an 1 kipapl
ORF from the genomic DNA using primers YaplFor dagp1Rev, and an 1.4 kb
NAT cassette from plasmid pNR1 using primers Yap1lNATdw@ YaplNATRev.
These four fragments were subjected to secondrfBER with primers
PromoYaplFor and Yap1lNATRev. The final construcs wansformed into the wild-

type andA. brassicicoladtmpL mutant.

To generatd oxAyaploverexpression construct, a 400 bp fragment ef th
ToxApromoter region from pCB16G6-Nac plasmid usingneris ToxAFor and
ToxAYaplRev, and a 3.4 kaplandNAT cassette from the abogép-yapl
construct using primers YaploverFor and YaplNATReve subjected to second
fusion PCR with primers ToxAFor and Yap1NATRev. Tmal construct was

transformed into wild-type and ti#e brassicicoladtmpL mutant.
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All construct were subject to sequence verificatoth the ABI Prism 310
automated sequencer (Applied Biosystems, Forstgr CA). All transformants with

expected genetic integration events were identiied?CR and Southern blot analysis.

Quantitative real-time PCR

To analyze the mRNA abundancetmipL by quantitative real-time (QRT) PCR, 1 ug
of total RNA was used for first-strand cDNA withindom primers using
SuperScript™ First-Strand Synthesis System (Ingéro™ Life Technologies,
Carlsbad, CA, USA) according to the manufacturerssruction and diluted 1:3 with
nuclease-free water. Reactions were performed |a volume containing 100 nM
of each primer, 2 pl of cDNA (25 ng of input RNA)&12.5 pl of 2X iQ¥ SYBR®
Green Supermix (Bio-Rad, Hercules, CA, USA). QRTRP&as run on the iCycler iQ
Real-Time PCR Detection System (Bio-Rad, Herculas, USA). After a 3 min
denaturation at 95°C, samples were run for 40 syafd5 s at 95°C, 30 s at 60°C and
30 s at 72°C. After each run, amplification spettyi was checked with a dissociation
curve acquired by heating the samples from 60 t&€9%0 compare relative
abundance aimpL transcripts, average threshold cycle (Ct) was atized to that of
Glyceraldehyde-3-phosphate dehydrogen@sRDH) for each condition as"%Ct,
where ACt = (G,impL — Gieappr). Fold changes during conidial development and
during infectious growth compared with growing fusgn liquid CM were calculated
as 2% where AACt = (GotmpL — GieAPDH )test condition— (CitmpL — CryeAPDHliquid

(Livak and Schmittgen, 2001). The same real-tim&RB@ategy was used to analyze

the expression ofapland other antioxidant-related genedirbrassicicolawild-type,
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WT:pToxAYapl mutant, AbtmpL, and AitmpLpToxAYapl strains, except for the
method of calculating relative fold change. It vd@sermined by comparing each
expression level with the one of vegetatively grogwvild-type in liquid CM, where -
AACt = (G, gene of interest CtAPDH )rest conditions~ (Cigene of interest Ct,GAPDHWT vegetative
mycelia EACh QRT-PCR was conducted twice with two repdisand all the data is
presented. The primer pairs for the transcript #moation of each gene were as
follows: For thetmpL gene, TMPL-expFor and TMPL-expRegpl Yapl-expFor
and Yapl-expRewkn7 SKN7-expFor and SKN7-expResttl, CTT1-expFor and
CTT1l-expRevsodl SOD1-expFor and SOD1-expR@shl GSH1-expFor and
GSH1-expRevgsh2 GSH2-expFor and GSH2-expRéxx2, TRX2-expFor and
TRX2-expRevgpxl GPX1-expFor and GPX1-expRev. For amplificatiorhef

internal controlGAPDH gene, AbGAPDH-For and AbGAPDH-Rev were used.

Oxidative stress assays

For the oxidative stress tes#s,brassicicolaandA. fumigatusvere grown on solid
MM with or without the stressgents KQand HO,. Sensitivity to each stressor was
determined by comparing telony radius of 5-day-ol@. brassicicolacultures on
media containing each stressor. The test® repeated at least three times for each
condition. For the germling susceptibility assayirfumigatusa protocol from the
laboratory of Judith Rhodes University of Cincinmnvaas followed. Briefly, conidia
from CEA10, AttmpL and AftmpL rec were harvested after growth on Gldlstes
for 3 days and incubation at 37°C. The conidia veiiteted and counted in a

hemocytometer. The strains were adjusted to 2Gthae8 per plate when 1Q0was
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plated. The strains were challenged in triplicateGdMM plates with 1.25mM kO,
plus the control. The plates were incubated at 307 microscopic germlings
appeared on the plates (about 16 hrs). Then thespleere overlaid with 10 ml of
1.25mM HO, or 10 ml distilled water as a control and incubzae37°C for 10
minutes. After aspirating off the-B, and washing the plate twice with 10 ml of
sterile distilled water the plates were returneth®®30°C incubator and incubated

until colonies were large enough to count.

Murine virulence assays

In this study, an outbred CD1 (Charles River Labmsg Raleigh, NC) strain was
used. All animals were kept in specific pathogezefhousing, and all manipulations
were approved by the institutional internal reviesard (IACUC). Male mice (26 to
28 g in size, 6-8 weeks old), were housed fivegagie and had access to food and
water ad libitum. Mice were immunosuppressed withaperitoneal (i.p.) injections of
cyclophosphamide at 150 mg/kg 3 days prior to imdecand with Kenalog injected
subcutaneously (s.c.) at 40 mg/kg 2 days prionfiection. On day 3 post-infection
(p.i.), repeat injections were given with cyclopplobamide (150 mg/kg i.p.) and on
day 6 p.i. with Kenalog (40 mg/kg s.c.). Ten mieg A. fumigatus strains (CEALO,
tmpL-deficient mutant, or the reconstituted str&ftmpL rec) were infected
intranasally. The mice were inoculated intranasi@lypwing brief isoflurane

inhalation, returned to their cages, and monit@teéast twice daily.

Infection inoculum was prepared by growing thefumigatugsolates on

GMM agar plates at 37 °C for 3 days. Conidia weaesbsted by washing the plate
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surface with sterile phosphate-buffered saline-#h0lveen 80. The resulting conidial
suspension was adjusted to the desired concemtrattib x 16 conidia/25ul by
hemacytometer count. Mice were observed for sahftr 14 days afteA. fumigatus
challenge. Any animals showing distress were imatetli sacrificed and recorded as
deaths within 24 hr. Mock mice were included ineadperiments and inoculated with
sterile 0.01% Tween 80. Survival was plotted onapln-Meier curve and a log-rank
test used to determine significance of pair-wiswigal (two-tailed P < 0.01). The

animal experiments were repeated on two separatsmns with similar results.

Micraoscopy

For confocal microscopy, an inverted confocal las@nning microscope (LSM-510,
Carl Zeiss, Gottingen, Germany) and an argon iserléor excitation at 488 nm
wavelength and GFP filters for emission at 515-%30were used. Transformants
carrying each fluorescent protein fusion constvete grown on solid and liquid CM.
Newly formed conidia and conidiophores from solid @lates and vegetative
mycelia from liquid CM were collected for viewingorin plantaexpression analysis,
the lower epidermis of green cabbage cotyledonspgated off at 4 and 12 hpi and
observed. For the DsRed fusion strains, a He-Ner [&€13 nm excitation, 560-615 nm
emission) was used. The imaging parameters useiged no detectable background
signal from any source other than from each fluasprotein. Confocal images
were captured with LSM-510 software (version 3.81lCeiss) and recorded

simultaneously by phase contrast microscopy aratdkcence confocal microscopy.
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Brightfield and DIC images were captured with atonaultiplier for transmitted light

using the same laser illumination for fluorescence.

For the electron microscopy, conidia from eachirstneere released in sterile
water and processed as described previously fosimession electron microscopy
(Kim et al., 2007). Examination was conducted vaithEM-1010 transmission
electron microscope (JEOL, Tokyo, Japan) operattr@gp kV. For cross-sections of
the green cabbage leaves inoculated witbrassicicolawild-type and4tmpL strains,
leaf samples were collected, embedded in Epon,resirthick sections with an
ultramicrotome (MT-X, RMC, USA), and stained witBoXoluidine blue O. The thick

sections were observed using a light microscopkp&E600; Nikon, Tokyo, Japan).

Cytological assays

For cytological analysis, the lower epidermis céegr cabbage cotyledons was peeled
off 12 hpi, stained with lactophenol-cotton bluaifeter et al., 1969), and observed
by light microscopy. For the onion epidermis asslag,epidermis was peeled off,
carefully washed with distilled water,then inodakhwith the conidia on the adaxial
surface. After 12, 24, 48, and 72 hr incubationa rlosed Petri dish at 100% RH, the

epidermis was stained with lactophenol-cotton lalné observed by light microscopy.

For the detection of callose papillae, green cablzagyledons inoculated with
A. brassicicolavere fixed and decolorized in boiling 95% ethatioén stained in
aniline blue (0.005% (w/v) in 0.07 MKIPQ,). Callose was observed by mounting

stained tissue in 70% glycerin and water viewingaorAxioplan Universal
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microscope (Carl Zeiss Microscope Division, Obehat, Germany) with a

fluorescein filter set with excitation at 365 nndamission at 420 nm.

ROS was detected by staining with following solosoFor superoxide
detection, nitroblue tetrazolium (Sigma-Aldrich)svased at 5 mg-fland the
staining performed for 1 hr at room temperaturermpio observatiorA. brassicicola
conidia collected from a nutrient-rich medium (yaast extract, 5 g casamino acid,
340 g sucrose, 15 g agar in 1 L deionized watet)fangus-inoculated leaves at each
time point were subjected to the staining. For céia of ROS other than superoxide,
A. brassicicolaandA. fumigatusonidia were collected from PDA and GMM media,
respectively, and stained withu§-ml* 5-(and 6)-carboxy-2",7"-
dichlorodihydrofluorescein diacetate (carboxy@a¥CFDA; Molecular Probes, Eugene,
OR). The intracellular distribution of ROS in apgseria was visualized after staining

with 2 mg/ml DAB 2 hr, followed by a short rinse 8B

Accession Number
Sequence data fompL can be found in the GenBank data libraries undeession

number EU223383 foh. brassicicolaand EDP49089 foh. fumigatus
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Chapter VI

Summary and Conclusion

Alternaria brassicicola(Schwein.) Wiltshire is a phytopathogenic funguestt
causes one of the most economically important deseafBrassicaspecies,
Alternaria black spot (also called dark leaf spAg.a necrotrophic pathoge,
brassicicolasecretes numerous secondary metabolites, whitidedost-selective
and nonhost-selective phytotoxins, to kill cellsnfra large spectrum of Brassica
plants. Understanding of tife brassicicolasecondary metabolites, its biosynthetic
mechanisms, and their roles in necrotrophic inteas with its hosts is still rather
incomplete. For example, brassicicolin A was thst fimetabolite reported as an
“antibiotic complex” (Ciegler and Lindenfelser, ®6@nd recently demonstrated as
the major host-selective phytotoxin (Pedras e2&09), whereas the encoding gene
and the mechanism of actionplantahas not been determined. As wall,
brassicicolawas reported to produce a host-selective toxitepraalled AB toxin
(Otani et al., 1998), from spores germinating ostheaves. AB toxin was induced by
a host-derived oligosaccharide of 1.3 kDa, butatheoding gene and its function
remain unknown (Oka et al., 2005). In addition,esal/fusicoccane-like diterpenes
were isolated from phytotoxic extracts of cultuoég\. brassicicolabut their
phytotoxicity was not determined due to the sma#rities obtained (MacKinnon et

al., 1999).
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With all this necessity, my study had two goalsstfito identify allNPSand
PKSgenes in the genome Af brassicicolaand determine the phenotype resulting
from mutation of eacNNPSandPKSgene, with emphasis on discovery of any that
might be involved in fungal virulence; Second, uattier characterize several genes of
interest to determine their functionsAn brassicicolabiology and pathogenesis. In a
genome-wide search for NPS- and PKS-encoding ganfesbrassicicolawe
determined that the genome encodes sélRf oneNPSlike, and 10PKSgenes, and
that, when deleted singhAbNPS2, AbNPS4, AbNPS7, tn{plPSlike), AbPKS1and
AbPKS8disruption mutants showed significant reductiongrulence (20 % to 80 %),
indicating that the products of those genes aresszey for the full virulence .
brassicicolaon green cabbage and Arabidopsis when testedlditi@, several
mutants showed interesting phenotypes such asaiifeumpy” conidial cell walls
resulting in hydrophilic conidial surfacAfNPS2, conidia with lighter pigmentation
and thin cell wallsttnpl), melanin-deficient albino mutantal§PKS7, and

hypersensitivity to oxidative stresBl{NPS6-7andtmpl).

Through in-depth functional analysis we determitied ADNPS2 plays an
important role in conidial cell wall constructiondhin virulence. However, the end
product of AbNPS2 remains undetermined. Based gpoe expression and
microscopic analyses we speculate that the putatgendary metabolite produced by
AbNPS2 is a compound connecting or attaching thiermost cell wall layer to the
outer part of the middle layer, resulting in proihgcconidia with an improved ability

to survive in adverse environmental conditions s®tudy further illustrated the
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versatile and essential role of secondary metadsoiiit fungal biology and was the first
report that a fungal NPS metabolite is associatiéta @onidial cell wall construction.
Although melanin functions to protect fungal coaifiom UV damage, most
secondary metabolites are known to play no obwvioles in conidiation or conidial
protection but are secreted into the environmeattahe in the life cycle of the
fungus. Identification of the putative secondarytaelite produced by AbNPS2 and
its role in conidial development will not only piide new insights in fungal cell wall
architecture and cell wall construction, but alBovaus to get an important handle on

the precise molecular events that give rise toetligastic effects on spore viability.

Polyketides and nonribosomal peptides represenhbtaralproduct classes
with tremendous therapeutic value (Cane and WaB99). Erythromycirga
polyketide antibiotic), vancomycin (a nonribosomaptideantibiotic), and epothilone
(a mixed polyketide-nonribosomagptide antitumor agent) represent just a few of
these importamatural compounds. In our study, we identified ehdracterized a
gene cluster containilgbPKS9Y(renamed aBDEPY) responsible for depudecin
biosynthesis. Depudecin is an inhibitor of histdeacetylases (HDACs) (Matsumoto
et al., 1992). Although depudecin is well knowraa$i-parasitic and anti-angiogenic,
we wondered why a plant pathogen possesses an HAGtor; what is the role of
HDAC in plant disease resistanc&BPKS9deletion mutants caused only ~10%
reduced lesion size on susceptible green cabbagpared with wild-type strain,
indicating depudecin is a minor virulence factolthAugh it is not as strong an HDAC

inhibitor as HC toxin produced §ochliobolus carbonumnthis system can be utilized
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to exploit the genetic resources of both partneedidress the role of HDACs in
disease resistance. It is also possible that deidemain role is yet to be determined
and/or could act synergistically with other secagdaetabolites in regards to

virulence or as an antimicrobial substance.

The critical roles of ROS in fungal developmenvisulence have been well
established over the past half a century sincéirsteexperimental detection of
hydrogen peroxide in fungal cells in Bach’s work8%0). ROS in the cell act as
signaling molecules regulating physiological resggmand developmental processes,
and are also involved in sophisticated virulenapsses for many pathogenic fungi.
Therefore uncovering the role of cellular ROS appéabe very important in
understanding fungal development and virulencereéddily we have a limited
understanding of how ROS are generated or decordposiele fungal cells and what
are the cellular ROS regulatory mechanisms. In tendy we demonstrated that a
NPS-like protein named TmpL is involved in fungalvdlopment and virulence in
both plant and animal pathogenic fungi. Based uperstructure of thempL with
only a single putative AMP-binding domain similaran adenylation domain,
followed by six transmembrane domains, we conclutlatit is not a trudlPSgene.

In the absence of TmpL, dysregulation of oxidastress homeostasis in both fungi
caused developmental and virulence defects. Odimfgnprovides new insights into
mechanisms underlying the complex webs of intevastbetween ROS and cell

differentiation and the involvement of ROS for bptant and animal fungal
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pathogenesis, which presents an opportunity toldp\efficient control methods for

both plant and animal fungal disease.

During our studiesAbNPSGandAbNPSAvere concomitantly identified as
NPS enzymes responsible for siderophore biosyrglgsiurgeon and colleagues
(Oide et al., 2007; Turgeon et al., 2008). Throtighfunctional analyses of those
siderophore-producing NPS enzymes, they suggdséaon metabolism is involved
in oxidative stress tolerance and virulence by Bupg an essential nutrient iron.
However the exact relationship between siderophwediated iron metabolism and

oxidative stress tolerance remains to be defined.

Several metabolites have been isolated from thanicgextracts of tha.
brassicicolaculture broths (Pedras et al., 2009). These ircphltbmapyrone (A, G,
and F), brassicicene (C, G, H, and |), infectopgrand brassicicolin A. In this study
phomapyrone and infectopyrone were found to bepigretoxic, while diterpene
brassicicene and the host-selective toxin brasgini@ were found in phytotoxic
fraction (Pedras et al., 2009). Among them, onlg biosynthetic cluster for diterpene
brassicicene C has been identified so far (Minarai.e2009). We have also
functionally analyzed the brassicene terpene sgethad found it to be a virulence
factor (Kim et al., unpublished). Thus our studydlving the identification, analysis,
and production of knock out mutant strains corresiieg toNPSandPKSgenes
identified in theA. brassicicolagenome may be considered a substantial resource to
identify gene clusters responsible for thebrassicicolametabolites thus far identified.

For example, it is highly plausible that the NP8 &KS enzymes, which were shown
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to be related to the virulence Af brassicicolan our study, are involved in the
production of phytotoxic metabolites. Indeed soomeghl secondary metabolites
derived from NPSs were found to be host-selectiwggioxins involved in the
virulence of pathogens, such as HC toxin (Walt@9&) and destruxin B (Pedras et
al., 2003). In addition, the four polyketides ph@ynes (A, F and G) and
infectopyrone are definitely connected to the P8I pdentified in our study.
Therefore, a goal for the future is to further cuderize eachNPSandPKSgene with
the aim of identifying the metabolite product syegized by the enzyme that each
gene encodes iA. brassicicolalt may also be valuable to test individual small
molecules fromA. brassicicolaor other activites and applications (antimicropia

anticancer, antiviral, cholesterol lowering actyiherbicidal, etc.).

Our study, and those of others, demonstrates thall snolecule secondary
metabolites play diverse, but also fundamentagsat the producing organisms
themselves, in addition to better known roles &scédrs of interactions between
organisms. Some are crucial for basic biologicatpsses, such as asexual
development and nutrient gathering (e.g. iron natsim), demonstrating the
significance of these molecules to survival andifgm@tion of the fungus. The task at
hand is, as mentioned, identification of the ndthi@ogical function of the remaining
NPS and PKS metabolites through additional comparatreens of mutants versus
wild-type, accompanied by whole-genome approaatms,made possible by the
release of the genome sequences of many fungi.id@able work also remains to be

done in understanding the biosynthetic mechanisthragulation of the NPSs and
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PKSs. The availability of the genetic informatiayutd eventually allow
“combinatorial biosynthesis” of the novel compoundse depudecin, through genetic
manipulation (i.e. heterologous expression in impobproduction hosts) (Bode and
Muller, 2005). Furthermore, comparisons amongistidfNPSandPKSgenes from
other fungi will further our understanding of theokition and ecological significance

of these diverse groups of compounds.

Some nonribosomal peptides and polyketides prodhgéd brassicicola
seem to function as virulence factors, as suggestedr study. Some of them may be
phytotoxins (HST or non-HST) that disable hostudal functions or kill host cells.
Based orAbNPSZstudy, some metabolites may play a role of a dloekla structural
component, specifically protecting infection-rethstructures such as appressoria and
infection hyphae. Considerable secondary metalpoliential ofA. brassicicolaalso
makes it plausible that many effector-type funcsiane fulfilled by secreted
metabolites during plant infection. Elucidatingith@ecise roles in pathogenicity is of
the first priority for durable control &. brassicicoladisease. However, fungal
pathogenicity is affected not just by one or twetdas, but multiple factors such as
simultaneous production of several toxic matemaild defense against enzymes and
toxins from hosts. Understanding this complexityyradimately lead to efficient
control of fungal disease of important crops. Qier past 50 years, the control of
plant fungal diseases has relied mainly on chenpieslicides. However, it is clear
that sustainable agricultural practices demandrobstrategies other than massive

application of potentially environmentally harmfuhgicides. It is anticipated that
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future approaches to control diseases will relymmme selective and environmentally
friendly control methods. Considering the diversifypathogenicity strategies that
fungal pathogens use as well as their ability tickjy adapt, it is difficult to predict
which developments will lead to durable and bropeetrum disease resistance. No
matter what sophisticated methodologies may beodesed, it is clear that effective
plant protection will require a much better undamsling of the diverse roles of fungal

pathogenicity factors.
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