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ABSTRACT
The fungus Nectria haematococca is a broad host range pathogen. Isolates
pathogenic on pea are able to detoxify the phytoalexin pisatin using the enzyme pisatin
demethylase. When the gene {PDAl) encoding this enzyme was mutated via gene
disruption, the mutants were less virulent but still pathogenic on pea. Additional studies
demonstrated that PDAI was on a 1.6-Mb conditionally dispensable (CD) chromosome
and that loss of this CD chromosome resulted in the complete loss of pea pathogenicity.
This leads to the hypothesis that there are other pea j^athogenicity (PEP) genes in
addition to the PDAI gene on the CD chromosome.
One of the major goals of this work was to test this hypothesis by isolating and
characterizing these PEP genes. The results identified three novel PEP genes: PEP I,
PEP2y and PEPS, each of which can confer disease-causing ability independently when
introduced into a nonpathogenic isolate lacking the CD chromosome. The predicted
product of PEPS is related to members of the major facilitator superfamily, including
proton-dependent multidrug export systems, and the predicted product of PEP2 contains
conserved RNA-binding motifs. PEP I shows no significant similarity to any known
gene in the public databases. The three PEP genes and PDAI are organized into a
fimctional cluster, termed the PEP cluster, within 25 kb that conditions full pathogenicity
on pea. The PEP cluster contains two additional genes, cDNA3 and cDNA4, and neither
gene by itself is able to confer disease-causing abilities. The open reading frame (ORF)
for cDNA3 gene is small. The predicted cDNA4 product exhibits significant similarities
to the transposon impala of Fusarium oxyspomm. The sequences of other portions of the
PEP cluster predict four ORFs showing strong similarities to other fungal transposases.
Several features of the PEP cluster, such as possession of multiple virulence genes,
presence of DNA mobile elements, and differences in both codon usage and G+C content
compared with other portions of the genome, resemble those of the pathogenicity islands
identified in plant and animal bacterial pathogens. These properties raise the possibility
that the PEP gene cluster may represent a fungal pathogenicity island. The second major
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goal of my work was to quantify the expression of PDAl, PEPly PEP2, and PEPS in
vitro and in planta, and to characterize the regions flanking the PEP cluster. A real-time
quantitative RT-PCR approach was used to measure the mRNA levels of these
pathogenicity genes. In a glucose-based growth medium, mRNA levels of PDAl, PEPI,
PEPS were very low, while expression of PEP2 was undetectable. Starvation in vitro
strongly stimulated PDAl gene expression, whereas expression of PEPI and PEPS
increased only moderately. In contrast, starvation had no effect on expression of PEP2 as
indicated by an undetectable mRNA level during the 12 hr time course tested. In vitro
pisatin strongly induced the expression of all four pathogenicity genes and the PDAl
experienced the highest level of induction (~300-fold increase). Finally, marked
induction of PDAl^ PEPI and PEP2 was observed during infection of pea roots, whereas
the expression of PEPS was only moderately induced. The flanking regions of the PEP
cluster were sequenced and the sequences predict six ORFs that display significant
similarities to various fungal genes. The G+C content, gene density, and codon
preference of the PEP cluster and its flanking regions are similar. All six of the predicted
genes in the flanking regions of the PEP cluster are expressed during infection of pea.
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1. INTRODUCTION
Current plant-pathogen interactions are generally believed to be the product of
adaptive co-evolution between plants and their pathogens which include fungi, bacteria,
viruses and nematodes (Rausher, 2001). As the largest group of causative agents of plant
diseases, fungal pathogens obviously play a major role in the evolution of the plantpathogen system. It is now icnown that mere than 10,000 species of fimgi are capable of
causing diseases in plants and all of the plant species are susceptible to some fungal
species (Agrios, 1997). However, an individual plant species is attacked only by a few
fungal pathogen species, and most fiingal pathogens have a restricted host range, clearly
indicating the specialization of fungal pathogens toward individual plant species
(Knogge, 1996). Given the large number of fungal pathogens and the diseases they
cause, not to mention the huge economic impact of fungal diseases on agriculture, it is
surprising that the molecular basis underlying fungal pathogenesis is still poorly
understood. What is clear is that pathogenic fimgi employ a variety of pathogenic
strategies such as production of host-selective toxins and plant cell wall-degrading
en^mes, detoxification of antimicrobial compounds produced by plants etc. to subvert
the defense system of their hosts.
Some relevant questions to ask with regard to fungal pathogenesis are: (i) how did
fimgal pathogenicity evolve in the first place? (ii) what are the minimal genetic elements
that enable a non-pathogenic fungal saprophyte to become a ftuigal pathogen? (iii) how
did fimgal pathogens achieve pathogenicity specificity; that is, how does a fimgal
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pathogen determine its host range, especially at the species level? Does it use the same
or a different strategy to attack different host plants? Furthermore, do distinct fimgal
pathogens use similar mechanisms or different ones to attack the same host plant? To
address these fundamental questions in the fiiture, it is important to know more about the
molecular basis of fimgal pathogenesis. Because bacterial pathogenesis is much better
understood, the major principles established from the research on this group of pathogens
will certainly be valuable for elucidating the mechanism of fungal pathogenicity.

Bacterial pathogenicity genes and tiie concept of patiiogenicity islands
The molecular and genetic bases of virulence of both human and plant bacterial
pathogens have been extensively studied and tremendous progress has been made in the
last decade. Two common themes have emerged from these studies. The first is that
both animal and plant bacterial pathogens employ the conserved type III secretion system
to directly deliver diverse virulence factors to their respective hosts. These virulence
factors, collectively called ^pe III effectors, are involved in suppressing, stimulating or
modulating host responses to invading pathogens. Type III secretion systems are
responsible for the pathogenici^ of many gram-negative bacteria and have been
described in animal pathogens in the genera Salmonella, Yersinia, Shigella, and
Escherichia as well as in plant pathogens Pseudontonas syringae, Erwinia spp.,
Xanthomonas campestris, and Ralstonia solanacearum (Galan and Collmer, 1999;
Hueck, 1998).
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The second theme is that genes encoding the type m secretion system and
effectors are genetically clustered together in specific genomic regions, termed
pathogenicity islands (PAIs), of pathogen genomes (Hacker, 2000). The term
"pathogenicity islands'* (Blum et al., 1994) was originally used to describe a genomic
region of 70 kb encoding various virulence factors present in the genome of
uropathogenic E. coli strains but absent from the nonpathogenic E. coli members. PAI is
defined according to the following criteria (Groisman and Ochman, 1996; Hacker et al.,
1997). A PAI (i) encompasses large chromosomal regions (~ 10 to 200 kb) and encodes
one or more virulence factors, (ii) is present in pathogenic strains but absent from
nonpathogenic members of the same or related species, (iii) usually differs in G-fC
content in comparison to DNA of host bacteria, (iv) represents compact, distinct genetic
units, often flanked by direct repeats, (v) is associated with tRNA genes and/or insertion
sequence (IS) elements at their boundaries, (vi) has (often cryptic) 'mobility' genes such
as IS elements, integrases, transposases, and (vii) is genetically unstable. The facts that
G-«<^ content of PAIs often is quite different from the rest of the genome and that there
are direct repeats at their ends, along with the association of PAIs with tRNAs and their
instability strongly argue for horizontal gene transfer as a mechanism for the acquisition
of pathogenicity islands (Groisman and Ochman, 1996; Hacker, 2000).
The concept of pathogenicity islands has changed our view regarding the process
of microbial evolution. It was thought previously that the evolution of pathogenicity
traits was through point mutations and the accumulation of beneficial modifications of
the existing genetic components of an organism until a novel virulence fimction was
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generated. However, the discoveiy of pathogenicity islands forces us to revise our view
about the origins of pathogenicity and other traits related to reproduction and fitness of
microbes. Indeed, incorporation of a pathogenicity island allows a normally non
pathogenic microbe to become a pathogen in a single step, thus evolution of
pathogenicity can proceed in quantum leaps (Grolsman and Ochman, 1996). For
example, the 35 kb region termed LEE for locus of entenx^te effacement in
enteropathogenic E. coli is absent from laboratory strains. LEE encodes an outer
membrane protein that promotes contact with host cells and a type m secretion ^stem
that delivers type III effectors involved in modulating cell functions. In a uropathogenic
strain of £. co//, a distinct pathogenicity island termed PAI-1, has been shown to insert at
the same location where LEE has inserted into the enteropathogenic strains (McDaniel et
al., 1995). Therefore, the type of pathogenicity cassette incorporated at that site dictates
whether strains of E. coli are converted into entero or uropathogens.

Genomic location of pathogenicity genes in some phytopathogenic fungi
Variation in both chromosome number and size in different isolates of a species,
and chromosome instability are common in filamentous fiingi (Akamatsu et al., 1999;
Masel et al., 1996; Orbach et al., 1996; Zolan, 1995), suggesting the existence of sizable
amounts of "extra" genomic DNA not shared by all members of a fungal species. Indeed,
presence of a "supernumerary chromosome" or portions of a "supemumerary
chromosome" in some isolates of a species has been demonstrated in several
phytopathogenic fiugi, including M haenuttococcoy Magnaporthe griseUy Cochliobolus
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heterostrophus, C. carbonum, Colletotrichum gloeosporioides, Gibberella fujikuroi,
Altemaria altemata (Johnson, 2001; Covert, 1998). Occurrence of supernumerary
chromosomes has been suspected but not proven in several other fimgi such as
Aspergillus nidulans, Bremia lactucae, Leptospheria maculans, and Pythium oligandrum.
The term "superaumeraiy chromosomes" is used to refer to chromosomes composed
primarily of DNA that is not present in all isolates of a species (Wilson 1906). The
obvious question to ask is: what is the biological function, if any, of supernumerary
chromosomes?
The 1.6-Mb small chromosome, carrying the MAKI and PDA6-I genes, in N.
haematococca MPVI was the first described supernumerary chromosome in fungi (Miao
et al. 1991). This small chromosome is apparently absent from the non-pathogenic
isolates of chickpea. MAKI was shown to contribute to virulence of N. haematococca
towards chickpea (Enkerli and Covert, 1998). Subsequent work revealed that this fungus
contains several other supernumerary chromosomes such as the 1.6-Mb PDA7-containing
chromosome. The PDAI gene is involved in pea pathogenicity (detailed information on
this gene is provided later in this chapter). Thus, it is clear that supernumerary
chromosomes can harbor functional genes conditioning plant disease-producing ability, a
trait that allows fungal isolates that carry it to explore a new niche. In the cases
mentioned above, the supernumerary chromosomes allow the fungus to colonize
chickpea and conunon pea respectively. Supernumerary chromosomes carrying this type
of genes, therefore, have been re-named "Conditionally Dispensable Chromosomes or
CD chromosomes for convenience" to reflect their functional significance because they
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are required for a fungus to colonize a new habitat but are not essential to its saprophytic
growth (Covert, 1998).
Race 1 isolates of C. carbonum produce a host selective toxin-HC toxin, a toxic
cyclic peptide responsible for their abiliQr to infect certain maize genoQrpes. HC toxin
production is under the control of at least two genes: HTSI and TOXC and both are
located on either the 2.2-Mb CD chromosome or the CD portions (at least 1.4-Mb) of a
3.S-Mb chromosome in the HC-toxin-producing (Tox20 isolates (Ahn and Walton,
1997). However, genes are duplicated and dispersed within a 600 kb region on the 3.5Mb chromosome. HTSI encodes HC-toxin synthetase and is present in two copies in all
Tox2^ strains. TOXC encodes a fatty acid synthase and has three copies in most Tox2^
isolates. It was shown by targeted gene-disruption that both genes are essential for HCtoxin production and pathogenicity (Walton, 1996).
More recently, a 1.1-Mb CD chromosome was identified in the A. altemata apple
pathotype. This pathogen causes Altemaria blotch on susceptible apple cultivars by the
production of a cyclic peptide host-selective toxin, AM-toxin. AM-toxin is encoded by
the AMT gene residing on a 1.1-Mb CD chromosome (Johnson et al, 2001). It was shown
that the loss of a 1.1-Mb CD chromosome by sub-culturing toxin-producing, pathogenic
strains leads to the generation of non-toxin producing, nonpathogenic strains. One
interesting feature of supernumerary chromosomes is their genetic instability. Most of
the identified supernumerary chromosomes in sexual species have displayed nonMendelian segregation during meiosis although they are genetically quite stable in
vegetative growth. Translocation, nondisjunction, and intrachromosomal recombination
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have been proposed to explain their unexpected segregation (Miao et al 1991; Funnel!,
1996; Orbach et al., 1996). A. altemata has no known sexual stage. Interestingly, this
1.1-Mb CD chromosome is genetically unstable during vegetative propagation in the lab
as well as in the field (Johnson et al., 2001).
Chromosome instability might serve as a driving force of genome evolution in
fiingi that promotes their adaptation to changing environments or new habitats. The
instability of CD chromosomes also raises the question about where and how they were
first acquired. Horizontal gene transfer has been proposed to explain the organization
and distribution of genes for HC-toxin production in C. carbonum and T-toxin in C.
heterostrophus (Walton, 2000; Yoder, 1998). In addition, a large number of other fungal
genes, such as genes encoding hydrolytic enzymes of anaerobic fimgi Neocallinutstix
partricUtrum and Orpinomyces joyonii; genes encoding catalases of Aspergillus nidulans
and A. nigen genes encoding Trichothecene 3-O-Acetytransferase of Fusarium
graminearunt and F. sporotrichioides as well as gene clusters involved in the biosythesis
of both the ^-lactam antibiotic penicillin in Penicillium chrysogenum and the related Plactam cephalosporin in Acremonium chrysogenum^ have been suggested to be acquired
by horizontal transfer (Rosewich and Kistler, 2000) based on phylogenetic analysis.
Although horizontal transfer of chromosomes in fimgi has not been directly observed in
nature, successful transfer of the 2.0-Mb supernumerary chromosome between asexual,
vegetatively incompatible isolates of Collectotrium gloeosporioides has been
demonstrated in the laboratory at a frequency of 10'^ (He et al., 1998). This important
result further supports the argument that horizontal transfer of supernumerary
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chromosomes may actually occur in nature. Thus, it may provide a means of
pathogenicity evolution in quantum leaps.

Host specificity in phytopathogeiiic fmigi
One of the most intensively studied and well documented cases of what factors
determine host speciflcity in fwgi are host-selective toxins (HSTs). Host-selective toxins
refer to compounds that are toxic at physiological concentrations only to the hosts
susceptible to the producing pathogen but not the resistant plants or nonhost plants
(Walton, 1996). Cochliobolus victoriae, a causative agent of Victoria blight of oats,
produces HST victorin. Isolates pathogenic on Victoria oats are absolutely dependent on
their ability to produce victorin (Walton, 1996). Victoria blight was unlcnown until 1945,
after the introduction of the Pc-2 gene into the major oat varieties in the United states,
which confers resistance to crown rust caused by Puccinia coronata. The same Pc-2
gene or a closely linked gene confers both susceptibility to C. victoriae and sensitivity to
victorin whose synthesis is controlled by a single gene. Thus, the HST victorin serves as
a host range-determining factor.
Another well-characterized system of a host-specific virulence trait involves the
interaction between oats and its root-infecting fungal pathogen Gaeumannomyces
graminis var. avenae. Oats produce the antifungal compounds avenacin A-1 in roots.
Isolates of G. g. avenae have been shown to produce the en^me avenacinase that can
detoxify avenacin A-1 and thus are avenacin resistant (Osbourn et al., 1991). Fungal
mutants defective in producing avenacinase, created by targeted gene disruption.
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displayed increased sensitivity to avenacin A-1 and also lost the ability to infect oats.
However, the fungal mutants retained full pathogenicity toward wheat, an alternative
host, which does not produce avenacin A-1 (Bowyer et al., 1995). The above results
demonstrate that avenacinase is a pathogenicity determinant of oats but not required for
general pathogenicity. It is clear from these experiments that for the interaction between
oats and its root-infecting fungus G. g. avenae, one of the factors determining host range
is the ability of this fungus to detoxify the antifungal compound avenacin A-1 (Osboura
etal., 1996)
Another good example of a host specificity virulence factor is Pda, a substratespecific cytochrome P450 enzyme encoded by PDA genes in the fungal pathogen N.
haematococca MPVI (the detail will be discussed later). Interestingly, PDA genes
conditioning pea pathogenicity in this fungus are not required for its pathogenicity
towards tomato fruit and carrot (Funnell, 1996, Ph.D Dissertation, Wasmann and
VanEtten, 1996), demonstrating that PDA is a host range determinant

Nectria haematococca MP VI and common pea iPisum sativum) interaction as a
model ^rstem to investigate tiie genetic determinants of patiiogenicity specificity

The pathogen
Nectria haematococca Berk. & Br. (anamorph; Fusarium solani) represents a
genetically diverse group of filamentous ascomycetous fungi, including homothallic and
heterothallic forms. Heterothallic isolates, based on their mating compatibility, have
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been assigned to seven genetically distinct mating populations (MP) (Matuo, 1972). This
dissertation only deals with N. haematococca mating population VI (MFVI).
Members of N. haematococca MPVI exist in diverse biological habits as soilinhabiting saprophytes or as pathogens of 9 plant and one animal species, including
garden pea, and chickpea (VanEtten, 1978). Only the asexual form, F. solani, which
produces three spore types-macroconidia, microconidia and chlamydospores-the
presumed predominant structure for survival in natural soil (Cook and Flentje, 1967), of
N. haematococca are normally identified from diseased plant tissues. The one exception
is mulberry in which the sexual stage (perithecia) has been reported in Japan. However,
the sexual cycle of this fungus, producing ascospores, can be readily completed in
culture, allowing the use of conventional genetic analysis to identify fungal genes
involved in pathogenicity (Matuo, 1972; VanEtten and Kistler, 1988)

Pisatiii detoxificatioii and fongid pathogenicity on pea
Interaction between pathogenic isolates of N. haematococca MPVI and the plant
garden pea {JPisum sativum L.) has been used as one of the model systems to elucidate the
genetic and molecular basis of fungal pathogenici^, thanks to the abili^ to do
conventional genetic studies with this fimgus. Pea produces the phjrtoalexin pisadn in
response to microbial challenge. Phytoalexins are defined as low molecular weight
antimicrobial compounds produced by and accumulate in plant tissues in response to
microbial infection (Paxton, 1981). Pisatin has long been postulated as a general defense
mechanism by pea plants against infection partly based on the initial observations from
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the classical study of Cruickshank in 1962. In this study 50 different fungal pathogens
belonging to different fungal taxonomical groups were tested for their sensitivity to
pisatin in vitro. It was observed that the fungal pathogens of pea showed significantly
more tolerance to pisatin than most of the non-pea pathogens. Later it was shown that
tolerance of pathogenic isolates of N. haematococca MPVI to pisatin, at least partly, was
due to their ability to detoxify pisatin in a one-step demethylation reaction. The enzymes
responsible for pisatin detoxification, a phenotype termed Pda, are substrate -specific
cytochrome P4S0s encoded by PDA genes (Matthews and VanEtten 1983).
Pathogenicity of N. haematococca isolates was linked to their ability to rapidly detoxify
pisatin based on results from previous surveys and genetic analysis of the field isolates
from diverse geographic and biological sources (VanEtten et al., 1989). Held isolates
can be readily assigned to three distinguishable phenotypes: (1) those that lack the ability
to detoxify pisatin termed Pda', (2) those that produce low levels of Pda after a long
period of pisatin induction termed PdaS (3) those that are quickly induced to produce
high levels of Pda termed Pda" (Kistler and VanEtten, 1984; Machintosh et ai., 1989;
VanEtten and Matthews, 1984). Only field isolates with Pda" are highly virulent on pea
but some Pda" isolates show low virulence, indicating that rapid pisatin detoxification is
essential but not sufficient for pea pathogenicity.

Locadon of PDA genes on conditionany dispensable (CD) chrcnnosGmes
Investigation on the abnormal segregation behavior of Pda in genetic crosses led
to the discovery that PDA genes are located on the small chromosomes called
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conditionally dispensable (CD) (Miao et al., 1991; Covert, 1998). It was observed that
unexpected loss of Pda occurred in crosses involving each of the PDA genes (Tegtmeier
and VanEtten, 1982; Kistler and VanEtten 1984; Mackintosh, et 1989; Miao and
VanEtten, 1992). Ooning of the PDAT9 gene(Weltring, et al., 1988) provided the
desirable PDA-specific probe to determine the basis of this abnormal phenomenon by
following the segregation of PDA6-1 in crosses of PDA6-I X PDA6-1. It was found that
the probe failed to hybridize to the genomic DNA of the recovered Pda'progeny,
indicating the loss of the PDA locus. Taking advantage of the combination of Pulsed
Held Electrophoresis with Southern analysis, it was further demonstrated that a 1.6-Mb
chromosomal band is present in the parents and all the Pda" progeny but is absent in all
the Pda' progeny and the PDA probe only hybridized to this small chromosome (Miao, et
al., 1991). The above results clearly indicate that PDA6-I is located on a small
dispensable chromosome that can be lost during meiosis without affecting the growth of
the Pda' progeny. Subsequent studies showed that ail genetically characterized PDA
genes reside on dispensable or dispensable portions of chromosomes that can be lost
during meiosis (Funnell, 1996, Ph.D Dissertation; Miao, et al., 1991)

PDAl as a pea pathogenicity foctor
To determine the functional role of PDAl in pea pathogenesis, the gene was
disrupted by a transformation-mediated approach. Pda' transformants (gdr) obtained
from isolate 77-13-7 showed a partial reduction (<20%) in virulence. One of these gdr
transformants (Trl8.S) produced an average lesion length of 8.4 mm on pea, while the
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recipient isolate 77-13-7 produced lesions that averaged 11.4 mm, and two wild type Pda'
isolates that do not contain the 1.6-Mb CD chromosome produced lesions averaged 3.0
mm in the same experiment (Wasmann and VanEtten, 1996).

Since Trl8.S is

significantly less virulent compared with its recipient wild type isolate 77-13-7 (p<.05), it
demonstrates that PDAl is required for maximum virulence on pea. But the residual
pathogenicity of gdr Pda' mutants inunediately suggests the existence of additional major
pea pathogenicity gene or genes termed PEP gene(s) in the virulent isolates of N.
haematococca.

Locatioii of other pea pathogenicity iPEF) geiie(s) aiong with PDAl on tiie 1.6-Mb
CD ciu-omosome
The fact that PDAJ knock-out mutant Tri83 retains the ability to produce a
significant amount of disease on pea compared with the wild type Pda' isolates that do not
contain the 1.6-Mb CD chromosome suggests that additional pea pathogenicity {PEP)
gene or genes may also reside on the CD chromosome along with the PDAl gene.
Supporting evidence for the above proposal first came from an unexpected source. Four
Pda'transformants derived from the process of PDAl gene disruption in isolate 77-13-4
were later shown to be the consequences of the loss of the 1.6-Mb CD chromosome
(Wasmann and VanEtten, 1996). Importandy all four transformants were low in
virulence (averaged lesion of 3.8 mm) compared with a gdr Pda' mutant Tr86.1 derived
from the isolate 77-13-4 (9.7 mm). In addition, mutants with the loss of the CD
chromosome were obtained through the use of benomyl, which was shown to disrupt
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astral microtubules in N. haematococca (Aist and Bayles, 1991). Isolate Trl8.S is
hygromycin B-resistant because it contains a hygromycin resistance gene (hph) cassette,
which replaces part of the PDAl locus on the 1.6-Mb CD chromosome (Wasmann and
VanEtten, 1996). Therefore, a screening for hygromycin B-sensitive pheno^pe has been
directly used to isolate CD chromosome-loss mutants. Treatment of Trl8.S, the gdr Pda'
mutant mentioned above, with benomyl (SO ug/ml) results in the isolation of a
hygromycin B-sensitive isolate B13 (VanEtten et al., 1998) and its genomic DNA no
longer hybridized to a hph probe. Electrophoretic karyotyping showed that the 1.6-Mb
chromosome of Trl8.S was absent from the isolate B13. Virulence assays showed that
the B13 isolate was no longer virulent on pea, producing an average lesion of 1.2 ±0.5
mm in epicotyl lesion assay.

Localiacationof tlieF£'l'geiie(s)aiMlFIMi to the 100 kb-deleted portion of tbe 1.6Mb CD chromosome
To determine whether the PEP gene(s) is adjacent to the pisatin demethylase
locus, a transformation-based chromosome-breakage was directed to the disrupted PDAI
locus on the 1.6-Mb chromosome in strain Trl83, which lacks the abiliQr to produce
pisatin demethylase yet still retains substantial virulence on pea (Wasmann and VanEtten,
1996). The plasmid pLD used for chromosome breaking contains a Fusarium oxysporum
telomere sequence and a hygromycin B resistance (hph) cassette that functions in N.
haematococca MPVI (Kistler et al., 1996). Two independent transformants of Trl83, N15 and 0601-2 were found to be altered both at the PDAI locus and in the size of the 1.6-
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Mb CD chromosome.

Furthermore, both N-15 and 0601-2 mutants showed an

approximately 100 kb deletion in the 1.6-Mb CD chromosome and accompanied the
pathogenicity changes on pea. The recipient strain Trl8.S produced lesions of an average
length of 8.7 nun in these assays, while the mean lesion lengths for N-IS and 0601-2
were 1.6 and 1.9 mm, respectively. It was shown that these two mutants were still
capable of colonizing pea tissue although they caused little or no disease (Kistler et al.,
1996). These results indicate that other PEP gene(s) and PDAl reside on the deleted 100
kb region of the 1.6-Mb CD chromosome.
The goal of this dissertation research was to test the hypothesis that, in addition to
the PDAl gene, other psa pathogenicity (PEP) gene(s) are required for full pathogenicity
in N. haematococca MPVI, and that both PDAl and other putative PEP gene(s) reside on
the 1.6-Mb CD chromosome.
The major objectives are twofold: (i) clone and characterize the putative PEP
gene(s); and (ii) determine how the expression of the PEP gene(s) is regulated in pianta
and in vitro.

Dissertation Format

All research pertaining to this dissertation has been published or will be submitted
for publication shortly. This section describes the contribution of each paper to the
overall biological questions addressed in this dissertation and my contribution to the
paper with authors other than myself and Dr. Hans VanEtten will be described. The
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published paper (Appendix A) is photocopied as it appears in the original journal and the
second paper (Appendix B) is in the format in which it will be submitted for publication.
The papers describe a cluster of genes conditioning pea pathogenicity in the fungal
pathogen N. haematococca as well as the quantitative analysis of their expression in vivo
and in vitro.

Genes determiniiig pathogenkity to pea are clustered on a snpemnmerary
chromosome in the ftangal plant pathogen Nectria haematococca (Appendix A).
The results in this paper verify the hypothesis that, in addition to PDAI, other
PEP genes are required for full pea pathogenicity and that they are all located on the CD
chromosome in N. haematococca MPVI. The putative PEP genes were localized to the
cosmid SS-D-8. Altogether five new transcripts were identifled in the cosmid 5S-D-8
insert besides the previously known PDAl. Three novel pathogeniciQr genes: PEPiy
PEP2 and PEPS were identified. It was shown that each of the three PEP genes is
capable of conferring pea pathogenicity to a nonpathogenic isolate lacking the CD
chromosome. The paper also shows that the three PEP genes: PEP I, PEP2, PEPS and
PDAl are organized physically as a functional cluster, termed the PEP cluster. Two
additional genes whose transcripts have been identified in the PEP cluster are cDNA3
and cDNA4 respectively and neither gene is able to increase the abiliQr of a
nonpathogenic isolate lacking the CD chromosome to incite disease on pea
independently. Furthermore, the sequences of other portions of the PEP cluster predict
four ORFs showing strong similarities to other fimgal transposases.
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The cosmid 55-D-8 was provided by Dr. Corby Kisder's lab then at the University
of Horida. All the functional complementation tests on the genomic equivalent of
individual transcripts were conducted by Dr. Yinong Han, then a graduate student with
Dr. Kistler. In addition, the major portion of the genomic insert of 5S-D-8 was sequenced
by Dr. Corby Kistler's lab. I constructed the cDNA library and identified all the
transcripts encoded by the insert of cosmid 55-D-8. Furthermore, I was responsible for
sequencing all the cDNA clones and part of the genomic insert of cosmid 55-D-8.

Quantitative analysis of expression of pea pathogenicily (P£P) genes fh VIVO and in
vitro and characterization of the flaniring regions of the PEP gene clnster in the
fimgal patiiogen ATecllrui iMemolococca. (Appendix B).

Understanding the regulation of PEP genes during infection of pea could provide
important insights into how these genes function in planta to promote disease production.
The quantitative aspects of expression of PEP genes are described in the paper. The data
from the real-time RT-PCR quantification show that the expression of individual PEP
genes was induced in planta and in vitro by pisatin. The utility of real-time quantitative
RT-PCR has been validated by the results of PDAl quantification in the study, whose
expression in vivo and in vitro has previously been documented. The paper also reported
the sequencing and characterization of the flanking regions of the PEP cluster. All the
experiments in this study were designed and performed by myself.
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2. PRESENT STUDY

Significant Results

The methods, results, and conclusions of this study are presented in the papers
appended to this dissertation. The following is a summary of the most important findings
in these papers.

A. Genes determining pathogenicity to pea are clustered on a supernamerary
chromosome in the fimgal plant pathogen Nectria haematococca (Appendix A).

1. Rve transcripts were identified from a 25 kb cluster on the CD chromosome.
2. In this cluster, three novel PEP genes: PEP I, PEP2, PEPS were identified and each
can increase disease-causing ability when added to an isolate lacking the CD
chromosome.
3. The PDAl and PEP genes are organized into a functional cluster on the CD
chromosome.
4. The PEP cluster shares many of the features characteristic of bacterial pathogeniciQ^
islands.
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B. Quantitative analysis of expression of pea nathogenicity {PEP) genes in vivo and
ih yflro and characterization of the flaniring regions of the P.EP cluster in the fungal
pathogen iV«clrui iMWiffolococcii. (Appendix B).

1. Starvation in culture stimulates the expression of PDAI, PEP I and PEPS
2. In vitro pisatin strongly induces expression of PDAJ, PEPl^ PEP2 and PEPS
2. Expression of PEP I, PEP2 and PEPS is induced during infection of pea roots.
3. The DNA sequences flanking the PEP cluster (ca 4.8 kb on the left side and ca 6 kb
on the right side) were determined.
4. The DNA sequences flanking both the left and the right of the PEP cluster are
predicted to encode two open reading frames (ORFs) and four ORFs respectively.
5. Five of the six predicted ORFs show significant similarities to other fungal genes and
all the six predicted genes are expressed in planta.
6. The flanking regions have gene densi^ and G-t^Z content (-<>50%) similar to those of
the PEP cluster. In addition, preliminary data indicate that predicted genes in the
flanking regions exhibit a similar codon preference to that of the genes encoded by the
PEP cluster.
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Summary
Thra* ganaa llia|^contribiita to tho ability of tho fungua Nectria haemataeoccm to eauaa diaaaaa on poa
plants hava baan klyHifiad. Thasa poa pathogenicity (PEP) ganas ara within 25 U> of aach othor and ara
iocatad on a supamumarary ehromoaomo. Altogatiiar, tho PEP gano diiatar eontafaia aix transcriptional
units ttwt aro axpfassad doring intaetion of poa tiaaua. Tha btoctwmieai function of only ono of tho
ganoa is knowm with cartainty. This gano. POA1, aneodas a spacifie eytochromo P460 that eonfars
raslBtanco to piaatin, an'SntMotie produeod by paa plants. Tho throo now PeP ganos, in addHlon to
PDA1, can indapandantly ihcraaaa tho ability of tho fungus to causa iaalons on paa whan addod to an
{Mlata lacking tho supomumarary chromosomo. Basad on pradktad amino add saquancas, functlofw for
two of thoso thrao ganos ara tiypothoalzad. Tho daducad amino add soquanco of anothor tranacrtoad
portion of tho PEP dustar. as wall as four othar opon raadlng framas in tha dustsr. havo a high dagrao
of dmilarity to known fungal tranaposasos. Savaral of tho fiaaturas of tho PEP dustar - a dustar of
pathogonidty gonoa, tho prosonco of transposablo damants, and diffarancos in codon uaago and GC
contant fram othor portions of tho gonomo - aro aharad by pathoganidty idanda in pathoganie bactaria
of plants and animals.
Kaywords: Pisum sativum, Fusarium solani, pathoganidty island.

Introduction
The identity, genomic organization and transmission of
genes controlling plant pathogenicity in fungi is poorly
understood compared to our knowledge of these genes in
prokaryotic pathogens. In the latter case, a firamework of
understanding is beginning to emerge in which patho
genicity determinants (e.g. toxins,adhesins, lytic enzymes)
have been identified and shown to be exported by
common secretion systems under the control of similar
regulatory mechanisms (Collmer, 1998; Rnlay and Falkow,
1997; Galan and Collmer, 1999; Salmond, 1994).
Additionally, the genetic determinants for a number of
these pathogenicity factors have been shown to be located
on mobile elements such as plasmids or dustered on
chromosomal segments known as 'pathogenicity islands'
© 2001 Blackwell Science Ltd

that are probably horizontally transmitted (Groisman and
Ochman, 1996; Hacker etal., 1997; Ochman etal., 2000).
Whether fungi will be found to have similar clustering and
potential for mobility of pathogenicity determinants is
unclear, although the arrangement of fungal toxin biosynthetic genes indicates that clustering is present in some
instances (Brown etaL, 1996; Hohn etal., 1993).
Nectria haematococca is an ascomycetous filamentous
fungus pathogenic to a range of plant species including
the common pea {Pisum sativum). A gene family (PDA)
involved in pathogenicity to pea has been described for
this fungus (VanEtten eta/., 1994). The PDA gene family
encodes cytochrome P4S0 monocxygenases called pisatin
demethylase that demethylate and thus detoxify pisatin, a
305
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pathogen-induced antimicrobial compound Cphytoalexin')
produced by pea. Site-directed disruption of the PDA gene
in strains that contain oniy one member of this gene fymily
(PDAIt increases the sensitivity of the fungus to pisatin
and reduces the ability of th» pathogen ta causa necrotic
lesions on pea, but does not render the gene-disrupted
strains completely non-pathogenic (Wasmann and
VanEtten, 1996). The observation that gene-disrupted
strains were only reduced in pathogenicity rather than
becoming non-pathogenic was unexpected, because pre
vious conventional genetic studies (Kistler and VanEtten,
1984a; Kistler and VanEtten, 1984b) had indicated that
PDA1 was inherited as a single gene and was an absolute
requirement for any pathogenicity on pea. However, the
discovery that PDA1 was on a 1.6 millfcn base pair (Mb)
supernumerary chromosome (Miao eta!., 1991; Wasmann
and VanEtten, 1996) gave an explanation for the apparent
discrepancy between gene disruption experiments and
conventional genetic studies. The apparent Mendelian
inheritance of pea pathogenicity and the absolute require
ment of PDAt ^r-pathogenicity could be attributed to the
presence of other pea pathogenicity genes (^P genes) on
the PDA1 supernumerary chromosome, and the possibility
that this entire chromosome was transmitted as a single
genetic entity in conventional genetic crosses (VanEtten
etaL, 1994). Support fdr this hypothesis and the chromo
somal location of these PEP genes was obtained by
deletion analysis of the chromosome through telomeremediated chromosome breakage (Kistler etal., 1996).
These experiments indicated that PEP genes were located
somewhere in a 100 kb region bet\^een PDA1 and the
telomere. In this paper we show that PEP genes are
clustered around PDA1, and provide evidence to suggest
that this cluster may be analogous to bacterial patho
genicity islands.
Results
Evidence for a pathogenicity gene cluster
To test if regions of the 1.6 Mb supernumerary
chromosome immediately adjacent to PQA1 contained
pathogenicity determinants, a cosmid library of N.
haematococca strain Tr183 was constructed. Strain
Tr18.5 was derived from tte virulent strain 77-13-7, but
has a disrupted PDA] gerie (Wasmann and VanEtten,
1996). A cosmid (55-D-8) that hybridized to a cloned
fragment of PDA1. and that contained the disrupted
PDA1 locus along with flanking regions, was identified
and used to transform 94-6-1, a non-pathogenic N.
haematococca strain that lacks the 1.6 Mb chromosome.
All four transformants recovered were capable of causing
lesions on pea of similar size to those of isolate Tr18.5
(Figure la). The average lesion size for 94-6-1 was

(b)
PEPl

PEP2

PEPS

cDNA3
empty
vector
Hgura.l. Fungal amins eenttining g^nas from iha PEP dmlar waia
tastadftirWrulaneaonpaaapieatvls. >
(a> EIIMs on vinilanea of addWgn of eoamid SS-O-S lo racipiM strain
94-S-1. Rapraaantaliva Mans cauaad by four inifapandant tranaformams
of 94-S-1 with 55-04 (labalad Tn, Tr2, Tr3, Tr4l eomparad lo laaiona
cauaad by 77-13-7 (77), Tria.5 (TrlS) and 94-C-1 1941.
(bl Effiaet of addWon of ganomie aaquancas corraaponding to PEPT.
PEPZ PSPS and eONAS on Mott-cauaing ability of racipiant atrain 171-3L
Rapraaantativa laaions ara abown 8 days altar inoculatfon.

1.7 * 0.26 mm, whereas lesion sizes for transformants
were significantly higher, ranging from 5.9 to 7.2 mm
(Table 1). Lesion size caused by Tr18.5 was 6.9 ± 1.5 mm,
while the wild-type strain 77-13-7 resulted in a lesion size
of 11.1 :t 1.6 mm. Another strain (171-3) lacking the
1.6 Mb chromosome was aisp transformed with 55-0-8,
with similar results (Table 1), fnd this strain was chos^
for further studies because of its greater ease of trans
formation. Strain 171-3, however, produced slightiy larger
lesions than 94-6-1 and, based on our standard pea stem
assay (VanEtten etal., 1980), is classified as having 'low
virulence' rather than as non-pathogenic. The lesion size
caused by transformed 171-3 containing the vector
pMOcosX was 3J3 ± 12 mm, whereas the four trans
formants of 171-3 with 55-D-8 caused lesions ranging in
® Blackwell Science Ltd. The Plant Journal, (2(X)1), 25, 305-314
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Pathogenicity genes in Nectria haematococca
TabI* 1. Tests of cosmrd 55-0-8 and subclones for their ability to
increase lesion size of Nectria haematococca strains 94-6-1 or
171-3
Strain/
transformant

Lesion length
(number of tests)*

171-3
94-6-1
77-13-7

X3 £ 1.12 (8)
1.7 £ 0.26 (6)
11.1 £ 1.64 (6)
S.9 £ ISO (6)

Trias
94-6-1 * cosmid 55-0-8

a

(.6 £ 1.27 (61

b
e
d

7.2 £ 031 («

5S £ 1.80 (6)

6.0 £ 1.61 (61

171-3 *• pMOcosX
171-3 -»• cosmid 55-0-8

33 £ 1.21 (6)

a

6.4£2S3(6)

b
c
d

9.6 £ 0.41 (6)
5.6 £ 1S9 (6)

171-3 • vector (pCB1004)'
a
b
c-f

4.0 £ 1.00 (7)
3.8 £
(8)
4S £ 1.13 (6)

171-3 > cDNAI genomic sequence
a
b
e
d
e

3.4 £ 0.78 (3)
62 £ 1.47 (13)«
3S £ 1.20 (2)
5.2 £ 0.6S (61
X6 £ 1.22 (4)

6.2 £ X80 (6)

171-3 * cONA2 genomic sequence
a
b
c
d
a
f
9

h

i
d

Ic

m
n
o

q

r
s
t
u
171-3

3S £ 1J34 (2)
3.8 £ 1.60 (3)
3S £ 1.25 (3)
4J £ 1.01 (8)
3.1 £ ^J7 (3)
&8 £ 1.22 (SI
3.7 £ 0.49 (2)
5.5 £ 1.15 (3)
5.2 £ OSO (4)"
4.6 £ 2.40 (2)
4.5 £ 0.21 (2)
6.7 £ 1.40 (S)
4.1 £ 0.78 (2)
3J £ 1J4 (2)5.6 £ 2.21 (3)
£ 1.00 (121
3S £ 0.12 (2)
6.3 £ OSS (41
4.1 £ 0.28 (2)
4S £ 1.13 (2)
4.2 £ 1.70 (2)

83

P

a
b
c
d
s

0S7

-t- cONA3 genomic sequence

3J
4.4
4.8
4.4

43

£ 1.13 (2)
£ 1.06 (2)
£ 0.78 (2)
£ 0.35 (2)
£ 0.21 (2)

© Bladcwell Science Ltd, The Plant Journal, (2001), 25, 305-314

307

TabI* 1 (continued)
Strain/
transformant

Lesion length
(number of tests)*

f
g
h

2S £ 0.14 (2)
3S£0S7(2)
4S £ 1.63 (2)

171-3 + cONA4 genomic sequence
a
b
c
d
a
f
g
h
171-3 4- cONAS genomic sequence
a
b
e
d

a
f
g
h
i
i
k
1
m
n
0
p
q
r
s
t

4.3 £ 0S7 (2)
3J£0.S7(3)
A3 £ 0.21 (3)
£ 0.71 (2)
3J £ 0.14 (2)
5.8 £ 1S8 (10)"
3.0 £ 0.00 (2)
4.1 £ 0.00 (2)
4S £ 0J5 (2)

23

5.4 £ 038 (2)
4S £ 0.85 (2)
5.1 £ 1J4 (2)
5.7 £ 040 (3)
6.0 £ 0.73 (41
4.6 £ 1.12 (4)
3S £ 0S7 (2)
3.1 £ 1.13 (2)
5.2 £ 0.14 (2)
3.4 £ 0.64 (2)
4.7 £ 1.48 (3)
43 £ 0.64 12)
4.2 £ 0.71 (2)
4.1 £ 1.34 (2)
5.6 £ OSS (2)
5S £ 1S3 (41
5.0 £ 1^19 (2)
6S £ 1.61 (4)
3S £ 0.42 (2)
5.1 £ 0.42 (2)

'Mean and variance of lesion length In mm from independent
pathogenicity tests. The number of independent pathogenicity
tests is given in parentheses. Values for each pathogenicity test
consisted of the mean lesion length from seven to 10 plants.
''Several independent transformants of 171-3 with pCB1004 were
evaluated for virulence. The two transformantt (a and b| used for
pairwise comparisons with other strains were those showing the
largest lesion length in the initial screeruEach strain represents an
independently isolated transformant with the vector indicated.
''Values in bold are mean lesion lengths significantly larger
(P « 0.05) than paired 171-3 pMOcosX controls for transfor
mants with 55-0-8. For transformants with individual genes,
means in bold were significantly larger than 171-3 * pCB1004
controls in either all or a majority of pairwise comparisons.
"These transfomiants showed significant difference from the
control in one or more pathogenicity tests, but the results could
not be consistently repeated. We attribute these differences to
type I statistical error.

size from 5.6 to 9.6 mm {Table 1). Perhaps because of the
higher baseline virulence of 171-3, only two of these four
transformants produced significantly larger lesions at
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P < 0.05. with the other two showing significance at the
P* 0.1 level. Taken together, these results strongly imply
that genes involved in pea pathogenicity are contained on
cosmid 55-D-8.^ the only other known gene conditioning
pathogenicity, PDA1, is not functional in this clone.
To identify transcripts of other potential PEP gene(s)
physically linked to PDA1, a cDNA library was constructed
using mRNA from infiacted pea tissue collected 2 days
after inoculation with 77-13-7. Restriction fragments rep
resenting all portions of the cosmid 55-0-8 insert were
used as hybridization probes to screan the cONA library,
and clones corresponding to five independent transcripts
(cONAI to cONAS) were identified. The positions of these
transcripts were mapped on the cosmid (Rgure 2) and
restriction sites flanking the transcriptional units were
identified. Genomic fragments corresponding to the five
cDNAs were subclpned in a plasmid (pCB10C4) containing
a hygromycin-resistance cassette (Sweigard etal.. 1997).
The virulence of transfbrmants containing a single
genomic subclone was compared to virulence of controls
transformed with the vector pCB1004. Some of the
transformants containing genomic subclones correspond
ing to cDNAI, eDNA2 and cONAS were significantly
increased in their ability to cause lesions on pea epicotyls,
while none of the transfbrmants containing genomic
copies of cONA3 or cONA4 had such an eff^ (Table 1;
Figure lb). Because virulence increased only incrementally
for single gene transfiar, numerous repeated pathogenicity
tests were conducted to assure the statistical significance
of the results. Hereafter the sequences present in the
genomic subclones corresponding to cDNA1, cDNA2 and
cDNAS will be referred to as genes and called PEPT, PEP2
and PEPS, respectively. None of the genomic equivalents
of the five cDNAs tested restored 171-3, a methionine
auxotroph, to methionine prototrophy.
The DNA sequences of cONAs and corresponding
genomic sequences of P£P7, PEP2, cONA3 and PEPS

(GenBank accession numbers AF294788, AF315804,
AF31S805, AF315806. AF315808 and AF315315) revealed
the following. The PEPt cONA is 2151 bp and potentially
encodes two polypeptides. 330 and 320 amino adds in
length and separated by 56 bp starting at position 1117 of
the cONA. These two ORFs are in different reading frames,
suggesting the cONA could encode two aKemative func
tional products. The gene contains a 65 bp intron between
the nucleotides corresponding to positions 1390 and 1391
of the cONA sequence. The PEP2 cONA is 810 bp and
contains a single major ORF encoding a product of 233
amino acids. A 63 bp intron is located between positions
corresponding to nucleotides 178 and 179 of the cONA.
The gene corresponding to the 1105 bp cONA3 lacks
introns and has no ORF longer than 195 bp. The 2008 bp
sequence of the PEPS cONA potentially encodes a 238
amino acid polypeptide. Three introns, 45. 57 and 57 bp,
are located in the genomic region corresponding to
cONAS, respectively, at positions 138, 192 and 1161 of
the cONA.
Of the three PEP genes, only PEPS has significant
deduced amino acid sequence similarity to accessions in
the DNA sequence databases based on BLASTX and BLASTP
searches conducted June 2000. PEPS appears to be related
to members of the major facilitator super^mily (Pao etaL,
1998) that includes proton-dependent multi-drug export
systems (Rgure 3). Of sequences with known function,
PEPS is most closely related to the Bacillus subtilis gene
bmi3 which confers resistance to purimyctn, tosufloxacin,
ethidium bromide and other potentially inhibitory sub
stances (Ohki and Murata, 1997). Also related to these
membrane-assodated transporters are toxin efflux
systems which apparently allow filamentous fungi that
produce toxic secondary metabolites to avoid selfinhibition by these compounds. Genes for these toxin
transporters are associated with the gene dusters involved
in toxin biosynthesis for cercosporin in Carcospora
& Btacicwell Science Ltd. Tha Plant Journal, (2001). 25, 305-314
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kikuchu (Callahan atal., 1999), trichothecenes in Fusan'um
sporotriehioides {Alexander atal., 1999), and HC-toxin
in Cochliobolus carbonum (Pitkin etaL, 1996). Hydrophobicity analysis of the PSPS encoded polypeptide
using TMpred (Hofmann and Stoffel, 1993) predicts
seven membrane-spanning domains.
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(244/513 amino acids) and 65% similarity (331/513) to the
PbOtransposass, but with three firameshiffc mutations. The
Pot3 similarfty is also interrupted by a 2204 bp region
(0RF2, Rgurs 2) which contains a transposon of tha Nht\
family from N. haematococca. Nht\ transposable elements
are located predominantly on a 1.6 Mb supernumerary
chromosome in some strains of N. haematococca (Enieerii
etal.. 1997). The derived amino acfd sequence of the Afhtllike transposase here is 65% identical (367/549 amino
acids) and 77% similar (427/549 amino acids) to Alhtl, and
includes two presumed introns at the same positions as
the introns in Alht7. The copy on cosmid 55-0-8 is defective
because the predicted transposase reading frame contains
two mutations that would leadto premature termination of
translation. The /VAtl-like element is framed by imperfiect
terminal inverted repeats consisting of a 39 or 40 bp
unique region plus copies of an imperflBct 17 bp direct
repeat [TACCCCTCAC(C/T)CG6TCA]. Two copies of the
direct repeat are external to the segment containing the
39 bp unique region on one side of the I\lht7 homologue,
and three copies of the direct repeat ara external on the
side containing the 40 bp region.
Between PEPS and the gene corresponding to cONA4 is
a 1119 bp pseudogene (ORF3, Figura 2) with a derived
amino acid sequence 32% identical (118/362 amino acids)
and 44% similar (163/362 amino acids) to the Tel-marinerlike transposase of the Fusarium oxysporum transposon
impala (Langin etaL, 1995). To the right of the gene
corresponding to cONA4 is a 1938 bp open reading frame
(0RF4, Rgure 2) with a derived amino acid sequence
(discounting a stop codon at position 1423) 32% identical
(219/674 amino acids) and 50% similar (345/674 amino
acids) to the transposase of the restless transposon of
Totypoctadium inflatum (Kempken and KQck, 1996).
Finally, the gene corresponding to cONA4 itself has 29%
amino acid identity (90/341 amino acids) and 45%
sequence similarity (1531/341 amino acids) to the trans
posase of element Feel found within the TOX2 locus of
Cochliobolus carbonum (Panacdone etaL, 1996). Clearly,
the PEP cluster of /V. haematococca is associated with a
considerable number of putative mobile elements and/or
remnants of such elements and associated repeats.

The PEP duster contains DNA sequences related to
fungal mobile elements

Similarity between PEP gene cluster and bacterial
pathogenicity islands

In addition to the PEP genes and cONA3, the chromosomal
segment contained on cosmid 55-D-8 encompasses five
regiotis with significant sequence similarity to different
class II transposons from other filamentous fungi. Between
PEP2 and the gene corresponding to cDNA3 is a region
(ORFI, Rgure 2) containing similarity to the Po(3 transposase of Magnaporthe grisea (Farman etaL, 1996). Amino
acid sequences derived from 0RF1 contain 48% identity

Pathogenicity islands are clusters of genes involved in
pathogenicity, and are fuither defined by their genetic
instability, discontinuous distribution within a bacterial
species, proximity to mobile genetic elements and asso
ciated repeated sequences, and dissimilarity to other
regions of the chromosome based on 6 C content
(Hacker etaL, 1997). The PEP gene cluster of N, haemato
cocca has many characteristics of a bacterial pathogenicity

® Blackwell Science Ltd, The Plant Journal, (2001), 25.305-314
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island. The instability of the supernumerary chromosome
containing the PDA1 locus has been previously established
during genetic crosses and by loss during manipulation of
cultures for transformation experiments (Wasmann and
VanEtten. 1996). As determined by Southern hybridization,
all genes of-the P£P cluster are found in all field isolates
examined of /V. haematococca virulent on pea, while
portions of the cluster are missing in all field isolates of
N. haematococca non-pathogenic to pea (E. Temporini and
H. VanEtten, unpublished results).
Like bacterial pathogenicity islands, the PEP gene cluster
of N. haematococca appears distinct from other regions of
the genome with respect to percentage G*C and codon
usage bias. To compare 6 C content, the nucleotide
sequence of major open reading frames of cDNAI to
cONAS and the PDA1 gene were compared to coding
sequences for eight N. haematococca genes not associ
ated with the P£P gene cluster. Mean G -t-C content was
significantly different (P< 0.001) between the two groups
of genes, with virtually no overiap. The mean G > C
content of the PEP cluster genes was 50.4% (range 47.153.4%), whereas the mean G*C content of the othergenes
(cutinase, dynein, ERGI. ERG3, PELA, PELB, PELC, PEID)
was 57.5% (range 53.3-60.7%). In addition, using the
CORRESPOND program from the sequence analysis software
package GCG (Genetic Computer Group. Inc., Madison, Wl,
USA), codon usage frequencies of the two sets of genes
were compared and the pattern of codon usage was found
to be different (O'BO.78). It should be emphasized,
however, that while these differences were found, the
absolute number of genes available for comparison was
small so that sampling error cannot be ruled out as a major
contributing fector to the differences.
Discussion
For several years the pisatin demethylase genes of /V.
haematococca MPVI have been recognized as pea-specific
pathogenicity determinants (Ciuffetti and VanEtten, 1996;
SchSfer etal., 1989; Wasmann and VanEtten, 1996). We
report here that several physically linked genes can also
influence the outcome of this disease interaction. Like the
pisatin demethylase gene (Ciuffetti and VanEtten, 1996),
addition of PEP1, PEP2 or PEPS can result in a small but
significant increase in the size of necrotic lesions on pea
epicotyls caused by some transformants. However, many
transformants carrying PEP1, PEP2 or PEPS were not
increased in virulence. Because only certain genes from
the PEP cluster could confer increased virulence, and
because lesion sizes were compared to those produced by
transformants with the vector pCB1004 alone, the change
in virulence is probably attributable to the PEP gene rather
than a non-specific effect associated with transformation.
Similar results were obtained previously on addition of a

PDA gene to non-pathogenic strains, as a significant
increase in virulence occurred in only ^35% of the
transformants (Ciuffetti and VanEtten, 1996), even though
disruption of this gene always decreases the virulence of a
pathogenic isolate^(Wasmann and VanEtten, 1996).
It is puzzling why only some of the PDA PEP1, PEP2 and
PER? transformants show an increase in virulence. Results
with other fungal plant pathogens (e.g. Romeis etal., 1997)
or plants themseh^es have also shown that not all
transformants show the expected change in phenotype
with introduction of a new gene. The lack of uniform
change is often attributed to events which. result in
unreliable expression of the introduced gene. However,
some PDA transformants which did not show an increase
in virulence had enzymatic activity equivalent to wild-type,
virulent strains, at least when measured in vitro (Ciuffetti
and VanEtten, 1996). Perhaps the lack of a consistent
increase in virulence when PDA or PEP genes are intro
duced into non-pathogenic strains is because these genes
are normally clustered and may require other members of
the duster to consistently function in viruleiKe. By
specifically disrupting each gene of the cluster, we will
be able to test whether those genes that show no effect in
gene-addition experiments (e.g. cONA3) may also be
shown to contribute to virulence.
Of the three newly described pathogenicity genes pre
sented here,only the PEPSgene has sequence similarity to
any gene with known function. PEPS shows similarity to
transport systems in family two (Pao eta/., 1998) of the
major facilitator superfamily, called family one by Paulsen
etal. (1996). Major fedlitator
transporters are singlepolypepb'de carriers capable of transporting small solutes
driven by chemiosmotic ion gradients. Members of family
two are known to function in drug efflux and normally
have 14 transmembrane-spanning (TMS) domains (Pao
etal.. 1998). Hovyever, the predicted PEPS protein is only
about half the size of authentic members of this family,
containing only seven predicted TMS domains that cor
respond to the carboxyl terminus of these proteins. As
such, it lacks the 13 amino acid signature motif A found
between TMS-2 and TMS-3 in most members of the
superfemily (Pao etal., 1998), and also lacks other less
conserved motifs found in the amino half of 14 TMS
proton antiporters (Paulsen etal., 1996). However, it has
retained the weakly conserved motif F, found in the
predicted membrane-spanning region corresponding to
TMS-13 (Rgure 3) as it is found in other members of the
14-TMS family. While the functional capabilities of the
PEP5 protein have yet to be tested, it is interesting to note
that a gene with similarity to a drug resistance system is
immediately adjacent to a gene {PDAD known to be
involved in overcoming toxicity of the host phytoalexin,
pisatin. It is also intriguing that an apparent ATPdependent pump recently has been reported to be a
® Blackwell Science Ltd, The Plant Journal, (2001), 25, 305-314
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pathogenicity factor in the rice blast fungus M. grisea
(Urban eta!.. 1999).
While no sequence similarities were detected by BLASTP
using the derived polypeptide sequence of PEP2. a more
refined Psr-BLAST search (Altschul eta!., 1997) of ONA
databases, identified an RNP-1 motif (Burd and Dreyfuss.
1994) corresponding to the conserved RNA-binding
domain of polyadenylate-binding proteins and other
RNA-binding proteins (Y. Han and H.C. IGstler, unpub
lished results). The predicted 27 kDa PEP2 polypeptide has
now been expressed in vitro and is being tested for RNAbinding and biological activity.
The concept of pathogenicity islands has changed views
on how pathogens evolve and acquire disease determin
ants (Ochman eta!.. 2000). Rather than slowly accumulat
ing new genetic capabilities by mutation or genomic
rearrangement and selection, disease-causing capability
may develop rapidly by lateral transfer of well adapted
pathogenicity genes arranged on DNA cassettes. This
'evolution by quantum leaps' explains the rapid emerg
ence of troublesome strains of normally innocuous
bacteria such as enteropathogenic and uropathogenic
Escherichia coti (Groisman and Ochman, 1996; Mecsas
and Strauss, 1996). Lateral transfer of pathogenicity
islands has also been invoked to explain the curious
discontinuous distribution of pathogenicity genes among
naturally occurring E. coli strains, and the observation that
strains causing the same symptoms do not form a
monophyletic grouping (Boyd and HartI, 1998; Hacker
etaf.. 1997; Whittam eta/., 1993). Lateral transfer might
also explain why fungal strains that cause disease on the
same host are not monophyletic (O'Donnell etal., 1998).
Horizontal transfer of DNA between organisms has even
been proposed as the driving force in the formation of
gene clusters (Rosewich and Kistler, 2000). According to
the 'selfish operon' hypothesis (Lawrence and Roth, 1996),
horizontal transfer accelerates gene clustering because
genetic rearrangements that bring genes with co-operat
ing products closer together increase the chance that the
genes will be co-mobilized. If the co-operating genes are
conditionally non-essential but have adaptive value for
colonizing certain ecological niches, then the nascent
cluster can be maintained by positive selection in those
environments (Lawrence, 1997). The model also proposes
that following horizontal transfer, introgressed DNA con
taining the loosely clustered genes will be foreign to the
host, and will not be essential for growth of the recipient
cell. Therefore the DNA between the co-operating genes
with adaptive significance can be subject to spontaneous
deletion, ultimately bringing the loosely clustered genes
into closer proximity. We speculate that the processes of
horizontal transfer, deletion and conditional positive selec
tion for pea pathogenicity may have allowed for the
formation of the PEP gene cluster.
© Blackweli Science Ltd, The Plant Journal, (2001), 25, 305-314
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The obsen/ation that pathogenicity genes in N. haemato
cocca may be organized as a pathogenicity island may also
explain major questions concerning the acquisition of
pathogenicity by fungal pathogens. For example, all
strains of /V. haematocoeea pathogenic to pea contain
PDA genes, while strains non-pathogenic to pea often lack
PDA homologues. Additionally, pea pathogenic strains of
a different broad host-range phytopathogenic fungal
species, F. oxysporum. also have pisatin demethylase
genes with remarkable DNA sequence similarity to those
from N. haematococca (McCluskey and VanEtten, 1995; C.
Wasmann, unpublished results); F. oxysporum strains
from other hosts usually lack PDA1 homologues (data
not shown). The fact that the genes correlate to host range
rather than to phylogenetic relationships for these fiingi
may be explained by lateral gene transfer, as has been
observed for bacterial pathogenicity islands.
While lateral transfer might explain the clustering,
acquisition and distribution of pea pathogenicity genes in
N. haematococca and perhaps F. oxysporum. the potential
mechanism for transfer is unclear. The N. haematococca
PEP cluster is associated with sequences related to
transposable elements, but these features may explain
mobilization only within the genome of the resident strain.
In this regard, it is of interest to note that the PEP cluster
for the strain examined here is located on a supernumer
ary chromosome. Supernumerary chromosomes have
been shown to have the capacity for transfer between
otherwise genetically isolated strains of a plant pathogenic
fungus (He etal.. 1998).
The 1.6 Mb supemumerary chromosome containing the
PEP gene cluster may also encode other potentially
adaptive characteristics for pathogenicity to pea. It has
been observed that pea root exudates contain the some
what unusual amino acid homoserine, and the ability of N.
haematococca to utilize homoserine as a sole carbon and
nitrogen source appears to be encoded by the same
supemumerary chromosome that contains the PEP gene
cluster (M. Rodriguez and H.O. VanEtten, unpublished
results). Thus transfer of this chromosome to a strain of N.
haematococca noivpathogenic to pea could potentially
impart several distinct adaptive features enhancing the
recipient strain's ability to cause disease on its host. If host
specificities can be transferred horizontally between
lineages of this fungal pathogen, strains pathogenic to a
given host may emerge rapidly in a genetic background
pre-adapted for fitness in any habitat currently occupied by
N. haematococca.
Experimental procedures
Fungal strains
Isolates of Nectria haematococca Baric. & Br., mating population
MPVI (anamorph Fusarium solanH were grown as described
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previously (VanEttsn etal., 1980). The strain 77-13-7 contains a
single gene for pisatin demethylase {PDAD and is virulent toward
pea (Kistler and VanEtten, 1984a; Kistler and VanEttan. 1984b}.
Tr18J, which is derived from 77-13-7, has the PDA1 locus
disrupted by several copies of a tninsforniation vector containing
a hygrotnycfn B resistance gene (hph) (Wasnrann antf VanEtten,
1996). Tr183 is virulent toward pea, and construction of a
genomic library from Tr18.S ONA allows for potentiai patho
genicity genes to be directly determined by a virulence assay
because the only other known pathogenicity gene, P0A1, is not
functional in this isolate.
The fungal strain 94-6-1 (Kistler and VanEttan, 1984a). used as a
recipient for fongal transformation, is not pathogenic on pea
(CiuffiMti and VanEtten. 1996). Redpient strain 171-3 (American
Type Culture Collection 90S16) was derived through a series of
crosses (Tegtmeier. 1984; P. Matthews and Hi>. VanEtten,
unpublished results) with the purpose of developing sexually
fiartila. genetically marked strains deficient in the production of
naphtharazin toxins. This strain lacks the 1.6 Mb chromosome
containing PDA1, and is a mathionine auxotroph.

Construction and screening of the cosmid library
For ONA extraction, fongai cultures were grown for 3-5 days in
-75 ml potato dextrose broth (24 g r', PCS. Oifeo Laboratories,
Oetrott, ML USA) at room temperature without shaking. ONA was
extracted as described by Koenig etaL (1997) and a coemid library
of Tr18.5 DNA was constructed in the vector pMOcosX as
described by Ortiach (1994). RIter replicates of the ordered
cosmid library wera screened by hybridization using an internal
1.2 kb Sad fragment ('sacs') from the N. haamatoeocca PDA T9
gena (Maloney and VanEtten. 1994). Probe labeling and hybridiz
ation ware performed uaing a random primer fluorescein labeling
kit, following
the procedures provided by the menufscturar
(Oupont NEN 'Reneissance'. E.I. du Pont de Nemours & Co..
Boston, MA. USA). ONA from colonies which hybridized strongly
ware analyzed further by Southern blotting.

Subcloning of candidate PEP genes
Genomic equivalents containing the entire open reading frames
as well as the native 5' and T sequences of tha five cONAs were
subcfoned into pCB1004 (Sweigard ataf., 1997), which carries a
hygromyein-resistanca cassette so thet it can ba transformed into
filamentous fiingi. Genomic sequences corresponding to cONAs
2-5 were obtained from cosmid 55-D-8, while tha cOfiAl region
was obtained from cosmid 21-C-9 which contained the ant^
PEPI open reeding frame. The size of tha subdoned fragments
and tha restriction anzyme(s) used to create, them are as follows:
cONAI (&0 kb. Oral); cONA2 (1848 bp. Pst/Saa or 1767 bp, PstU
Xhat); cONA3 (1522 bp, XhaUHimUn): cONA4 (3587 bp, KpnUSad);
cONAS (3545 bp, KpiO/Xhct).

N. haematococca transformation and virulence assays
Fungal transformations with cosmid 55-0-8 and candidate P£P
genes wera performed as described by Powell and ICIstler (1990)
without linearization of the vectors. Pathogenicity assays (Kistler
and VanEtten, 1984b) wera conducted by wound-inoculetlng pea
apicotyls using tha Pfaum sativum cultivar Alaska (Gumey's Seed
Compeny. Yankton. SO. USA). Virulence was determined by
measuring tha lengths of the epicotyl lesion 6 days after inoculetion. Tha values for lesion length in Table 1 ara tha maan and
standard deviation of independent tests, with seven or mora
plants assayed in each tesL Statisticsl analysis of tha assays was
baaed on.a ona-tailed Student's ^test (two sempla assuming
unequal variances).
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RafafMicss
Construction ofcDNA library
Oiseaaed pea tissue was produced by the 'testtube' assay method
(VanEttan ataL, 1980). and a cONA library was constructed in the
vector Uni-ZAP XR from mRNA derived from 77-13-7-infected pea
tissue collected 2 days after inoculation. The mRNA was isolated
using streptavidin paramagnetic particles and biotinylated
oligo(dT). Synthesis of cONA. and construction of the library in
vector Uni-iTapXR (Stratagene. La Jolla. OA. USA) was according
to the manufiacturer's instructions. This library was then screened
using different portions of the cosmid 55-0-8.

DNA sequence analysis
All cONA and genomic clones obtained in this research wera
sequenced by the DNA Sequendng Core (.aboratones at either
the University of Horida or the University of . Arizona. ONA
sequences for each clone were analyzad by the sequence
similarity search tool BLAST 2.0 (Gapped BLAST) (Altschul ataL.
1997) using the BLASTX or BLASTP algorithms with defoult para
meters; provided by the National Center for Biotechnology
Information. Codon usage comparisons were conducted using
the CORRESPOND program from the sequence analysis software
package GCG (Genetic Computer Group, Inc. Madison. Wl, USA).
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Quantitatiye analysis of expression of pea iiatliogenicity (PEP)
genes in vivo and in vitro and characterization of tiie flanking
regions of the PEP cinster in the fangal pathogen Nectria
haematococca
Xiaoguang Liu and Hans D. VanEtten
Department of Plant Pathology, University of Arizona, Tucson, AZ 8S721,
USA
Sununary
Prevkrasly it was shown that genes conditioning pea patliogenicity in the fangal
pathogen Nectaia haematococca are organized into a cluster called the pea
pathogenicity {PEP) cluster, which contains four pathogenicity genes: PEPU PEP2,
PDAl, PEPS, However, the expression profiles of these genes have not been
determined except for PDAi wiiose expression was shown to be induced both in
infected pea tissues and In rariro by the phytoalexin pisatin. The present study
reports the use of real-time quantitative RT-PCR to monitor the expression pattern
oteach PEP

PDAl infanta aad in vitro. The mRNA levels of FEPi,

PEPS, and PDAl in actively growing mycelium cultures were very low, whereas
P£P2 expression was undetectaUe under this condition. In culture, starvation
conditions substantially stimulated PDAl rapression,

while PEPl and PEPS were

only moderately induced. In contrast, starvation had no effect on PEP2 as indicated
by undetectable mRNA levels. Exposure to pfaatin in culture strongly stimulated
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PDAl expression, and, although to a lesser extent, expressmn of PEPl, PEP2 and
PEPS were also enhanced markedly. In pbuUa, PEPl, PEP2, PDAl were strongly
mdaced, whereas PEPS was only moderately induced. Furthermore, all four
pathogenicity genes displayed similar temporal expression patterns ui viibno and m
pUmta although the degree of their induction differs considerabfy, suggesting a
coordinated regulation of these genes during pea pathogenesis. This coordinated
regulation might be essential for this ftmgal pathogen to achieve maximum diseasecausing ability. To examine whether the PJSP cluster region contains additional
gene(s) that m^t also be involved in pea pathogenicity, the regions flanking the
PEP cluster were sequenced, and the resultant sequences predict six open reading
frames (ORFs), whose products show significant similarities to those of other fongal
genes. The G+C content and gene density of the PEP cluster and its flanking
regions are similar. In addition, preliminary data also indicate that the predicted
genes in the flanking regions display a codon bias similar to that of the genes in the
PEP cluster. All the six predicted genes in the regions of the PEP cluster are
expressed during infection of pea tissues.

Introduction
The ascomycete Nectria haematococca mating population VI (MFVT) (anamorph
Fusarium solani) is a soil-borae fimgal pathogen with a broad host range (VanEtten,
1978). Efforts to elucidate the genetic and molecular basis of pathogenicity of iV.
haematococca MPVI have been primarily focused on the disease it causes on garden pea
iPisum sativum). Earlier studies established that pathogenicity of N. haematococca
MPVI on pea is linked to its ability to rapidly detoxity pisatin, an antimicrobial
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compound produced by pea plants in response to microbial infection. The ena^mes for
pisatin detoxification are substrate-specific cytochrome P4SOs encoded by PDA genes
(Kistler and VanEtten* 1984; Matthews and VanEtten, 1983). The PDAl gene is located
on a 1.6-Mb conditionally dispensable (CD) chromosome (Covert, 1998, VanEtten et al,
1994), so termed because this chromosome carries genes that are essential for the fungus
to colonize pea plants but dispensable for its saprophytic growth.
Targeted disruption of PDAl in the virulent isolate 77-13-7 by a transformationmediated approach resulted in a significant reduction but not complete elimination of
virulence toward pea (Wasmann and VanEtten, 1996). These results suggest that: (i)
PDAl is required but not sufficient for the maximum virulence of pea pathogenic
isolates; (ii) an additional pea pathogenicity {PEP) gene(s) contributes to pea
pathogenicity of N. haematococca. Subsequent investigations demonstrated that loss of
1.6-Mb CD chromosome in the PDAZ-disrupted mutant Trl83 after treatment with
benomyl led to the complete loss of pea pathogenicity (VanEtten et al., 1998). In
addition, unexpected loss of the 1.6-Mb CD chromosome during the process of PDAl
disruption in isolate 77-13-4 resulted in the isolation of four CD chromosome-loss
transformants that were low in virulence (Wasmann and VanEtten, 1996). These results
predict that additional gene(s) involved in pea pathogenicity also resides on the 1.6-Mb
CD chromosome. Indeed, recently it was shown that three additional pea pathogenicity
iPEP) genes, along with the disrupted-PDA7 locus, are organized into a fimctional cluster
on the 1.6-Mb CD chromosome which was contained in the cosmid 5S-D-8 (Han et al.,
2001). The characterized PEP cluster contains six genes: PDAl, PEPI, PEP2, cDNA3,
cDNA4, and PEPS. Four of these genes {PEPI, PEP2, PDAl,and PEPS), are each
capable of conferring disease-causing ability to nonpathogenic isolates of N,
haematococca that do not contain the CD chromosome (Han et al., 2001). In addition,
sequences of other portions of the PEP cluster predict four open reading frames (ORFs)
displaying homolo^ to various fungal transposable elements.
The biochemical fimctions and expression patterns of these PEP genes in planta
and in vitro have not been determined except for PDAl, which was shown to be induced
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in infected pea plants and in vitro by pisatin (Hirscbi and VanEtten, 1996; Stianey and
VanEtten, 1994; Khan and Straney, 1999).
Successful pathogenic strategies of plant and animal bacterial pathogens often
require the coordinate regulation of multiple virulence genes in response to various
signals from the host and the environment (Colimer et al, 2000; Cotter and Dirita, 2000;
Miller et al., 1989, Khan and Straney, 1999). For example, hrp/hrc genes in plant
bacterial pathogen Pseudomonas syringae are induced in minimal media that do not
support rapid growth (Huyan et al., 1989), and nitrogen limitation induces the expression
of avr9 in the fungal pathogen Cladosporium fiilvum (Van den Ackerveken et al., 1994).
Understanding the accurate expression patterns of the PEP genes in pianta as well as in
vitro should be instrumental for efforts to elucidate their biochemical fimctions during
pea pathogenesis. Given PDAI is induced during pathogenesis of pea and in vitro by
pisatin, it is tempting to speculate that PEPI^ PEP2, and PEPS might also be induced in
vitro by pisatin and in pianta as genes in a cluster might be subject to co-regulation.
Quantitative RT-PCR with real-time TaqMan technology (Gibson et al., 1996) has
emerged as a popular and powerful tool to precisely quantify mRNA levels (Aihara et al.,
2001; Tong et al., 2001; Vissers et al., 2001). This approach utilizes a sequence-specific
probe that anneals to the target downstream from one of the primers. The probe contains
at its S' end a reporter dye, which is quenched by a quencher dye at the 3' end. The S'
exonuclease activity of the Taq polymerase cleaves only the hybridized probe and
separates the reporter dye from the quencher dye, resulting in a higher fluorescent signal.
The increase of fluorescence of the reporter dye, therefore, is proportional to the number
of amplicons generated. The detection of the amount of product accumulated in the
exponential phase is determined by identifying the cycle number termed the threshold
cycle (Ct) required for the reporter dye fluorescence signal to cross a preset value. Thus
the more the copy number of the target template, the lower the threshold cycle detected.
The sensitivity and accuracy and reproducibility of real-time quantitative RT-PCR make
it an ideal tool to study the expression profiles of some of the PEP genes because of their
relatively low levels of expression. This was one of the objectives of the present study.
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The PEP cluster, in many aspects, resembles pathogenicity islands identified in
plant and animal pathogenic bacteria (Han et al., 2001). The boundaries of the previously
identified PEP cluster is delimited by the termini of the cosmid SS-D-8 insert The fact
that the most 3' (285 bp) of PEP I is encoded by the genomic regions outside of the most
left part of the cosmid S5-D-8 insert suggests there might be additional pea virulence
genes in this flanking genomic region (Han et al., 2001). In addition, characterization of
the genomic regions flanking the PEP cluster contained in cosmid 5S-D-8 may also
provide more insights into the organization, fimction and origin of the PEP cluster. The
second objective of this study was to sequence and characterize the flanking regions of
the PEP cluster.
Results
Seqnencteg and characterization of the flanking r^ons of tiieP£!P cluster
The cosmid 4C9 insert contains genomic regions that extend beyond both ends of
the PEP cluster delimited in cosmid SS-D-8. The right flanking region that was
sequenced is ca 6 kb, and the sequence predicts four open reading frames (ORFs), termed
R-ORFl, R-ORF2, R-ORF3, and R-ORF4 respectively in the order of the previous left
end of the PEP cluster in cosmid 55-D-8 to the terminus of the 4C9 insert (Figure I, Q.
R-ORFl is predicted to encode a protein of 369 amino acids (aa) with a conserved
GAL4-like Zn(II)2Cys binuclear cluster DNA-binding domain of transcription activators.
R-ORF2 is predicted to encode a protein (260 aa) with no apparent homology detected to
genes in the public databases. The predicted product (489 aa) of R-ORF3 is most closely
related ((identity = 221/SOS (43%), similarity = 318/SOS (62%)) to a putative yeast
membrane protein. Finally, R-ORF4 is predicted to encode a protein (>I77 aa because
part of R-ORF4 apparently is encoded by the genomic region beyond the right arm of the
cosmid 4C9 insert) that is most similar ((identity = 88/16S (S3%), similarity = 114/16S
(68%)) to the yeast phenylacrylic acid decarboxylase (PAD) (CHausen et al., 199S).
The left flanking region that was sequenced (Figure I, A) is ca 4.8 kb. This
genomic region encompasses the most 3' part (ca 200 bp) of PEP I that is not contained in
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cosmid 5S-D-8. DNA sequence analysis predicts that this region possesses two ORFs.
The first, termed L-ORFl, is located just downstream of PEPl and predicted to produce a
protein (SSO aa) with a high degree of sequence homology [identity = 469/550 aa (85%),
similarity = 490/550 aa (88%)] to the Nhtl transposon element present in some isolates of
N. haematococca (Enkerli and Covert, 1997). L-ORF2 potentially encodes a protein (203
aa) displaying a significant similarity to the pisatin demethylase encoded by PDA6-1
from N. haematococca. The deduced amino acid sequence of L-ORF2 has 44% identity
(89/200 aa) and 56% similarity (114/200 aa) to that of the PDAS-1 product (Reimmann
and VanEtten, 1994).
The flanking regions sequenced contain gene density and G-fC content (50.05%)
similar to those of the PEP cluster (Table 1). In addition, codon usage examination
indicates that genes encoded by both the flanking regions and the PEP cluster appear to
exhibit a similar codon preference, which appears to be different from the codon bias of
the surveyed genes from other portions of the genome (Table 1), consistent with the
notion that genes contained on the CD chromosome may have a different origin from
genes located on other portions of the genome.
To determine whether the identified ORFs are transcriptionally active, specific
primer pairs for each of ORFs were used to PCR-amplIfy a cDNA library derived from
the infected pea tissues collected 2-day after inoculation. The use of a cDNA library as
the template for transcript detection avoids the amplification of potentially contaminating
genomic DNA in standard RT-PCR amplifications. As a control, the PEP I gene was
amplified with a primer pair flanking a known Intron. The lack of detecting (In an
agarose gel) a band that corresponds to the size of PEP I genomic DNA amplification
Indicates that It is unlikely that the cDNA library is contaminated with detectable
amounts of genomic DNA of N, haematococca. As shown In Figure 2, transcripts for all
ORFs have been detected, suggesting that each ORF represents a gene that is expressed at
least in the Infected pea tissues. To determine whether the six ORFs identified are
uniquely encoded by the1.6-Mb CD chromosome, parallel PCR amplifications for
individual ORFs were conducted using cDNA synthesized from the total RNA isolated
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from mycelium culture (incubated with pisatin for 9 hr) of isolate HT-l, which is closely
related to isolate 77-13-7 but lacks the CD chromosome. Amplification of the transcript
for the N, haematococca actin gene was included as a positive control. The results reveal
that, of the six ORFs, only the transcript for L-ORFl, which encodes a transposase, was
detected (data not shown), suggesting that there is at least another copy or a closely
related gene of L-ORFl that is located on a normal chromosome.
Expressfon tAPEP genes and PDAl in vitro
Previous studies have shown that PDAI was induced in vitro by pisatin using both
slot blot analysis and a ^glucuronidase (GUS) reporter gene fusion (Straney and
VanEtten, 1994; Hirschi and VanEtten, 1996, Khan and Straney, 1999). It is tempting to
speculate that the three PEP genes, PEP I, PEP2, and PEPS might also be co-regulated in
vitro by pisatin since these genes and PDAI are organized into a pathogenicity gene
cluster. To test this possibility, an overnight mycelium culture of N. haematococca
isolate 77-13-7 was collected and treated as the following: (1) the mycelium was
suspended in phosphate buffer, (2) the mycelium was suspended in phosphate buffer and
treated with pisatin (which is dissolved in DMSO), and (3) the mycelium was suspended
in phosphate buffer and treated with DMSO. The amount of transcripts of individual
PEP genes and PDAI was quantified using real-time quantitative RT-PCR based on
TaqMan technology.
As shown in Figure 3A and 3B, the mRNA levels of PEPl, PEPS and PDAI were
very low, and the level of PEP2 transcripts was undetectable in glucose-based growth
medium (mycelium collected from overnight culture serves as the zero time point). The
low-level of PDAI transcripts detected in growth medium is consistent with the previous
results that PDAI expression is repressed in vitro by glucose, and amino acids (Khan and
Straney, 1999).
Under starvation condition in culture, PDAI expression (~154 transcripts/50 ng
total RNA) experienced a 75-fold increase within 9 hr, and the expression of PEP I (5.7fold increase, ~138 transcripts/50 ng total RNA) and PEPS (3.8-fold increase, ^1

51

transcripts/50 ng total RNA) was also up-regulated (Figure 3A). In contrast, starvation
had no effect on PEP2, whose mRNA remained at an undetectable level, consistent with
the previous results from standard RT-PCR (data not shown). The treatment of DMSO
had no detectable effects on the expression of PEP/, PEP2, PEPS, and PEPS, and PDAI
(data not shown)
Treatment of pisatin markedly induced the expression of all four pathogenici^
genes in culture. At the peak level, 9 hr after pisatin exposure, the expression of PDAI
(~3.9Xl(y* transcripts/50 ng total RNA), PEP I (~1.8XlO' transcripts/50 ng total RNA),
and PEPS (~1.3X10^ transcripts/50 ng total RNA) increased more than 10960-, 19-, and
13-fold (Figure 3A) respectively compared with that of the corresponding buffer controls.
It is noteworthy that the expression of PEP2 became detectable only after 6 hr induction
with pisatin and from this time point on, its mRNA levels (~5X10* transcripts/50 ng total
RNA) increased 64-fold within a period of 3 hr further pisatin exposure (Figure 3B).
These results demonstrate that pisatin is an inducer of PEP genes and PDAI in vitro.
Preliminary results also indicate that both cDNA3 and cDNA4 genes have very low
levels of constitutive expression, and that expression of cDNA3 and cDNA4 genes is
neither induced in planta nor in vitro, by pisatin or a starvation condition (data not
shown).
Expression of PEP genes and FDAi m/yilnrala
The expression of PDAI in pea at different time points after inoculation was
examined previously by standard RT-PCR (Hirschi and VanEtten, 1996). PDAI
transcripts in infected pea roots were detected 12 hr after infection. To quantify the
expression pattern of the PEP genes and PDA! during pathogenesis, total RNA was
extracted from pea roots collected at various time points after inoculation with a
macroconidia suspension of the virulent isolate 13-13-7. The mRNA levels of PEP genes
and PDAI were measured by real-time quantitative PCR. To ensure that equal amounts
of the total fungal RNA is compared for expression of a specific fungal gene at various
time points, the actin gene mRNA of N. haematococca was used as an internal control to
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normalize the amount of RNA used for the real-time quantitative RT-PCR. The results
(Figure 3C) show that PEP I, PEP2, and PDAl were strongly induced during the
infection of pea roots, whereas PEPS was only slightly induced (Figure 3Q. Transcripts
for PEPl, PEP2 and PDAl were detected 6 hr after inoculation, while the PEPS
transcript was only detected 12 hr after inoculation. However, the mRNA levels for all
PEP genes and PDAl peaked approximately 18 hr after inoculation. Signs of disease
development were visible 12 hr after inoculation and disease symptoms became quite
apparent at 18 hr, and the color of pea roots turned yellow-brown (data not shown). The
mRNA levels of PDAl (~7866 transcripts/50 ng total RNA), PEP I (~440 transcripts/50
ng total RNA) and PEP2 (~2.1 XIO* transcripts/50 ng total RNA) increased 200-fold,
172-fold and 165-fold respectively at 18 hr post-inoculation compared with mRNA levels
of those genes at 6 hr (Figure 3C). The transcript level of PEPS (~660 transcripts/50 ng
total RNA) increased 13-fold from 12 to 18 hr postinoculation. These data indicate that
expression of all four PEP genes increased with the progression of the fungal infection
and disease development on pea roots.
Discussion
The PEP cluster in N. haematococca possesses four genes involved in pea
pathogenicity (Han et al., 2001). Remarkably, each of those genes can independently
dictate disease-causing ability on pea plants. The data presented in this chapter show that
all the three PEP genes and PDAl were induced during pathogenesis and in vitro by
pisatin. The current results of PDAl quantitation were consistent with the previous
studies: (1) PDAl was shown to be highly induced in vitro by pisatin, with more than 20fold increase of PDA7-specific transcripts recorded using slot blot analysis (Straney and
VanEtten 1994), (2) induction of PDAl was also observed during infection of pea roots
(Hirschi and VanEtten, 1996; Khan and Straney, 1999).
Induction of three PEP genes and PDAl in vitro by pisatin is physiologically
relevant because rapid pisatin production and accumulation occurs during infection of
pea tissues by N. haematococca (Cruickshank and Perrin, I960). Indeed, pisatin was
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shown to be the primary plant signal molecule responsible for PDAI induction observed
during pea pathogenesis as a PDA/::GUS construct lacking the regions responsive to
pisatin failed to exhibit induced GUS expression both in culture and in planta (Khan and
Straney, 1999). It is quite likely that pisatin also plays a positive role in the induction of
the three PEP genes in planta. The mechanism by which pisatin regulates PDAI in vitro
is well characterized. A 13-bp pisatin-responsive element was identified at the position
from -494 to -507 (Ruan and Straney, 1996), which serves as a binding site for a 70-kDa
protein. However, it is unclear how pisatin regulates the expression of PEPI, PEP2,
PEPS, as no such consensus sequence for pisatin response was found near the three PEP
genes. It is possible that the same 70-kDa protein is capable of binding to degenerate
sequence elements near the PEP genes in response to the presence of pisatin.
Alternatively, other factor(s) may bind to additional pisatin-responsive element(s) near
the other PEP genes and thus act as a transcription activator to turn on their expression in
a pisatin-dependent manner. It is also possible that other inducers in planta participate in
the induction of the three PEP genes during the infection process.
The apparently low degree of PEPS induction in infected pea roots was
unexpected, given the fact that PEPS and PEPI exhibited a similar degree of induction in
vitro by pisatin (Figure 3A). Furthermore, expression of PEPS was detected under noninduction condition in vitro (Hgure 3B). The induction of PEPS in planta actually
occurred later (its transcripts detected only at 12 hr postinoculation) compared with that
of PDAI, PEPI, and PEP2, the expression of which was first detected 6 hr after
inoculation.
The results of the expression pattern of the PEP genes in vivo and in vitro also
demonstrate the feasibiliQr and power of the real-time quantitative RT-PCR for
quantifying low levels of mRNAs of pathogenicity genes in both infected plant tissues
and in vitro because of its sensitivity, reproducibility and accuracy. The assessment of
the effects of starvation on PDA! expression exemplifies such an application. Although
PDA! was shown to be highly inducible (~75-fold increase) under starvation conditions
by the real-time quantitative RT-PCR, it is difBcult for such a quantitation being made
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using other currently available methods for mRNA detection because the niRNA level of
PDAl is very low even after 12 hr starvation in culture (Ct = 28, ~154 transcripts/50 ng
total RNA). It is anticipated that the power of the real-time quantitative RT-PCR for
accurately quantifying low levels of mRNAs of specific genes will prove to be an
invaluable tool to investigate whether there is additional plant signal(s) besides pisatin
that might be involved in regulating the PEP genes in pea plants.
The fact that the expression level of individual PEP genes and PDA! appear to
correlate well with the course of disease development on pea roots suggests the
importance of regulation of pea pathogenicity genes during pea pathogenesis.
Furthermore, coordinated regulation of pea pathogenicity genes may explain why all four
genes display similar temporal patterns of induction both in planta and in vitro although
the degree of their induction differs markedly. Microbial pathogenesis is a complex
process and often requires the participation of multiple virulence factors. Coordinate
regulation of genes specifying virulence factors in bacterial pathogens is crucial for
successful infection (Collmer et al., 200; Miller et al., 1989; Cotter and Dirita, 2000;
Grant and Mansfied, 1999). Therefore, it is conceivable that the coordinated expression
of the four pathogenicity genes in the PEP cluster of N. haematococca may be essential
for the fiuigus to achieve full pathogenicity on pea although individual genes can incite
partial disease independently.
It is interesting that all the predicted ORFs identified in the flanking regions of the
PEP cluster are transcriptionally active as demonstrated by the successful PCR
amplification of transcripts of individual ORI^ from a cDNA library derived from
infected pea tissues. L-ORF2 on the left flanking region of the PEP cluster shows a
significant similarity to the pisatin demethylase encoded by PDA6-I. However, the
predicted protein of L-ORF2 lacks the consensus sequences for heme binding present in
all P450 genes (Black and Coon, 1987), thereby, it is unlikely that this protein will be
fimctional. The predicted product of R-ORF4 is most closely related to the yeast
phenylaciylic acid decarboxylase (PAD) encoded by PADI (Oausen et al., 1995). PAD
in yeast confers resistance to cinnamic acid (CA), a compound with broad antimicrobial
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activity (Baranowski et al., 1980), as mutants lacking PAD activi^ are sensitive to CA.
However, preliminary data indicate that R-ORF4 gene appears to be not required forM
haematococca to tolerate CA because isolate 94-6-1 which lacks R-ORF4 gene is highly
resistant to CA on the basis of its normal growth on CA-containing V8 medium (6 tnM
CA. This is10 times the concentration that is inhibitory to yeast cells of the PAD deletion
mutant The potential functional role, if any, of the identified ORFs in pea pathogenicity
needs to be evaluated by functional complementation and targeted gene disruption.
The PEP cluster and its flanking regions apparently contain similar gene density
and G-fC content (%50.3 vs 50.1). In addition, genes encoded by both the PEP cluster
and its flanking regions share a similar codon bias, which appears to be different from
that of the surveyed genes from other portions of the genome (Table 1). One intriguing
observation is that most of the surveyed genes from the normal chromosomes are far
lesser likely to use one of the four codon, GGG (the frequency < 5%), for coding amino
acid glycine (GLY), than genes from the PEP cluster and its flanking regions (>sI3%,
note: R-ORF4 is not a compete ORF) although the former have an average of higher G+C
content (56.4%) compared with the latter (52.4%). More interestingly, several genes
{NhL, CRYSJy MATI-2^ MATI-3) from normal chromosomes that do have a relatively
higher frequency of using GGG for coding GLY apparendy contain low G-td content,
which is comparable to that of genes from the CD chromosome. One possible
explanation for this is that these genes might also be acquired horizontally. The MATl-I
gene is the only exception, which has a 57% G+C content and uses GGG for GLY at a
frequency of 16%. The significance of this biased use of GGG phenomenon is not clear
until more genes from the CD chromosome and normal chromosomes of N.
haematococca are available for analysis. The fact that the G-fC content and codon bias of
the genes from the PEP cluster apparently differ from those of genes from other portions
of the genome suggests that the PEP cluster may have a different origin, most likely
being acquired via horizontal transfer by N. haematococca.
It is worthy noting that bacterial pathogenicity islands usually occupy a genomic
region ranging from ~10 to ~200 kb (Hacker and Kaper, 2(X)0). Therefore it is possible
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that the characterized genomic region (~36 kb) may contain the intact PEP gene cluster.
Alteraativeiy it may occupy additional genomic regions. It is even conceivable that the
entire 1.6-Mb CD chromosome may serve as a vehicle for horizontal acquisition of the
cluster of genes governing pea pathogenicity in N. haematococca. In the fungal pathogen
Altemaria altemata apple pathotype, spontaneous loss of a 1.1-Mb CD chromosome,
which contains a host-specific toxin-producing gene, AAfT, involved in apple
pathogenicity, was shown to occur during successive transfers of the isolate onto medium
at high temperature (Johnson et al., 2001). The authors proposed that horizontal transfer
of this 1.1-Mb CD chromosome might be a possible mechanism whereby A. altemata
pathotypes evolved since there is no sexual stage identified in this fungus. Horizontal
transfer of the 2.0-Mb supernumerary chromosome between asexual, vegetatively
incompatible isolates of Collectotricum gloeosporiodes was realized in the laboratoty (He
et al., 1998) although such event has not been direcdy observed in fungi in the field. It is
anticipated that the sequencing of the entire 1.6-Mb Cn> chromosome in N. haematococca
will help address some of these tantalizing questions better.
Experimental procedures
The fimgfd strain, generation of materials for RNA extraction
Isolate 77-13-7 of N. haematococca MPVI (anamorph Fusarium solani) used in this
research contains the entire PEP cluster on a 1.6-Mb CD chromosome and is virulent
toward pea (Han et al., 2001; Wasmann and VanEtten, 1996). Isolate HT-1 is derived
from loss of the 1.6-Mb chromosome in isolate 77-13-4 by treatment with benomyl
(VanEtten, unpublished data). Isolate 77-13-4 is closely related to isolate 77-13-7. For
production of infected pea tissues, pea seeds of cultivar Alaska (Gumey's Seed Company,
Yankton, SD, USA) were surface-sterilized by soaking for 3 min in 33% bleach, then
rinsed with sterile water until no smell remained (Pueppke and VanEtten, 1974). The pea
seeds were placed in petri plates containing 1% water agar covered with a disk of '9
Whatman filter paper and incubated at 25"C. Once pea roots were 4-5 cm (ca. 4 days),
they were inoculated by submerging them for about 10 seconds in a macroconidial
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suspension (5X10^ conidia/ml) of isolate 77-13-7 collected from cultures growing on V8
juice agar (medium 29: Stephans, 1974) at 28 °C for 5 days. The inoculated pea roots
were placed on 1% agar covered with *9 whatman filter papers contained in petri plate,
and incubated at 25 °C. Samples were collected every 6 hr by removing the roots about 1
cm from the cotyledons and freezing at -80 "C. The sample collected iimnediately after
inoculation served as the zero dme point In vitro expression of PEP genes was
performed basically by following the protocol used for studying the expression of PDAl
in N. haematococca (Straney and VanEtten, 1994). Briefly, 24 hr old mycelium of
isolate 77-13-7 grown on GA liquid medium was collected and suspended (50 mg/ml) in
0.05 M potassium phosphate buffer pH6.5. To test effect of pisatin on induction, pisatin
in DMSO was added to individual 125-ml flasks containing 20 mi suspended cultures to a
final concentration of 31 ug of pisatin/ml mycelium and 03% DMSO (v/v), and
incubated on 80 rpm on a reciprocal shaker at 25 °C. Samples treated with DMSO only
or without any treatment were used as DMSO and starvation controls respectively.
Mycelium of individual treatments (20 ml cultures per treatment) was collected, every 3
hr up to 12 hr, by filtering through '7 Whatman filter paper and frozen at -80 °C.
RNA extraction and cDNA synUiesis
All samples (1 gram for each sample) were lyophilized overnight before RNA extraction.
Total RNA of each sample was isolated using TRIzol reagent (Gibco BRL, Rockville,
MD) according to the manufacturer's instructions. All RNAs were quantified by
determining UV absorbance with a spectrophotometer (BACKMAN, DU*-64). cDNA
was synthesized from 1 ug total RNA extracted from individual samples using
SUPERSCRIPT n RNase H- Reverse Transcriptase and oligo (dT)i2.,8 primer (Gibco
BRL, Rockville, MD) according to the manufacturer's instructions.
Real-time quantitative RT-PCR
Real-time quantitative RT-PCR using TaqMan technology was performed on the Smart
Cycler System (Cepheid, Sunnyvale, CA) according to the manufacturer's protocol.
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Sequences of primers (Gibco BRL. Rockville, MD) and TaqMan fluorescent probes
(Applied Biosystem, Foster city, CA) used in the quantitative real-time PCR study for
PEPli the primers, forward, 5'-CCTGACAACCAGGTCAAC-3', reverse, 5'TACTCAGCAGCCACTATC-3', and the probe, FAMACCGTGTTCACTGGTGCCGACGAT-TAMRA; for PEP2: the primers, forward, 5'GCCrTCGTACAGAGATTC-3', reverse, 5'-ATCTGTGCrTGAGCCGTG-3', and die
probe, FAM-ACGTTTACACTACCTGGTCAGG-TAMRA; for PEPS', the primers,
forward, 5'-CTCAGCTATTTTGCATGTATG-3', reverse, 5'GTGGCAATAAGACCTGGTGG-3', and the probe, FAMTTGGTCTTTGGATTCGGCCTTGTC-TAMRA; for PDA]z the primers, forward, 5*CCCGAGGGTACTGAGGTTG-3*, reverse. 5'-GATGCTGATGTTCTTGCC-3', and the
probe, FAM-AAGCGATCTTTGGCAACGATGCAAG-TAMRA; for P-Actin: the
primers, forward, 5'-GTGACATCAAGGAGAAGC-3', reverse, 5'GGTACCACCAGACATGAC-3', and the probe, FAMACATCGACATCACACTTCATGATGGAG-TAMRA. For each target gene, one of the
PCR primers was designed to span one intron to avoid amplification of potentially
contaminating genomic DNA. Each TaqMan probe was designed to anneal to the
specific sequence between the forward and reverse primers of its target gene but with at
least 5 °C higher

than the primers. Individual probe contains a reporter fluorochrome

(6-carboxyfluorescein [6-FAMl at its 5' end and a quencher fluorochrome (6-carboxytetramethyl-rhodamine [TAMRA] at the 3' end. PCR reactions were often conducted in
triplicate, and each reaction has a total volume of 25 ul containing template cDNA
derived from 50 ng total RNA, 5 mM MgCli; 200 uM each of dATP, dCTP, dTTP,
dGTP; 300 nM each primer, 200 nM probe, and 1.25 units of Taq DNA polymerase
(Gibco BRL. Rockville, MD). The PCR run began with an initial denaturation step at 94
"C for I min, and followed by 45 cycles at 94 "C for 20 s and 58 "C for 50 s. To ensure
that equal amounts of total fungal RNA was used to compare the expression level in
different samples, the amounts of transcripts for each target gene in each sample was
normalized to the level of transcripts for actin gene of M haematococca in the
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corresponding samples. Then, the relative expression level difference (expressed as Nfold difference) of a target gene in two different samples is calculated based on the
equation: N-fold difference = 2^, and ACt = Ct2-Cti, here, Cti and Ci2 represent the
threshold cycle number for one of the two samples respectively. To quantify the absolute
amount of transcripts for each target gene in a sample, a real-time PCR standard curve for
each of PEPU PEP2^ PEP5^ and PDAl was prepared by using known amounts of
purified cDNA. The absolute amount of transcript for a target gene in a sample was
calculated by comparing its Ct value to the standard curve prepared for the same gene.
doning of DNA fragments covering the flanking regions
To clone DNA fragments flanking the PEP gene cluster in cosmid 55-D-8, DNA of
cosmid 4C9 was digested with XAo I and the resultant DNA fragments were purified
using the Concert Rapid PCR Purification System (Gibco BRL, Rockville, MD). Selfligation of the above purified DNA fragments was conducted and the expected desirable
ligation product, a partial cosmid clone of 4C9, was obtained by transforming E. coli
DH5a competent cell and selected for Ampicilin resistance on LB agar medium because
the pMOcosX vector of 4C9 contains a Ampicilin resistance gene. The purified DNA of
the partial cosmid 4C9 was directiy subjected to sequencing. In addition, various DNA
fragments derived from the insert of the resulting partial 4C9 cosmid after digestion with
EcoRI and AzmMTindependentiy were cloned into pBluescript vector and were subjected
to sequencing. One remaining gap between ORF4 and R-ORF3 (see Fig. 1) on the right
flanking region was amplified by PCR using primers flanking the gap.
PCR aniplification of actin gene and ORFs
To use the actin gene as an internal control to normalize the amount of total
fmgal RNA added for performing real-time quantitative RT-PCR reactions, a specific
region of actin gene encoding the p-subunit was PCR-amplified using degenerate primer
pairs previously described by Eddine and Schafer (2001) with a slight modification in the
length of each primen Forward primer-TGCJGACGATATGGAIAAIATCTGGC,
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Reverse priiner-CGTCGTATTCTTGCTTGGAGATCC. Both the genomic and cDNA
copies (5 ui of a cDNA library derived from infected pea tissues used as template for
cDNA amplification) were PCR-amplified. PCR reaction was performed using a DNA
Thermal Qrcler (Perldn-Elmer-Cetus) under following the conditions: a denaturation step
at 94 °C for 1 min and followed 33 cycles of 94 °C, 1 min; 55 °C, 1 min; 72 °C, 45 s.
Both PCR fragments were purified and sequenced and the intron was located for the
purpose of designing primers for real-time PCR.
To detect the transcript for each ORF encoded by the flanking regions of PEP gene
cluster, 5 ul of cDNA library (Han et al., 2001) was used for PCR-amplification using the
primers specific for each ORF. The PCR was performed with an initial denaturation step
at 94 °C for 1 min and 33 cycles of denaturation at 94 °C for 45 s, aiuiealing at 58 °C for 1
min, and extension at 72"C for 45 s. A final elongation step was performed at 72 °C for 5
min. PCR primers for L-ORFl: forward, 5*-CTGTTGCTATCrGCCAGC-3'; reverse, 5'GCAATCCrCGTAGTATGC-3*; L-ORF2: forward, 5'-CrGTGGCAGCAACATCG-3';

reverse, 5'-ACGGCTGGATGAAGACG-3'; R-ORFl: forward, 5'GAGAGATGCTACrACrGC-3'; reverse, 5'-AGGAAGTGACGAGTTAGG-3*; RORF2: forward, 5'-CGGCAATCTATGAACTGG-3'; reverse, 5'CGATTCCTTGGCTACACC-3'; R-ORF3: forward, 5'-GGTAGTGGAGAACGATGC3*; reverse, 5'-CGTGACCTTCCTTCrTCC-3'; R-ORF4: forward, 5'CACATCTTATCATCAGC-3'; reverse, 5'-TCGCTAAGTGGTGTCTCC-3'.

DNA sequence analysis
Sequencing of all genomic clones and PCR-amplified DNA fiagments were conducted in
the DNA Sequencing Core Laboratory at the University of Arizona. Assembled DNA
sequences were analyzed by the sequence similarity search tool Blast 2.0 (Gapped
BLAST) (Altschul et al., 1997) using the BLASTX or BLAST? algorithms with default
parameters, provided by the National Center for Biotechnology Information.
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Figure 1. The physical map of cosmid 4C9 which contains the PEP cluster and its
flanidng regions in Nectria haematococca. A, the left flanking region; B, the PEP cluster;
C, the right flanking region. The restriction sites: B, BgHl^ N, NoA (this site is in the
polylinker of the pMOcosX vector); X, Xtwl.
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Figure 2. Detection of transcripts of putative ORFs encoded by the flanking regions
of tlie PEP cluster by PCR from a cDNA library of infected pea tissues.
Lane 1, L-ORFl; lane 2, L-ORF2; lane 3. R-ORFl; lane 4, R-ORF2; lane 5, R-ORF3;
lane 6, R-ORF4; lane 7, PEPI control; lane 8, 100 bp DNA marker.
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Figure 3A. Induction fold of expression of PEP genes over die time course of starvation.
Mycelium of Nectria haematococca isolate H-Yh-l was suspended (SO mg/ml) in SO mM
phosphate buffer (pH 63). The mRNA levels of samples collected (1 g wet mycelium) at
different time points were measured and calculated based on Ct values and compared to
that of the zero time point.
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Figure 3B. Induction fold of expression of PEP genes over time course of pisatin
exposure in Nectria haematococca. Mycelium was suspended (SO mg/ml) in 50 mM
phosphate buffer (pH 6.5), pisatin in DMSO was added at final concentration of 0.1 mM
pisatin and 0.5% DMSO. The mRNA levels of all time points were measured and
calculated based on the Ct value and compared to that of the zero time point

tooooo

10000

-0-PEPl
-•-PEP2

-A-PEPS
-O-PDAI
1000

a

i

i
,s

100

10

I

12

Time (Hours)

75

Figure 3C. Induction fold of expression of PEP genes over time course of infection.

Pea roots were inoculated with macroconidia (5X10^/ml) of virulent isolate 77-13-7 of
Nectria haematococca. The mRNA levels of samples collected (1 g) from each time
point were measured in Ct value and compared to that of the time point that the
transcripts for each gene was detected. Fungal mRNA levels are normalized by the
mRNA levels of the fiingal actin gene.
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Summary
Interaction between the pathogenic fungus N. haematococca MFVI and one of its
hosts pea was used in this study to investigate some fimdamental aspects of fungal
pathogenicity. The data presented in this dissertation supports the hypothesis that, in
addition to the previously characterized PDAl gene, other genes are also required for full
pathogenicity of Nectria haematococca on pea; and these pea pathogenici^ {PEP) genes
along with PDAI are located on a 1.6-Mb conditionally dispensable (CD) chromosome.
The putative PEP genes and the disrapted PDAI locus from the mutant TrI8.S
were initially localized to the cosmid SS-D-8 based on the ability of this cosmid to
complement pea pathogenicity to a nonpathogenic isolate lacking the CD chromosome.
Five novel transcripts were identified in the cosmid SS-D-8 insert by screening a cDNA
library derived from infected pea tissues. Functional complementation test on the
genomic equivalent of each of the transcript resulted in the identification of three novel
PEP genes, namely PEP I, PEP2, and PEPS. Each of these PEP genes was shown to be
capable of increasing disease-causing ability on pea when introduced into an isolate
lacking the CD chromosome. The predicted PEPS product displays significant
similarities to members of the major facilitator superfamily and is predicted to encode a
potential membrane protein that contains seven membrane-spanning domains. The PEPS
is most related to the Bacillus subtilis gene bmrS^ which is involved in resistance to
purimycin, ethidium bromide, tosufloxacin and other toxic compounds. PEP2 is
predicted to encode a protein that contains conserved RNA binding motifs, raising the
possibility that PEP2 gene may confer pathogenicity by modulating expression of plant
genes associated with host defense. PEP I exhibits no apparent similarity to any
sequence in the public databases.
Virulence genes in some plant and animal bacterial pathogens are clustered on
large distinct genomic regions (>30 kb) termed pathogenicity islands. The four genes
governing pea pathogenicity in N. haematococca are physically clustered within a 2S kb
genomic region, which shares many of the features of bacterial pathogenicity islands. It
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is tempting to speculate that the PEP gene cluster or the entire CD chromosome may
represent a fimgal pathogenici^ island acquired by horizontal transfer based on the
following: (1) the PEP cluster harbors four virulence genes, (2) the G-fC content and
codon bias of genes in the PEP cluster are different from those of known genes located
on other portions of the genome, and (3) the PEP cluster is interspersed with several
transposable elements and located on an unstable CD chromosome.
The results of quantification of expression of PEP genes and PDAI in planta and
in vitro using real-time quantitative RT-PCR based on TaqMan method suggests that
coordinated expression of PEP genes and PDAI might be essential for full pathogenicity
of N. haematococca on pea. The time course expression of the PEP genes and PDAI in
vitro and in planta revealed that all three PEP genes and PDAI exhibit similar temporal
induction pattern. PEPI, PEP2, PEPSy and PDAI were strongly induced in vitro by
pisatin and peaked at 9 hr of pisatin exposure. Expression of PEPI, PEP2, and PDAI
during infection of pea roots also increased dramatically and peaked at 18 hr postinoculation, a time point at which disease on pea roots was apparent. The utility of the
real-time quantitative RT-PCR in quantifying mRNA levels of pea pathogenicity genes in
planta and in vitro was validated by the results of the quantification of PDAI expression,
a well characterized gene whose expression in vivo and in vitro has been previously
studied via Slot blot analysis and P-GUS reporter fusion gene. The mechanistic aspects
of the regulation of PDAI are well characterized, so the mode of its regulation may help
define the mechanisms by which the other three PEP genes are regulated during
pathogenesis of pea. The search for other possible plant cues involved in pea
pathogenicity gene regulation may prove to be valuable for unraveling how these PEP
genes fimction in planta to promote disease production.
Sequencing of the regions (ca.11 kb) flanking the PEP cluster reveals the
following: (1) these regions are predicted to encode six open reading fi^mes (ORF),
which are expressed at least in planta, (2) five ORFs display significant similarities to
genes from various fimgi, and (3) the sequences of the flanking regions appear to contain
similar gene density and G-fC content compared to those of the PEP cluster. In addition.
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codon usage examinatioa indicates that genes in the flanking regions show a similar
codon preference, which appears to be different from that of the surveyed genes from the
normal chromosomes, to that of the genes in the PEP cluster, consistent with the notion
that genes contained in this region may have a different origin firom genes located on
other portions of the genome. The fimction of these ORFs remains to be determined.
The identification of three novel pea pathogenicity genes in this work opens up
more avenues to future explorations of the interaction between N. haenuxtococca MPVI
and garden pea. The challenge is to understand how each gene fractions in, and
contributes to, the process of disease production on pea, and how they evolved in the
context of the evolution of N. haematococca MPVI.

