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ABSTRACT
Nectria haematococca mating population (MP) VI has a cytochrome P450 which
confers tolerance to the pea phytoalexin pisatin. This enzyme, termed pisatin
demethylase (PDA), detoxifies pisatin and is a virulence factor on pea. PDA is on a 1.6
Mb conditionally dispensable chromosome, and PDA is in a cluster of three other genes
involved in pea pathogenicity. Analysis of the PEP cluster suggests it may have been
acquired by horizontal gene transfer (HGT). Isolates lacking PDA are still more tolerant
of pisatin than other closely related fungi and a “nondegradative” tolerance mechanism
was demonstrated previously that might be responsible for this tolerance.
ABC transporter, NhABC1, was identified as the gene responsible for this
tolerance, fulfilling the major goal of this dissertation. NhABC1 is induced by pisatin and
NhABC1 mutants are reduced in virulence on pea to a similar degree as PDA mutants.
However, isolates lacking both PDA and NhABC1 are essentially non-pathogenic on pea
and are more sensitive to pisatin than either single mutant, demonstrating these two
proteins are the major mechanisms responsible for pisatin tolerance. A second ABC
transporter in N. haematococca (NhADP1) was also shown to be involved in virulence on
pea, however its function in planta remains unknown.
The final part of this dissertation concerns a partial analysis of the genome
sequence of N. haematococca MPVI. The genome encodes 68 ABC transporters, some of
which were in multiple copies when compared to other fungal genomes. This finding led
to a whole genome approach to identify extra copies of genes, which are in single copies
in the most closely related sequenced fungus, Gibberella zeae. When a comparison
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between the orthologs found in both genomes and the unique genes found in N.
haematococca was made, the results suggest HGT may have shaped the genome of N.
haematococca. Several lines of evidence supports this: the large genome size of N.
haematococca, the unexpected phylogenetic relationship of the extra copies of genes, the
enrichment of the unique genes on dispensable portions of the genome, and a difference
between codon usage and GC content of the orthologs versus the unique genes.
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I. INTRODUCTION
1.A Plant-Microbe Interactions
Plants provide numerous ecosystems for microbes to interact with the plant and
for the microorganisms to proliferate. These include the rhizosphere (the zone of soil
influenced by the root system), the phyllosphere (the surfaces of the above ground
portion of the plant), and the endosphere (the internal portion of the plant). A few fungalplant interactions are beneficial to both participants. These include mycorrhizal fungi
which provide drought tolerance and additional phosphorus uptake for the plant (Bolan,
1991; Harrison, 1999), and endosymbiotic fungi which provide various benefits to the
plant including heat tolerance (Marquez et al, 2007). In return, these fungi receive
nutrients such as sugars and amino acids from the plant (Harrison, 1999).
However, fungi are best known for their ability to cause disease. Approximately
11,000 plant diseases have been documented, of which more than 10,000 species of fungi
in 120 genera are capable of establishing disease on plants (Agrios, 1997; Montesinos et
al, 2002). All plant species are susceptible to some fungal pathogen (Agrios, 1997), but
phytopathogenic fungi are not able to infect all plants and a single plant is not susceptible
to all fungi indicating an evolution of specific pathogens for each individual plant species
(Knogge, 1996). Even if a particular fungus has the ability to be a pathogen on a specific
plant, numerous other variables determine if disease occurs such as the virulence of the
isolate, the susceptibility of the host, and the environmental conditions.
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1.A.i Plant Defenses
Plants have evolved multiple layers of defense. These defenses can occur locally
within the plant or be systemic and can be preformed or induced by pathogen attack.
These defenses are conceptually further divided into “nonhost” and “host resistance”
mechanisms (Dangl and Jones, 2001; Thordal-Christensen, 2003). Host resistance is the
resistance expressed by a plant against some genotypes (races) of a pathogen of that
plant. For example, using flax (Linum usitatissimum) varieties and different races of the
flax rust fungus Melampsora lini, H.H. Flor demonstrated that disease resistance in the
plant segregated as a single dominant gene against each race (Flor, 1947), while on the
other hand lack of the ability to cause disease (“avirulence”) in M. lini also segregated as
a single dominate gene (Flor, 1942; 1946), leading to the “gene-for-gene” hypothesis
(Flor, 1956; 1971). This hypothesis led to the idea that host specific elicitors of the
pathogen, called avirulence (AVR) gene products, interact with the resistance (R) gene
products in the plant cell providing resistance to that race of the pathogen (Dangl and
Jones, 2001).
In contrast to this phenomenon is the observation mentioned above that only a
few fungi are pathogenic on a given plant and the resistance the plant has to all other
plant pathogens is called “nonhost” resistance. Currently, what the signals are that
induce the nonhost and host resistances and the biochemical basis of these resistances is
not clearly defined, and the biochemical basis may be the same in some cases. (Dangl and
Jones, 2001; Thordal-Christensen, 2003)
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Plant resistance mechanisms, whether host or nonhost, are due to a number of
plant properties such as production of phytoanticipins, phytoalexins, antimicrobial
peptides, reactive oxygen species (ROS), and physical barriers (Broekaert et al, 1997;
Garcia-Olmedo et al, 1998; Dixon, 2001; Thomma et al, 2002). For example, a major
function of the plant cell wall, among others, is defense by providing a physical barrier
for the pathogen to overcome. A waxy layer of cutin on the surface of the epidermal cell
wall of above ground plant organs curtails pathogen penetration of the plant cell. Below
this cuticular wax layer lies the plant cell wall, and it is composed of high molecular
weight polysaccharides which are crosslinked by covalent and ionic bonds, which resist
physical penetration (Vorwerk et al, 2004). The principle component of the wall,
cellulose, forms long microfibrils that lie in a layer of ~30-36 chains which are
interconnected by hydrogen bonds to hemicellulose molecules embedded in pectin
(Vorwerk et al, 2004).
To overcome this barrier, fungal pathogens secrete enzymes to degrade the cell
wall, including cutinases, pectin esterases, cellulases, glucanases, endopolygalacturonases
and endopectate lyases, pectin lyases, and a variety of other enzymes (Annis and
Goodwin, 1997; Vorwerk et al, 2004). Portions of the degraded plant cell wall produced
by these enzymes typically diffuse rapidly into the cell and serve as signaling molecules
initiating plant defense reactions (Vorwerk et al, 2004; Hückelhoven, 2007). These
defense responses include production of reactive oxygen species (ROS) and phytoalexins
(Hückelhoven, 2007).

16

1.A.i.a Phytoanticipins
Within the plant kingdom, over 100,000 secondary metabolites are produced
(Dixon, 2001). Some of these compounds are present in a preformed state in the cell
walls of a healthy plant and display antimicrobial activity. Other compounds are
compartmentalized within a cell or stored as precursors and are released or activated
upon pathogen attack. These metabolites are collectively termed phytoanticipins, and
they are one of the first chemical barriers encountered by plant pathogens.
Phytoanticipins have diverse chemical structures and the chemical type produced varies
depending on the host plant involved (VanEtten et al, 1994). These include phenols,
phenolic glycosides, unsaturated lactones, sulphur compounds, saponins, cyanogenic
glycosides, glucosinolates, and the polypeptide defensins. However, only a few of these
classes have been studied in detail, which are discussed further below.
Typically, plant phytoanticipin production is tissue-specific, and the cells with the
highest concentration of these compounds are often in the outer layers of plant organs
(Osbourn, 1996a). Phytoanticipins or their precursors are commonly stored in vacuoles
or other organelles, and are released upon pathogen attack. Therefore, phytopathogenic
fungi which cause a high degree of tissue damage (necrotrophic fungi) encounter a larger
concentration of the antimicrobial compounds than fungi which cause little tissue damage
(biotrophic fungi) (Osbourn, 1996a).
The class of phytoanticipins known as saponins are glycosylated compounds
which accumulate to a high level in healthy plants. Saponins are widely distributed in
plants and are thought to bind with sterols in the fungal cell membrane forming pores
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resulting in pathogen cell leakage and eventually cell death (Fenwick et al, 1992;
Osbourn, 1996b). Examples include avenacin and avenacoside from oats, α-tomatine
from tomato, and α-chaconine from potato.
Cyanogenic glycosides and glucosinolates are compounds which release hydrogen
cyanide or compounds with a cyanide side chain, respectively, when activated (Osbourn,
1996a). There are over 200 plants which produce these compounds in response to
pathogens (Morrissey and Osbourn, 1999). These compounds are activated by plant
hydrolytic enzymes, releasing the respiratory toxin (Osbourn, 1996a). Examples include
dhurrin from Sorghum sp., anygdalin from almonds, and linamarin and lotaustralin from
numerous plants.
Plant antimicrobial peptides also function as phytoanticipins as several have been
found preformed and compartmentalized in an uninfected plant. These defense peptides
are divided into eight classes: thionins, defensins, lipid transfer proteins, hevein- and
knottin-like proteins, maize basic peptide (MBP1), Impatiens balsamina antimicrobial
peptide (IbAMP), and snakins (Garcia-Olmedo et al, 1998). Many of these peptides
contain conserved cysteine residues which are involved in formation of disulfide bridges.
Thionins are typically 45-47 amino acids in length and cause cellular permeability in
fungi whereas defensins are 45-54 amino acids in length and mediate a Ca2+ influx and a
K+ efflux in fungi, although the actual molecular means of fungal toxicity remains
unknown (Thevissen et al, 1996; Garcia-Olmedo et al, 1998).
Some evidence suggests that non-protein amino acids are also phytoanticipins
(Bell, 1976). One example is β-isoxazolinonyl-alanine (βIA) produced by garden pea
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(Schenk et al, 1991). This compound, found in high concentrations in young pea
seedlings, inhibits several yeast species. However, Gram-positive and Gram-negative
bacteria were not affected (Schenk et al, 1991). The phytopathogenic fungi Botrytis
cinerea and Rhizoctonia solani, and the oomycete Pythium ultimum were reduced in
growth when grown on solid medium with 300 µM βIA (Schenk et al, 1991).

1.A.i.b Phytoalexins
In addition to phytoanticipins, another class of antimicrobial compounds is
produced after pathogen attack. Over 65 years ago, Müller and Börger (1940) observed
that potatoes resistant to the causative agent of late blight (Phytophthora infestans)
produced the localized cell death resistant reaction termed the hypersensitive response.
However, the layer of living potato cells adjacent to this hypersensitive lesion are able to
inhibit a second challenge by a P. infestans race that was normally able to infect that
potato cultivar. Also, areas distant from the hypersensitive area were still susceptible.
This research led to the hypothesis that a compound was produced locally at the infection
site which was able to inhibit the pathogen. The term phytoalexin was proposed for the
compound, from Greek, meaning “warding off agent.”
Phytoalexins have since been defined as low molecular weight plant secondary
metabolites produced after challenge by a microorganism, which are toxic to microbes
(Paxton, 1980; VanEtten et al, 1994; Hammerschmidt, 1999; Dixon, 2001). Phytoalexins
have diverse chemical structures ranging from terpenoids, phenolics, phenylpropanoids,
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and nitrogen and sulphur-containing compounds, including elemental sulphur, the only
known inorganic phytoalexin (Cooper et al, 1996; Hammerschmidt, 1999; Dixon 2001).
Some plants produce multiple phytoalexins, such as potato which produces
rishitin, lubimin, phytuberin, and solavetivone (Bostock et al, 1981) and cocoa which
produces the pentacyclic triterpene arjunolic acid, two hydroxylated acetophenones, and
elemental sulphur (Dixon, 2001; Cooper et al, 1996). Many plant families produce
phytoalexins which are in the same chemical class (Grayer and Harborne, 1994; Kúc,
1995). However, the same phytoalexin is sometimes produced by multiple plants, such
as maackiain which is produced by at least 13 genera. Microbes are typically inhibited
by concentrations of 10-100 µM for most phytoalexins (Smith, 1982).

1.A.ii. Fungal tolerance to plant produced antimicrobial compounds
Pisatin, produced by garden pea Pisum sativum L., was the first phytoalexin
isolated and identified (Cruickshank and Perrin, 1960; 1962). Pisatin is an isoflavonoid
pterocarpan with a methoxy group at the 3 position (Figure 1; Perrin and Bottomley,
1962).

In a classic study, Cruickshank (1962) surveyed 50 fungi for sensitivity to

pisatin. Five of the six fungi assayed that were pathogenic on pea were found to be
insensitive to pisatin having an ED50 of over 100 µg/mL of pisatin. Conversely, when the
assay was conducted on fungi that are non pathogenic on pea, 38 out of 44 had an ED50
of <50 µg/mL pisatin (Cruickshank, 1962). This observation suggested that phytoalexin
tolerance could be a pathogenicity trait based on the strong correlation between host
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(+) pisatin

6a-hydroxymaackiain

Figure 1. Detoxification of (+) pisatin by pisatin demethylase (PDA) to the less toxic
compound 6a-hydroxymaackiain. Pisatin demethylase is a member of the CYP57A
cytochrome P450 family.
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range and phytoalexin sensitivity. However exceptions to this correlation have since
been identified by additional surveys (VanEtten and Puepkke, 1976; Smith, 1982).
The correlation between a plant’s phytoalexin and the respective pathogen’s
tolerance to that compound is one example of the co-evolution between a pathogen and
its host plant, sometimes referred to as the “molecular arms race”. The emergence of
plant defense mechanisms based on production of antimicrobial compounds initiates
pathogens to devise counter-measures to overcome these antimicrobial compounds, and it
is this co-evolution between the two participants which is believed to have created much
of the Earth’s biodiversity (Rausher, 2001).
In response to plant production of these antimicrobial compounds, fungi have
evolved several tolerance mechanisms (Figure 2). The most common method to
overcome these compounds is enzymatic degradation or modification creating a less toxic
product. The first demonstration of enzymatic degradation of a phytoalexin once again
involved pisatin. The pea pathogens Ascochyta pisi and Fusarium oxysporum were
demonstrated to degrade pisatin to a non-toxic compound (Uehara, 1964). Since this
initial study, several other pea pathogens have been shown to convert pisatin to a less
toxic compound, such as Colletotrichum pisi, Mycosphaerella pinodes, Nectria
haematococca MPVI, Neocosmospora boniensis, and Phoma pinodella (VanEtten and
Stein, 1978; Delserone et al, 1999; George and VanEtten, 2001; Temporini and VanEtten,
2004).
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Figure 2. Phytoalexin and phytoanticipin tolerance mechanisms in plant pathogens.
The proposed three main mechanisms are illustrated with an invading fungal plant
pathogen are; (a) detoxification mediated by enzymatic modification of the toxic
chemicals; (b) active exclusion of the phytoalexin or phytoanticipin mediated by an
efflux pump; and (c) alteration of the cellular component (red structure) targeted by the
toxin. Figure from VanEtten et al, 2001.
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Other phytoalexins are also degraded by fungal pathogens, despite the diverse
chemical structures of the compounds. In fact, at least 29 phytoalexins are known to be
degraded or modified by fungi (Pedras and Ahiahonu, 2005, and references within).
However, different fungi sometimes have different modification methods for the same
phytoalexin, suggesting different enzymes in these fungi have evolved to provide
tolerance. For example, the phytoalexin medicarpin is converted by Fusarium
proliferatum, Botrytis cinerea, Sclerotinia trifoliorum, Stemphylium botryosum, Nectria
haematococca, and Fusarium oxysporum, producing demethylmedicarpin, 6ahydroxypterocarpans, vestitol, vestitone, isoflavan, and demethylvestitol as the major
products of metabolism, respectively (Bilton et al, 1976; Ingham, 1976; Steiner, 1977;
Weltring and Barz, 1980; Denny and VanEtten, 1982; Weltring et al, 1983, Soby et al,
1996).
Detoxification of antimicrobial compounds is not limited to phytoalexins, as
phytoanticipins are also modified to less toxic compounds by fungal pathogens. Some of
the phytoanticipins known to be degraded by pathogens include avenacin A-1,
avenacoside B, α-tomatine, α-chaconine, and cyanide (Bowyer et al, 1995; Sandrock et
al, 1995, Wang et al, 1999; Morrissey and Osbourn, 1999, and references within). A
similar trend is observed with the degradation of phytoanticipins as seen with
phytoalexins. The tomato phytoanticipin α-tomatine can be degraded by three tomato
pathogens, Botrytis cinerea, Fusarium oxysporum f.sp. lycopersici, and Septoria
lycopersici, each producing a different less toxic by-product (Sandrock and VanEtten,
1998; Morrissey and Osbourn, 1999).
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In addition to enzymatic modification of phytoanticipins and phytoalexins, efflux
pumps also provide tolerance to the compounds. When the plant-produced antimicrobial
enters the fungal cell, an efflux pump translocates the compound back outside the cell as
quickly as it enters, thus there is no net increase in intracellular concentration. Several
families of transporters have been described to provide tolerance to toxic compounds, the
ATP-binding cassette (ABC) transporter superfamily, the major facilitator superfamily
(MFS), the resistance-nodulation-cell division family (RND), the multidrug and toxic
compound extrusion (MatE) family, and the small multidrug resistance (SMR) family.
Recently, several fungal ABC transporters have been shown to be involved in tolerance
to plant produced antimicrobials and/or virulence (discussed below).
The third mechanism for phytoalexin/phytoanticipin tolerance is modification of
the target site, although this mechanism has not been described in plant pathogenic fungi
and is only proposed. However, in the human fungal pathogen Candida albicans an
amino acid substitution in the enzyme sterol 14α-demethylase, the target site to azole
drugs, decreases the drug affinity for the enzyme, increasing drug resistance for the
fungus (Lamb et al, 2000). It is reasonable to foresee a mechanism of this type
eventually described in a fungal plant pathogen, as fungi are constantly exposed to the
antimicrobials produced by their host plant.
Several examples of plant-derived antimicrobial tolerance mechanisms as
pathogenicity factors also exist. The phytoanticipin produced by oats, avenacin A-1 is a
triterpenoid root saponin. This compound is localized to the epidermal cell layer of the
root (Osbourn et al, 1994), and the root-infecting fungal pathogen Gaeumannomyces
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graminis var. avenae must pass this layer to successfully infect the plant. In order to
accomplish this feat, the fungus produces avenacinase, an enzyme which hydrolyzes the
terminal D-glucose molecules of the saponin producing a non-toxic product (Osbourn et
al, 1991). Avenacinase deficient mutants are unable to infect oat roots, however the
fungus retains the ability to infect the alternative host wheat, which does not produce
avenacin (Bowyer et al, 1995). These studies show avenacinase is a host-specific
pathogenicity trait, and the enzyme is one determinant of host range for G. graminis
(Osbourn 1996a). Another example of a degradative tolerance mechanism which is also
a host-specific pathogenicity trait is pisatin demethylase in Nectria haematococca MPVI
(discussed in detail below).
Recently, RND efflux pumps in Erwinia sp. have been demonstrated to play an
important role in tolerance to plant antimicrobials. Erwinia amylovora, the causative
agent of fire blight on Rosaceae, has a RND pump which confers tolerance to the apple
phytoalexins phloretin, naringenin, quercetin, and (+) catechin. Mutants of this transport
system have reduced virulence on apple (Burse et al, 2004). In a similar study in E.
chrysanthemi, one the causative agents of bacterial soft-rot disease, two RND systems
were characterized. One system conferred tolerance to thionins, while the second was
responsible for virulence on potato, and mutants were more sensitive to potato extracts
(Valecillos et al, 2006). These transport systems are responsible for translocation of
compounds through the membrane, however a second protein is responsible for removal
from the periplasmic space. When this gene (tolC) is deleted the bacterium also has
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increased sensitivity to plant antimicrobials and is reduced in virulence (Barabote et al,
2003).

1.B Nectria haematococca mating population VI
N. haematococca is a filamentous ascomycete which belongs to the evolutionary
group known as the “Fusarium solani species complex” (O’Donnell, 2000). Members of
the “Fusarium solani species complex” are found in a wide variety of environments
ranging from artic tundras to deserts, existing as saprobes and pathogens (VanEtten and
Kistler, 1988; Nelson et al, 1994; Rodriguez et al, 1996). Their ability to thrive in such
diverse habitats may explain their diverse metabolic abilities. These fungi can degrade a
wide variety of compounds for use as carbon and nitrogen sources, and are resistant to a
number of toxic compounds (Burgess, 1981; Rodriguez-Carres, 2006). Collectively,
members of the F. solani species complex can cause disease on approximately 100
genera of plants, including many agriculturally important crops (VanEtten, 1978;
Hawthorne et al, 1992).
Within the Fusarium solani species complex, N. haematococca is a group
containing both homothallic and heterothallic fungi. The heterothallic N. haematococca
are further divided into seven mating populations (MPI-MPVII), where each mating
population is a separate species capable of crossing with other members of the same
mating population, but are unable to cross with fungi from the other mating populations
(Matuo and Snyder, 1973). The best studied of this group is N. haematococca MPVI and
its interaction on garden pea (Pisum sativa L.). The sexual stage of N. haematococca
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MPVI leads to the production of red pigmented perithecia containing the ascospores,
although mating apparently takes place rarely in nature as production of perithecia has
only been reported occurring in Japan on mulberry branches (Matuo and Snyder, 1972).

1.B.i. The conditionally dispensable (CD) chromosome
Over the past 20 years, several fungi have been identified which carry
supernumerary chromosomes, which are chromosomes found in some isolates, but not in
all isolates of that species (Covert, 1998). Some supernumary chromosomes carry genes
which are not needed under normal saprobic growth conditions, however when present
the chromosome confers an adaptive advantage in certain niches. These supernumerary
chromosomes are further defined as “conditionally dispensable” (CD) chromosomes.
In N. haematococca MPVI, the supernumerary chromosomes typically exhibit a
non-Mendelian segregation ratio, where the number of progeny with the chromosome is
less than expected (Miao et al, 1991a; Funnell and VanEtten, 2002), however there
appears to be mitotic stability, as an isolate grown continuously in culture vegetatively
over 2.5 years retained its supernumerary chromosome (VanEtten et al, 1998).
Field isolates of N. haematococca vary greatly in chromosome number and in the
size of the small chromosomes (Miao et al 1991a; Suga et al, 2002; Funnell and
VanEtten, 2002). Some members of N. haematococca MPVI carry an additional 1.6 Mb
CD chromosome. This chromosome is not needed for axenic growth, however when it is
present it confers upon the fungus the ability to be pathogenic on pea (Miao et al, 1991a;
1991b; VanEtten et al, 1994; Wasmann and VanEtten, 1996; Kistler et al, 1996; Han et
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al, 2001) and chickpea (Enkerli et al, 1998). This chromosome also allows the fungus to
use homoserine, a major root exudate from pea, as a sole carbon and nitrogen source
(Rodriguez-Carres, 2006).

1.B.ii. Pathogenicity
Nectria haematococca MPVI has the ability to cause disease on many plants and
a few higher organisms such as penaeid shrimp (VanEtten, 1978; Kistler and VanEtten,
1988). Even though isolates of N. haematococca MPVI are sometimes referred to by
their anamorphic name Fusarium solani f. sp. pisi, they have a much broader host range;
strains of the fungus have been confirmed to be pathogenic on alfalfa, chickpea,
cottonwood, ginseng, mulberry, red clover, sainfoin, tuliptree, and of particular interest
for this dissertation, garden pea (Kistler and VanEtten, 1988).

1.B.iii.a. Pisatin demethylase
Nectria haematococca MPVI must overcome or circumvent the host’s response to
be a successful pathogen. Garden pea (Pisum sativum L.) produces the antimicrobial
defense compound pisatin. Field isolates of N. haematococca have varying degrees of
tolerance to pisatin (VanEtten and Stein, 1978), and, as indicated earlier, detoxification
by demethylating pisatin was associated with virulence on pea (VanEtten et al, 1980;
Tegtmeier and VanEtten, 1982).
The pisatin demethylation ability (PDA) was identified to be due to a cytochrome
P450 (Matthews and VanEtten, 1983), which catalyzed a one-step demethylation reaction
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of the compound (Figure 1). The gene responsible for this reaction, termed pisatin
demethylase (PDA), was cloned by complementation in Aspergillus nidulans (Weltring et
al, 1988) and is divergent enough from other known P450s that it defines a new
cytochrome P450 family, CYP57A (Maloney and VanEtten, 1994). A total of nine PDA
genes (PDA1-1, PDA1-2, PDA2, PDA3, PDA4, PDA5, PDA6-1, PDA6-2, and PDA7)
have been identified in N. haematococca by genetic studies (Kistler and VanEtten, 1984;
Mackintosh et al, 1989; Miao et al, 1991b; Reimmann and VanEtten, 1994; Funnell et al,
2002), and share a high amount of DNA sequence similarity (Miao et al, 1991b; Maloney
and VanEtten, 1995; Funnell et al, 2002). The deduced amino acid sequence identity for
these PDA enzymes is over 88% when compared to that of the first PDA identified.
The PDA enzyme in N. haematococca is selectively induced by pisatin, favors
pisatin as a substrate over structurally related compounds, and has a low Km for pisatin
(VanEtten and Barz, 1980, George et al, 1998). Despite the high degree of similarity at
the sequence level, the genes have a difference in expression in planta (Hirschi and
VanEtten, 1996), and only those PDA genes with high expression are associated with
virulence on pea (PDA1-1, PDA1-2, PDA4, PDA5, and PDA7; George et al, 1998).
Several studies have demonstrated that PDA is a virulence factor for infection of
on pea. All naturally occurring isolates of N. haematococca which are pathogenic on pea
that have been surveyed have at least one PDA gene (Miao et al, 1991b). Isolates with a
disrupted PDA gene have reduced pathogenicity and are more sensitive to pisatin
(Wasmann and VanEtten, 1996). Conversely, when PDA is transformed into a pdaisolate, virulence on pea increases and the transformant has increased pisatin tolerance
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(Ciuffetti and Vanetten, 1996). Furthermore, when PDA is transformed into the corn
pathogen Cochliobolus heterostrophus, which is not normally pathogenic on pea,
virulence on pea increases, not only demonstrating PDA as a virulence factor on pea, but
also suggesting PDA expands a pathogen’s host range (Schäfer et al, 1989).
The PDA genes are on small chromosomes approximately 1.6 Mb in size (Maio et
al, 1991a; 1991b; Funnell et al, 2002) with the exception of PDA5 and PDA7 which are
either linked on a single chromosome of 4.6-5.7 Mb, or are on separate chromosomes
ranging in size from 3.5-4.5 Mb (Maio et al, 1991b; Funnell et al, 2002). Several of the
small chromosomes which bear PDA1-1, PDA1-2, PDA4, and PDA6-1 have been shown
to be conditionally dispensable by genetic analysis (Maio et al, 1991a; Funnell and
VanEtten, 2002), and two of the 1.6 Mb chromosomes, harboring PDA1-1 and PDA4, are
speculated to have the same origin (Rodriguez-Carres, 2006).
As previously mentioned, other fungal pea pathogens have been described that
degrade pisatin to a less toxic compound (Uehara, 1964; VanEtten and Stein, 1978;
Delserone et al, 1999; George and VanEtten, 2001; Temporini and VanEtten, 2004).
Studies with Ascochyta pisi, Fusarium oxysporum f. sp. pisi, Mycosphaerella pinodes,
and Phoma pinodella demonstrated a correlation between a high rate of pisatin
degradation and high virulence on pea, suggesting a single enzyme is responsible for this
phenomenon (Delserone et al, 1999). Similar to PDA in N. haematococca MPVI, a
pisatin-inducible cytochrome P450 has been shown to be present in A. pisi, M. pinodes,
and P. pinodella, (George and VanEtten, 2001), however the genes responsible for this
P450 have little homology to the PDA genes in N. haematococca (Delserone et al, 1999).
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Differences in Km values and sensitivity to P450 inhibitors are evident when a
comparison between the PDA enzymes are made (George and VanEtten, 2001),
suggesting independent evolution for the genes that encode these P450 enzymes.
However, pea pathogens more closely related to N. haematococca have a homologous
PDA gene (Delserone et al, 1999; VanEtten et al, 2001; Temporini and VanEtten, 2004).
N. boniensis and F. oxysporum f. sp. pisi encode PDA genes 96% and 82% identical at
the nucleotide sequence, respectively (Temporini and VanEtten, 2004; VanEtten et al,
2001).
Although all sequenced PDA genes are from members of the Fusaria, not all
members carry this gene. Over thirty isolates of Fusarium were probed by Southern
blotting, revealing four more formae speciales isolates of F. oxysporum which have the
gene (F. oxysporum f. sp. lini, F. oxysporum f. sp. glycines, F. oxysporum f. sp. dianthi,
and F. oxysporum f. sp. phaseolus) and three more Necosmospora species (N. vasinfecta,
N. tenuicristata, and N. ornamentata), however only F. oxysporum f. sp. phaseolus, N.
vasinfecta, and N. tenuicristata displayed significant PDA enzymatic activity (Temporini
and VanEtten, 2004; E. Temporini, unpublished results). Other isolates that are not
pathogenic on pea but are more closely related to N. haematococca MPVI than N.
boniensis and F. oxysporum f. sp. pisi had no PDA homologs, demonstrating a
discontinuous phylogenetic distribution (Temporini and VanEtten, 2002; Temporini and
VanEtten, 2004).
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1.B.ii.b. Pea pathogenicity cluster
The PDA gene is part of a cluster of at least six genes on the CD chromosome,
which are expressed during infection of pea (Figure 3; Han et al, 2001). In addition to
PDA, three genes expressed during infection function independently as virulence factors
when transformed into an isolate of N. haematococca without this cluster (Han et al,
2001; Liu et al, 2003). Two of these genes, termed PEP genes for pea pathogenicity
genes, have unknown functions, while the third gene has homology to a major facilitator
transporter (Figure 3; Han et al, 2001).
Twenty-five field isolates of N. haematococca MPVI from different geographic
and host origins were analyzed for the presence of the PEP cluster. The nine isolates
with a high level of virulence on pea all contained at least one copy of each gene in the
cluster, while none of the 16 less or non virulent isolates had all genes in the PEP cluster
(Temporini and VanEtten, 2002). Some non-CD chromosomes contained genes with
homology to the PEP genes, but only the CD chromosomes contained a full intact cluster
of the six genes (Temporini and VanEtten, 2002). Like PDA, the entire PEP cluster has a
discontinuous distribution, as only F. oxysporum f. sp. pisi and N. boniensis have intact
PEP clusters (Temporini and VanEtten, 2004). The pattern observed of discontinuous
distribution of the PEP genes and PDA can be explained by vertical inheritance and rapid
gene loss, or horizontal gene transfer.
The linkage of a cluster of genes to a specific phenotype and a discontinuous
distribution of these genes are characteristic of horizontal gene transfer (HGT; Ochman et
al, 2000; Ragan, 2001; Lawrence, 2005; Andersson, 2005). Of the nine N. haematococca
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PEP1
Length (bp)
Protein Class

PEP2
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1
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785

1784

Unknown

Unknown

Cyp P450

MFS transporter

Figure 3. The genes involved in virulence in the pea pathogenicity (PEP) cluster of
N. haematococca MPVI. The entire cluster spans ~25 kb and resides on a 1.6 Mb CD
chromosome.
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MPVI isolates with all genes in the PEP cluster, eight had the genes in the same order as
the isolate where the cluster was first identified, and all were on small chromosomes (D.
Tsuchiya, unpublished results). Cluster analysis of the codon usage and %GC of the PEP
genes, PDA, and 21 genes from other chromosomes revealed a codon/%GC bias that is
correlated with the location of the genes (Liu et al, 2003), also supporting the HGT
hypothesis.

I. B.iii Nondegradative tolerance to pisatin
Although N. haematococca MPVI isolates with the highest level of pisatin
tolerance have PDA activity, isolates lacking the ability to degrade pisatin still have
significantly higher pisatin tolerance than closely related fungi such as N. haematococca
MPI (VanEtten and Stein, 1978; VanEtten et al, 1980). A nondegradative tolerance
mechanism was identified that was induced by pisatin and structurally related compounds
(Denny and VanEtten, 1983a; 1983b; Denny et al, 1987). N. haematococca mycelia
treated with a low concentration of pisatin before treatment with a higher concentration
have a significantly shortened lag period of growth, when compared to mycelia which did
not receive a low dose pretreatment (Figure 4; Denny and VanEtten, 1983b; Denny et al,
1987). Pisatin is taken up by the fungus, however a decrease in the amount of pisatin
retained is associated with the tolerance, as pisatin may be excluded from the
antimicrobial’s site of action by reducing the rate of influx (Denny et al, 1987). The
nondegradative tolerance mechanism is energy dependent and requires protein synthesis
(Denny et al, 1987).
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Figure 4. Induction of nondegradative tolerance in N. haematococca MPVI isolate
126-80 by pisatin. Pisatin tolerance was induced in isolate 126-80 at 28oC by pretreating
the mycelium with 0.1mM pisatin (filled symbols) for 3 hours. A second 0.5mM dose of
pisatin was added to two cultures after 3 hours. Figure modified from Denny and
VanEtten, 1983b.
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Nondegradative tolerance to pisatin was not apparent in the closely related fungus
N. haematococca MPI (Denny and VanEtten, 1983a), however there is a similar tolerance
mechanism to pisatin in Neurospora crassa and the slime mold Dictyostelium discoideum
(Kasbekar, 1994). Other nondegradative tolerance mechanisms to different phytoalexins
have been identified in phytopathogenic fungi and are the result of ATP-binding cassette
(ABC) transporters (Fleissner et al, 2002; Schoonbeek et al, 2001).

1.C ATP-binding cassette (ABC) transporters
1.C.i. Overview of ABC transporters
The superfamily of ABC transporters is comprised of six families. The multidrug
resistance (MDR, ABCA), the multidrug resistance associated protein (MRP, ABCC), the
peroxisomal transporters (ABCD), and the pleiotropic drug resistance (PDR, ABCG), are
the four major families of ABC transporters in fungi.
ABC transporters have a conserved architecture. They are usually composed of
an ATP-binding domain (NBD) followed or preceded by six transmembrane spanning
domains (TMD), however there are exceptions. These two domains together represent
the NBD-TMD6 design of half ABC transporters, which dimerize to form a fully
functional protein. Instead of dimerizing, most ABC transporters have evolved to be
comprised of two fused NBD-TMD6 half transporters creating one functional protein
(Higgins, 1992; Saier, 2003). Typical full length ABC transporters have 1200-1600
amino acids and have a molecular mass of 140 to 170 kDa.
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The ATP binding domain is the most conserved region of these proteins. This
domain is responsible for binding and hydrolysis of ATP, driving the transport of the
substrate against a concentration gradient. The highly hydrophyllic NBDs are located on
the cytoplasmic side of the membrane. Two short conserved amino acid sequences are
located in this domain (the Walker A and B motifs, Walker et al, 1982), separated by 90120 amino acids. There is some conservation within this region, in particular
immediately before the Walker B motif which is sometimes referred to as the ABC
signature sequence (Hyde et al, 1990; Higgins, 1992). Both of the NBDs are required, as
deletion of one or both results in loss of function, and mutation of a NBD reduces
transport ability (Berkower and Michaelis, 1991; Higgins, 1992).
The transmembrane domains are believed to be responsible for substrate
specificity. Most ABC transporters have been demonstrated to have multiple substrates,
thus it is postulated that substrate binding is not in a specific active site, but rather an
active pocket able to accommodate a variety of structurally different compounds
(Blackmore et al, 2001; Borges-Walmsley and Walmsley, 2001; Zhang, 2001).
Experimental evidence suggests transmembrane helices 4,5,6,10,11, and 12 are involved
in substrate binding, however it should be noted that all these experiments were done
with an MDR transporter, and may not imply the same helices are involved in substrate
binding for the other families (Greenberger, 1993; Zhang et al, 1995), however
transmembrane domain 10 has been implicated in substrate binding in a PDR transporter
in yeast (Egner et al, 2000).
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1.C.ii. Fungal ABC transporters involved in plant pathogenesis
The ability of fungal ABC transporters to efflux toxic compounds has been well
established (Rodgers et al, 2001; Sipos and Kuchler, 2001; Del Sorbo et al, 2000;
Stergiopoulos et al, 2002; de Waard et al, 2006). Several of these transporters have been
shown to be involved in pathogenicity on plants. A few of particular interest to this work
are discussed in detail below.

1.C.ii.a. ABC1 in Magnaporthe oryzae
The PDR transporter ABC1 in M. oryzae was the first ABC transporter
demonstrated to be involved in virulence (Urban et al, 1999). Mutants lacking the
transporter appeared to arrest growth and die early in the infection process after
penetration of rice and barley. Although the fungus was able to form the appressorium
infection structure, extensive infection hyphae were rarely observed inside the plant cell.
The abc- mutant displayed no increased sensitivity to any toxic metabolic compounds
tested nor was there any observed increased sensitivity to the rice-produced antimicrobial
sakuranetin, although the transporter was expressed when challenged with these
compounds. The role of the transporter in pathogenesis remains unknown, although
efflux of a toxin involved in pathogenicity by the fungus is unlikely as no such toxin has
been identified from M. oryzae, and the initial infection process of the fungus usually
does not involve plant cell damage. Therefore, the ABC transporter is believed to
function in fungal defense providing efflux of an unknown poisonous rice-derived
compound.
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1.C.ii.b. GpABC1 in Gibberella pulicaris
The potato pathogen Gibberella pulicaris has an ABC transporter which provides
tolerance to the potato phytoalexins, rishitin and lubimin (Fleissner et al, 2002).
Expression of GpABC1 was rapidly induced after exposure to rishitin, as transcripts were
detected within minutes after treatment, and expression peaked 40 minutes after
induction. When GpABC1 is disrupted, the fungus is essentially non-pathogenic on
potato, suggesting this ABC transporter is the major tolerance mechanism to the potato
phytoalexins, even though a degradative tolerance mechanism exists (Gardner et al,
1994).

1.C.ii.c. BcatrB in Botrytis cinerea
The broad host plant pathogen Botrytis cinerea encounters several different plantderived compounds. The PDR ABC transporter BcatrB confers tolerance to the grape
antimicrobial resveratrol (Schoonbeek et al, 2001). BcatrB is induced by a broad
spectrum of chemical structures, including fungicides (see previous section), phenazines,
and several plant-derived compounds (Schoonbeek et al, 2001; 2003). Induction of the
transporter is rapid and, if induced, it is time and concentration dependent (Schoonbeek et
al, 2003). In virulence assays on detached grapevine leaves the BcatrB mutant produces
lesions approximately 25% reduced in size when compared to wild-type lesions
(Schoonbeek et al, 2001). The transporter is also able to transport the essential oil
produced by basil, eugenol, however BcatrB mutants show no decrease in virulence on
basil leaves (Schoonbeek et al, 2003).
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1.C.ii.d. FcABC1 in Fusarium culmorum
Another wheat and barley pathogen, Fusarium culmorum, causes head blight. An
ABC transporter gene orthologous to GpABC1 has been identified in F. culmorum which
has implications in virulence (Skov et al, 2004). The actual function of the transporter is
unknown, but like ABC1 in M. oryzae, it is postulated to be responsible for tolerance to
an unknown plant antimicrobial compound.

1.C.ii.e. MgAtr4 in Mycosphaerella graminicola
Septoria tritici blotch on wheat is an economically important disease caused by
Mycosphaerella graminicola. When the gene encoding the transporter MgAtr4 is
disrupted, the fungus is less virulent on wheat plants (Stergiopoulos et al, 2003). Further
analysis showed that the mutant is impaired in its ability to penetrate and colonize
substomatal cavities of the wheat leaves (Stergiopoulos et al, 2003). This phenotype is
similar to the one observed for the ABC1 mutant in M. oryzae, suggesting that the two
genes may be functionally homologous. Also like ABC1, the substrate of MgAtr4 is
unknown, although it is postulated that the substrate is a wheat-derived defense
compound.
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1.D Dissertation Format

The research presented in this dissertation will be submitted for publication
shortly. This section details the role the following papers play in the dissertation, and if
others contributed to the research presented, their part is described. Appendix A entitled
“Plant derived antibiotic mechanisms in a phytopathogenic fungus” is in the format in
which it will be submitted for publication. Appendix B entitled “The orthologs of the
yeast ABC transporter ADP1 are involved in pathogenicity in Magnaporthe oryzae and
Nectria haematococca MPVI,” and Appendix D entitled “Contributions to the analysis of
the genome of Nectria haematococca MPVI” will be revised and formatted for an
appropriate journal. At this time, I do not expect to publish the material in Appendix C
entitled “Reduced pathogenicity mutants of Nectria haematococca mating population I”.

1.D.i Dual tolerance to plant antibiotics as virulence factors in a phytopathogenic
fungus (Appendix A)
This paper demonstrates that a pathogen has evolved multiple mechanisms to
overcome a host plant’s phytoalexin. An ABC transporter efflux pump, NhABC1,
removes pisatin from inside the fungal cell while a cytochrome P450, pisatin demethylase
(PDA1), detoxifies the phytoalexin by degradation. Together, both of these proteins
account for the majority of the fungus’ ability to withstand the antimicrobial compound.
Mutants in both of these genes render the fungus essentially non-pathogenic on garden
pea.
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The wild-type Gibberella pulicaris isolate R6380 was provided by Dr. David
Geiser at Pennsylvania State University, State College, PA, and the G. pulicaris mutant
isolates GpABC1 T30 and T74 were provided by Drs. Klaus Weltring and Paul
Tudzynski at the University of Munster, Germany. Dr. Gillian Turgeon at Cornell
University, Ithica, NY, provided the plasmid p1199 used in this study. I was responsible
for all the experiments in Appendix A.

1.D.ii The orthologs of the yeast ABC transporter ADP1 are involved in
pathogenicity in Magnaporthe oryzae and Nectria haematococca MPVI (Appendix B)
Orthologous gene products of the yeast ADP1 ABC transporter are involved in
pathogenicity in M. oryzae and N. haematococca MPVI on their host plants, rice and
garden pea. Rice plants injected with a MoADP1 mutant do not develop disease,
demonstrating that the transporter is required for invasive growth. N. haematococca
NhADP1 mutants are reduced in virulence on pea, however virulence is unaffected on
carrot and tomato plants. This chapter demonstrates another ABC transporter is involved
in pathogenicity on pea in N. haematococca MPVI.
MoADP1 was originally identified as a virulence factor in rice by Dr. Melania
Betts, who conducted the virulence assays and appressorium assays on rice. I would like
to thank Drs. Marc Orbach, Melania Betts, and Lei Li for instruction with M. oryzae as a
model system. All the studies on NhADP1 were conducted by myself.
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1.D.iii Reduced pathogenicity mutants of Nectria haematococca mating population I
(Appendix C)
Initially, the objective was to determine if the orthologous gene product of
NhABC1 was involved in virulence in the cucurbit pathogen N. haematococca MPI.
Although this was not accomplished, the study demonstrates N. haematococca MPI can
be transformed, generating mutants which are reduced in pathogenicity.
Dr. Kerry O’Donnell from the USDA, ARS, Peoria, IL provided the N.
haematococca MPI isolates 22153 and 22165. I conducted all experiments described in
the appendix.

1.D.iv Contributions to the analysis of the genome of Nectria haematococca MPVI
(Appendix D)
This appendix includes the analysis of the 68 ABC transporters in the genome of
N. haematococca, of which a few were in multiple copies, unlike the situation in other
fungi. Building on this observation, the genome was analyzed for additional examples of
this phenomenon, dividing the genome into three groups of genes, putative orthologs,
unique genes, and putative pseudoparalogs. Several of the extra copies of genes in the N.
haematococca genome present an unexpected phylogenetic distribution. A comparison
of the orthologs and unique genes uncovered several differences including the location of
the genes within the genome, %GC, and codon usage. Collectively these results suggest
HGT has occurred during the evolution of N. haematococca.
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Dr. Steve Rounsley played a considerable role in the results presented in this
appendix. I divided the genome into the three classes (orthologs, unique genes, and
pseudoparalogs), while he determined the chromosomal location of the three classes of
genes within the genome, compared the sequences to ten other fungi, identified clusters
of possible pseudoparalogs, and conducted the %GC analysis. I annotated the ABC
transporters, analyzed the clusters, performed the phylogenetic analysis, and cloned and
analyzed the repeat-induced point mutation sequences in N. haematococca. Dr.
Marianela Rodriquez-Carres generated the isolates used for the RIP analysis, and Dr. Jose
Luis Goicoechea played a critical role in writing the scripts used in this study. I would
also like to thank Dr. Scott Kroken for useful discussions relating to this appendix.
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II. PRESENT STUDY
Significant Results
The methods, results, and conclusions of this dissertation are presented in the
attached appendices. The following sections summarize the important findings of each
appendix.

A. Dual tolerance to plant antibiotics as virulence factors in a phytopathogenic
fungus
1. The ABC transporter NhABC1 provides tolerance to pisatin.
2. NhABC1 and PDA1 are the major proteins responsible for pisatin tolerance.
3. In vitro pisatin induces NhABC1 expression.
4. NhABC1-/PDA1- mutants are essentially nonpathogenic on garden pea.
4. NhABC1 partially complements the GpABC1 mutant for potato virulence.

B. The orthologs of the yeast ABC transporter ADP1 are involved in pathogenicity
in Magnaporthe oryzae and Nectria haematococca MPVI
1. MoADP1 mutants are severely reduced in pathogenicity when injected into rice leaf
sheaths.
2. Despite having a domain implicated in adhesion (epithelial growth factor) spores of a
MoADP1 mutant of M. oryzae adhere to surfaces like the wild-type isolate.
3. NhADP1 is involved in pathogenicity on garden pea but not on carrot and tomato.
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C. Reduced pathogenicity mutants of Nectria haematococca mating population I
1. N. haematococca MPI can be transformed using a protoplast transformation
procedure.
2. Pathogenicity mutants can be generated and easily assayed in large numbers on
squash.

D. Contributions to the analysis of the genome of Nectria haematococca MPVI
1. There are 68 ABC transporters in the genome of N. haematococca.
2. Extra copies of some genes are present in the genome, and these genes have an
unexpected phylogenetic distribution.
3. Genomic comparison with Gibberella zeae suggests 1,331 putative pseudoparalogs
are present in the genome of N. haematococca.
4. A comparison of the putative orthologs and unique genes suggests differences
between the two groups including: gene distribution on the chromosomes, %GC content,
and codon usage.
5. N. haematococca is able to undergo RIP if multiple copies of a gene are present.
6. HGT may have occurred in the evolution of the N. haematococca genome.
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Dual tolerance to plant antibiotics as virulence factors in a phytopathogenic fungus
Jeffrey J. Coleman and Hans D. VanEtten
Department of Plant Sciences, Division of Plant Pathology and Microbiology, University
of Arizona, Tucson, Arizona, 85721, USA
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Microbes have evolved mechanisms which allow them to colonize virtually all
niches, including environments containing toxic compounds. Pathogenic microbes, in
particular, have evolved means to overcome synthetic toxins used for disease control
and/or a toxic environment produced as part of host defense. In 1940, Müller and Börger
proposed that production of specific plant antibiotics, called phytoalexins, in response to
microbial infection is a major plant resistance mechanism.1 It was another 20 years
before the first phytoalexin, (+) pisatin (Fig. 1), a phytoalexin from pea (Pisum sativum),
was chemically identified by Cruickshank and Perrin.2 Soon after, in a classic study
evaluating the sensitivity of 45 fungal species, Cruickshank observed that only five
species were tolerant of pisatin, and all of which were pathogens of pea.3 This
remarkable correlation demonstrating a linkage between tolerance and host range firmly
established the concept that tolerance to these plant antibiotics could be a host-specific
virulence trait.4 Prior research demonstrated that a specific cytochrome P450 that
detoxifies pisatin is present in pea pathogens and this cytochrome P450 is a host-specific
virulence factor in the pea pathogen Nectria haematococca.5 In this study, we
demonstrate this fungus also produces a specific ABC transporter that enhances its
tolerance to (+) pisatin. In addition, although the cytochrome P450 and the ABC
transporter individually contribute to the tolerance of pisatin and act as host-specific
virulence factors, mutations in both genes renders the fungus highly sensitive to pisatin
and essentially non-pathogenic on pea. These results show that a pathogenic microbe can
evolve multiple mechanisms to resist the toxic environment produced by their host’s
defense response.
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In 1964, Uehara, working with two pea pathogens, reported results that these
fungi were capable of degrading pisatin.6 This conclusion was soon disputed by
Cruickshank, but Cruickshank was mislead in his studies because his assay for pisatin
would not have distinguished between pisatin and the non-toxic demethylated product
produced from pisatin by most pea pathogens (Fig. 1).7 The enzyme catalyzing this
detoxification, pisatin demethylase (PDA), is a unique cytochrome P450 that has only
been found in pea pathogens.8,9 PDA has been best studied in N. haematococca and the
gene encoding this enzyme is clustered with three other genes involved in pea
pathogenicity (PEP genes)10 on a dispensable portion of the genome of this fungus, a
supernumerary chromosome.11 This type of supernumerary chromosome in fungi have
been called conditionally dispensable (CD) chromosomes because they contain genes,
such as the PEP genes, for growth in some habitats (pea), but the chromosomes are
dispensable for growth in other natural habitats and in culture. The PEP cluster has
features that suggest it was acquired by horizontal gene transfer (HGT)12-14 and thus CD
chromosomes biologically can be analogous to bacterial plasmids or pathogenicity
islands which are dispensable, but carry genes acquired by HGT that expand their
habitats.
Prior studies on N. haematococca in which PDA has been mutated by gene
disruption demonstrated that PDA- isolates exhibit increased sensitivity to pisatin (as
shown in Fig. 2) and reduced virulence on pea (as shown in Fig. 3).5 However, these
mutants were still pathogenic and fairly tolerant of pisatin when compared to other fungi.
Working with isolates that lack PDA activity, Denny et al.15,16 was able to demonstrate
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that such isolates had a second mechanism for tolerance to pisatin and called it “nondegradative” tolerance. This tolerance mechanism had many of the biochemical features
of an efflux transporter. Indeed, an ABC transporter in a related fungus, the potato
pathogen Gibberella pulicaris,17 has been shown to be responsible for tolerance to the
potato phytoalexin rishitin and it is necessary for virulence on potato. To determine if an
ABC transporter might be involved in non-degradative tolerance to pisatin, RNA was
isolated from pisatin-treated mycelium of N. haematococca and an ABC transporter,
referred to as NhABC1, was identified by reverse transcriptase polymerase chain reaction
(RT-PCR) using primers designed to amplify ABC transporters. Induction of NhABC1 in
vitro is evident 10 minutes after treatment with 90 µg/mL of pisatin and over a 220fold
induction is reached two hours after treatment with pisatin (Fig 4).
In order to address the role of NhABC1 in pisatin tolerance and virulence, gene
disruption mutants were generated. At 90 µg/mL (+) pisatin, PDA-disrupted mutants
show a reduction in tolerance of ~15%, but the NhABC1-disrupted mutant showed no
increase in sensitivity, presumably because the pisatin is being removed from the medium
by the PDA activity present in the mutant (Fig. 2). However, an isolate (375-13) with
both genes disrupted is very sensitive to pisatin (~45% reduction, Fig. 2). This decrease
in sensitivity is even more evident when the isolates are grown in higher concentrations
of pisatin (180 µg/mL), as the double mutant is reduced in growth by 87% when
compared to an isolate with functional copies of PDA and NhABC1. Spore germination
of the double mutant at this concentration of pisatin also is reduced greatly when
compared to the wild-type or either single mutant (Table S1). Therefore, it appears that a
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cytochrome P450 and an ABC transporter are the two major factors responsible for
pisatin tolerance in N. haematococca MPVI, and together are responsible for the high
level of tolerance this pea pathogen has to this phytoalexin.
PDA was shown previously to be a virulence factor on pea, as transformants
lacking this cytochrome P450 produce smaller lesions.5 Pathogenicity assays of
transformants lacking NhABC1, were reduced in virulence on pea and produced a similar
sized lesion to those lacking PDA (Fig. 3, Table S2). However, isolates lacking both
tolerance mechanisms are even further reduced in virulence than either single mutant
(Fig. 3, Table S2). N. haematococca is also pathogenic on carrot and ripe tomatoes and
prior studies showed that lack of PDA does not affect the virulence of this fungus on
these hosts. Likewise the NhABC1 mutant and the double mutants were not reduced in
virulence on either of these hosts, indicating that the virulence controlled by these genes
is host-specific (Fig. S1). Moreover, NhABC1 appears to be highly specific for what
chemicals it confers tolerance to as the mutant displayed no increase in sensitivity to 42
of the 45 chemicals assayed. NhABC1 mutants were increased in sensitivity to the
previously mentioned (+) pisatin, the stereoisomer (-) pisatin, and the potato phytoalexin
rishitin (data not shown).
NhABC1 is orthologous (87% similar at the amino acid level) to the ABC
transporter (GpABC1) from G. pulicaris that previously was shown to be required for
tolerance to the potato phytoalexin rishitin and virulence on potato.17 These transporters
belong to the pleiotropic drug resistance (PDR, ABCG) family (Fig. S2). This clade in
particular, has several members from fungi which have been identified as virulence traits
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in other fungi. However, when NhABC1 was transformed into G. pulicaris it was only
able to partially complement the GpABC1 mutant in a potato pathogenicity assay (Fig.
S3). The fact that NhABC1 and GpABC1 both provide tolerance to the phytoalexins
rishitin and (+) pisatin demonstrates they are functionally analogous. The observation
that NhABC1 is on a large chromosome in N. haematococca rather than a small CD
chromosome is also consistent with it arising by vertical evolution rather than by HGT.
Several other plant pathogens have been reported to have two tolerance
mechanisms, however none of these pathogens have had both molecularly characterized
in the same isolate. The phytopathogen Botrytis cinerea, the causal agent of grey mould
on grapevine, encodes an ABC transporter, BcatrB, and a laccase-like stilbene oxidase,
which are able to provide some tolerance to the grapevine phytoalexin, resveratrol.18,19
The animal pathogen Candida albicans has two identified drug resistance mechanisms.
The ABC transporters CDR1 and CDR2 as well as the major facilitator pump MDR1
provide tolerance via efflux of the antifungal agent, while the second mechanism is due
to a modification of the azole target site, ERG11, which is also a cytochrome P450
(CYP51).20 Like NhABC1, the CDR2 mutant does notdisplay a difference in tolerance
compared to wild-type,, however in the double mutant, ∆CDR1 ∆CDR2, the sensitivity is
greater than in either single mutant. In a study of 17 C. albicans isolates of a single strain
from a patient over two years where resistance to fluconazole increased over 200 fold, the
transcript levels of both CDR transporters increased five-fold.21 It should be noted that C.
albicans has not been reported to degrade or modify any therapeutic drugs, however no
studies have been done on drug resistant strains.20 There is belief that there are other
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tolerance mechanisms in this pathogenic fungus.22 Furthermore, degradation by
cytochrome P450 enzymes and multidrug transporters have both been well documented
in human anticancer therapy drug resistance.23,24
These results demonstrate that the multiple mechanisms cells develop to
overcome a toxic environment are a naturally occurring phenomenon. In addition, the
data with N. haematococca clearly support the hypothesis that fungal pathogens have
evolved specific drug resistance mechanisms and that they can interact to provide a
higher levels of resistance to host toxins and higher virulence on their host. Furthermore,
it shows that plant phytoalexin production does provide defense against pathogen attack
in some instances, however the most successful pathogens may have developed several
tolerance mechanisms to overcome these antimicrobial compounds.

Methods
Fungal strains, media, and growth conditions
All isolates of N. haematococca MPVI were maintained and sporulated on V8
juice agar medium (Stevens, 1974). To obtain mycelium for genomic DNA, 100 mL
potato dextrose broth (PDB) (PhytoTechnology Laboratories, Shawnee Mission, KS)
contained in 250 mL Erlenmeyer flasks were inoculated with 105 macroconidia mL-1and
shaken at 180 rpm for 48-72 hours at room temperature.
Cloning of NhABC1
An overnight culture of 77-13-7 Tr18.5 (PDA-, Wasmann and VanEtten, 1996)
grown in 100 mL PDB under the same conditions as above was treated with a DMSO
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solution of (+) pisatin to give a final concentration of 180 µg/mL of (+) pisatin and 1.5 %
DMSO. The culture was incubated under the same growth conditions for 60 minutes and
the mycelium collected by filtration on Whatman #4 filter paper (Whatman International
Ltd., Maidstone, England). Total RNA was extracted from the mycelium using Trizol
(Invitrogen Life Technologies, Carlsbad, CA) following the manufacture’s protocol.
cDNA was then synthesized using Superscript II reverse transcriptase (Invitrogen) and
Oligo dT primer (Invitrogen) using the manufacture’s protocol. The cDNA was then
used in RT-PCR with degenerate primers designed to conserved regions of ABC
transporters GAGKTT-F (GGI GCN GGN AAR ACN AC) and TIHQP-R (GGY TGR
TGD ATN GT) with an annealing temperature of 48oC.
The resulting ~500 bp PCR product was excised from the gel and cloned into
pCR2.1 using the TA cloning kit (Invitrogen). Eleven clones were selected for
sequencing, and seven of the PCR products had the NhABC1 sequence. The other four
sequences were of two other ABC transporters.
The cloned 500 bp PCR fragment of NhABC1 (pNhABC1-500) was used as a
probe to screen a genomic cosmid library of isolate 77-13-7, resulting in the identification
of cosmid 70-F6 as containing the gene of interest. A 4 kb EcoRI/HindIII fragment
containing the 3’ end of the gene was subcloned into pBluescript and sequenced. The
remaining portion of NhABC1 was sequenced directly from the cosmid. The sequence of
NhABC1 was deposited in GenBank under accession number xxxxxx.
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Construction of disruption vector and transformation
The ~2.3 kb region upstream of NhABC1 of cosmid 70-F6 was amplified by PCR
using primers containing unique XhoI and HindIII sites within the primers AAc tcg agA
AGT ACG TCC AAG CGC CAT C and TTa agc ttT TTG ATC AAG ACA GAT GCT
GTC C and an annealing temperature of 58oC. The resulting PCR product was cloned
into pBluescript which had the SalI site removed. The 4 kb EcoRI/HindIII prepared
fragment from cosmid 70-F6 was then cloned into the vector, and the hygromycin
resistance cassette from pCWHyg1 (Wasmann and VanEtten, 1996) cloned into the
HindIII site generating p∆NhABC1.
Protoplasting was carried out as follows: 105 spores mL-1 were inoculated into
100 mL of PDB in a 250 mL Erlenmeyer flask and grown at room temperature overnight
(16-18 h) on a rotary shaker at 180 rpm. The mycelium was collected on Whatman #4
filter paper by vacuum filtration and one gram suspended in 15 mL 0.7 M NaCl with 6
mg/mL Kitalase (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and either 5
mg/mL Driselase (InterSpex Products, Inc., San Mateo, CA) or 5 mg/mL Lytizyme
(Karlan Research Products Corporation, Cottonwood, AZ). The mycelial suspension was
incubated for two hours under the same conditions as above and the resulting protoplasts
filtered through Nitex® (53 µm) and collected by centrifugation at 1000 x g for 10 min.
The protoplasts were washed in 10 mL 0.7 M NaCl, collected as before, and washed in
10 mL SuTC (20 % sucrose, 50 mM Tris pH 7, 50 mM CaCl2) and collected again. The
protoplasts were resuspended in the appropriate volume of SuTC to make a final
concentration of 107 protoplasts/mL.
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Transformation was carried out as follows: 100 µL of the protoplast solution was
mixed with 12 µg of transforming DNA (p∆NhABC1) and incubated on ice for 15
minutes. One mL of PSTC (60 % polyethylene glycol mw 3350, 20 % sucrose, 50
mMTris pH 7, 50 mMCaCl2) was added to the protoplasts, mixed and incubated at room
temperature for 20 minutes. Three mL of TB3 (20 g sucrose, 1 g glucose, 0.3 g yeast
extract, 0.3 g casamino acids per 100 mL) was added and the protoplasts allowed to
regenerate by gentle rocking on a platform shaker for 18-20 h. The regenerated
mycelium was collected by centrifugation at 3000 x g, resuspended in 100 µL of SuTC,
mixed with 8 mL of regeneration top agarose (20 g sucrose, 1 g glucose, 1 g yeast extract,
1 g casamino acids, 1.5 g agarose per 100 mL), and poured on top of plates containing 20
mL potato dextrose agar with 60 µg/mL hygromycin B (Calbiochem, La Jolla, CA).
Hygromycin resistant colonies were visible after 4-7 days, and were transferred to plates
containing M-100 medium (Stevens, 1974) with 60 µg/mL hygromycin.
Hygromycin resistant isolates were screened for disruption of NhABC1 by
Southern blotting. DNA was extracted as previously described (Miao et al, 1991) and
digested with ClaI. The DNA was transferred to Hybond TM-N+ membrane (Amersham
Pharmacia Biotech Limited, Buckinghamshire, England) and hybridized with a 32Plabeled 668 bp XbaI/SpeI fragment upstream of NhABC1. The membrane was washed at
65oC in a series of solutions: once in 2X SSC, 0.1 % SDS for twenty minutes (low
stringency), twice in 1X SSC, 0.1 % SDS for twenty minutes (medium stringency), and
twice in 0.1X SSC, 0.1 % SDS for twenty minutes (high stringency). The NhABC1
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mutant (Tr 8.1) was identified by the smaller size of the hybridizing DNA fragment, and
an absence of the corresponding wild-type size hybridizing fragment.
Expression Studies
Isolate 77-13-7 was grown overnight on a rotary shaker in PDB as described
above and (+) pisatin (in DMSO) was added to a final concentration of 90 µg/mL and 1%
DMSO. Over the following two hours, aliquots (15 mL) were withdrawn at 5-60 minute
intervals and collected by vacuum filtration. The mycelial samples were lyophilized and
ground to a powder by mortar and pestle under liquid nitrogen. Total RNA was extracted
from the ground mycelium following the protocol of Mandel et al, 2006, and suspended
in water. Contaminating genomic DNA was removed by DNase (GenHunter, Nashville,
TN) following the manufacture’s protocol and cDNA synthesized from the RNA using
SuperScript II reverse transcriptase (Invitrogen) and oligo-dT primer (Invitrogen)
following the manufacture’s recommendation.
Quantative PCR was carried out to measure the induction of NhABC1 by pisatin.
Transcripts of the housekeeping β-actin gene were used to normalize the level of
transcripts in N. haematococca. The SYBR® Green PCR Master mix (Invitrogen) was
used and Real-Time RT-PCR primers were based on 3’-end sequences of the genes of
interest. The β-actin sequence12 was amplified with the primers Actin-F (5’GTGTGATGTCGATGTCCGAAAGG) and Actin-R (5’GAAGAAGGAGCAAGAGCAGTAATC) and NhABC1 expression analyzed with the
primers NhABC1-F (5’-CTCCAGCTACGACAACCGAT) and NhABC1-R (5’TGTCTACGACTGCTTCTGCTTCT). An ABI PRISM® 7000 sequence detection
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system (Applied Biosystems) was used and the data compared using the algorithm X=2∆∆Ct+SPE

as previously described (Livak and Schmittgen, 2001).

Crosses
Crosses of N. haematococca isolates were done following the procedure in Kistler
and VanEtten (1984), to produce an isolate with mutations in both PDA and NhABC1.
Since transformants with disrupted genes (∆NhABC1 Tr8.1 and ∆PDATr18.5) were made
using the same isolate (77-13-7, mat1) and this fungus is heterothallic, it was necessary to
preform a cross that produced an isolate with a disrupted gene that had the opposite
mating type of the initial transformants. 77-15-7 (mat2) was crossed (cross #374) to
∆NhABC1 Tr8.1 and the progeny screened for an isolate (374-14) that had a disrupted
NhABC1 and was mat2. 374-14 was crossed (cross #375) to ∆PDA Tr18.5 and two
progeny, 375-13 and 375-19, with disruptions in both NhABC1 and PDA were selected
for further analysis.
Antimicrobial growth assays
The radial growth on Martin’s agar medium (Stevens, 1974) containing (+)
pisatin and other chemicals was used to measure the sensitivities of the wild type and
mutants of N. haematococca. The same procedure was used as before8 except one-week
old cultures were used for the inoculum and three replications were used for each
treatment. The sensitivities to the different chemicals are reported as percent inhibition
of radial growth on medium containing the chemicals compared to the control treatment
when the latter reaches the edge of the bioassay plate. The following chemicals were
dissolved in DMSO, except where H2O is indicated, to give a final DMSO concentration
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of 1 %: amphotericin B (35 µg/mL, Sigma), anoymidol (EL-531, 20 µg/mL, Eli Lilly),
benomyl (20 µg/mL, DuPount), benzimdazole (20 µg/mL, Sigma), benzoic acid (20
µg/mL, Sigma), berberine chloride (40 µg/mL, Sigma), bialophos (10 µg/mL, Sigma),
brefeldin A (10 µg/mL, Sigma), carbenacillin (200 µg/mL, Sigma), cefotoxin (350
µg/mL, Sigma), α-chaconine (20 µg/mL, Sigma), chloramphenicol (150 µg/mL, Sigma),
coumestrol (20 µg/mL), CuSO4 (50 µg/mL, H2O, Sigma), cyclohexamide (30 µg/mL,
Sigma), doxorubicin (15 µg/mL, Sigma), etaconazole (20 µg/mL), ethidium bromide (5
µg/mL, H2O, Sigma), fenarimol (EL-222, 25 µg/mL, Eli Lilly), 5-fluorouracil (10 µg/mL,
Sigma), gossypol (20 µg/mL), 8-hydroxyquinoline (100 µg/mL, Sigma), imazalil (5
µg/mL), ketoconazole (50 µg/mL, Sigma), kievitone (20 µg/mL), miconazole (30 µg/mL,
Sigma), nuarimol (EL-228, 20 µg/mL, Eli Lilly), nystatin (20 µg/mL, Sigma), ononin (20
µg/mL, Indofine), phaseollin (20 µg/mL), (+) pisatin (90 and 180 µg/mL), (-) pisatin (50
µg/mL), propiconazole (20 µg/mL), resveratrol (200 µg/mL, Sigma), rhodamine 6G (10
µg/mL, Sigma), rishitin (200 µg/mL, Anne Desjardins, USDA, Peoria, IL), safrole (1
mg/mL, Sigma), sesamol (50 µg/mL, Sigma), sodium azide (30 µg/mL, H2O, Sigma),
sodium cyanide (30 µg/mL, H2O, Sigma), α-solanine (20 µg/mL, Sigma), (+) taxifolin
(20 µg/mL, Sigma), tomatine (20 µg/mL, Spectrum), triarimol (EL-273, 20 µg/mL, Eli
Lilly), and (+) verapamil (25 µg/mL, Sigma). Fungicides and antibiotics were obtained
from commercial sources listed and phytoalexins were isolated as previously described9
or were from laboratory stocks. I thank Anne Desjardins (USDA, Peoria, IL) for a
sample of rishitin. All chemicals were assayed a single time, except for (+) pisatin which
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was assayed three times at the 90 µg/mL concentration and twice at the 180 µg/mL
concentration. Except for (+) pisatin, (-) pisatin, and rishitin, all the other chemicals did
not inhibit the radial growth of ∆NhABC1 Tr8.1 more than 10% compared to wild-type.
Spore germination assay
Spores from four day old V-8 juice agar plates were added to 500 µL PDB in an
Eppendorf tube to a final concentration of 105 spores/mL. Pisatin was added to a final
concentration of 180 µg/mL in 1% DMSO. The cultures were incubated at room
temperature on a rotary shaker, and samples taken over a period of time. Spore
germination was calculated by measuring the number of the spores out of at least 100
spores that had germinated. A spore was considered germinated if the germ tube length
was larger than the diameter of the spore (VanEtten and Stein, 1978).
Pathogenicity assays
The pea “test tube” lesion assay and carrot and tomato pathogenicity assays were
conducted as previously described (Wasmann and VanEtten, 1996; Funnell and
VanEtten, 2002). The potato pathogenicity assay was conducted as described by
Fleissner et al, 2002. The pea variety Alaska 2B (Carolina Biological Supply Co.,
Burlington, NC), and organically grown carrots, ripe tomatoes, and potatoes, purchased
from a local grocery store, were used for the virulence assays.
Complementation of NhABC1 and GpABC1 mutants
The NhABC1 gene was amplified from genomic DNA using the primers NhABC1
Xba-F (5’-TTtctagaGCCTTGACGGTTGTTCTGTAG) and NhABC1 Hind3-R (5’AaagcttCGAGGTAGAGTTTATGGAGGTGC) and AccuPrime Taq DNA high fidelity
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polymerase (Invitrogen) following the manufacturer’s recommendations. An annealing
temperature of 58oC was used for 35 cycles. The PCR product was cloned into pCR2.1,
purified, and the fragment bearing NhABC1 released by digestion with XbaI and HindIII.
This fragment was then cloned into the p1199 XbaI/HindIII cloning sites (Tanaka and
Tsuge, 2001) creating the complementation vector pGenABC1 harboring the geneticin
resistance gene.
The Gibberella pulicaris GpABC1 mutant T7417 was complemented with
pGenABC1 using the transformation method described above, with the exception that
100 µg/mL of geneticin (Invitrogen) was used for selection. Transformants from both
complementations were selected on M-100 plates with 100 µg/mL geneticin.
The presence of wild-type NhABC1 in all transformants was determined by
Southern hybridization, and the presence of wild-type PDA was determined by assaying
for PDA activity using the “vial” assay (Ciuffetti and VanEtten, 1996).
Supplementary References
Funnell, D.L. and VanEtten, H.D. Pisatin demethylase genes are on dispensable
chromosomes while genes for pathogenicity on carrot and ripe tomato are on other
chromosomes in Nectria haematococca. Mol. Plant-Microbe Interact. 15, 840-846
(2002).
Kistler, H.C., and VanEtten, H.D. Three non-allelic genes for pisatin demethylation in
the fungus Nectria haematococca. J. Gen Microbiol. 130, 2595-2603 (1984).
Livak, K. and T. Schmittgen. Analysis of relative gene expression data using real-time
quantitative PCR and the 2-∆∆Ct method. Methods 25, 402-408 (2001).

74

Mandel, M.A., Galgiani, J.N., Kroken, S., and Orbach, M.J. Coccidiodes posadasii
contains single chitin synthase genes corresponding to classes I to VII. Fungal Genet.
Biol. 43, 775-788 (2006).
Miao, V.P.W., Matthews, D.E., and VanEtten, H.D. Identification and chromosomal
locations of a family of cytochrome P-450 genes for pisatin detoxification in the fungus
Nectria haematococca. Mol. Gen. Genet. 226, 214-223 (1991).
Stevens, R.B. Mycology Guidebook. University of Washington Press, Seattle, WA,
U.S.A. (1974).
Tanaka, A., and Tsuge, T. Reporter gene analysis of AKT3-1 and AKT3-2 expression
during conidial germination of the Japanese pear pathotype of Alternaria alternata. J.
Gen Plant Pathol. 67, 15-22 (2001).
VanEtten, H.D., and Stein, J.I. Differential response of Fusarium solani isolates to
pisatin and phaseollin. Phytopathol. 68, 1276-1283 (1978).

Acknowledgements
I would like to thank Klaus Weltring and Paul Tudzynski for providing the

∆GpABC1 mutants and David Geiser for providing the wild-type G. pullicaris isolate
R6380. The p1199 plasmid was kindly provided by Masatoki Taga and Gillian Turgeon.
The potato phytoalexin, rishitin, was a generous gift from Anne Desjardins.

75

References
1. Müller, K.O. & Börger, H. Experimentelle Untersuchungen iiber die PhythophthoraKesistenz der Kartoffel. Zugleich ein Beitrag zum Problem der "erworbenen Resistenz"
im Pflanzenreich. Arbeiten Biol. Reichsanstalt Land- u. Forstwirtschaft 23, 189-231

(1940).
2. Cruickshank, I.A.M. & Perrin, D.R. Isolation of a phytoalexin from Pisumsativum L. Nature 187, 799-800 (1960).
3. Cruickshank, I.A.M. Phytoalexins in the leguminosae with special reference to
their selective toxicity. Tagungsber. Dtsch. Akad. Landwirtschaftswiss Berlin 74,
313-332 (1965).
4. Cruickshank, I.A.M. Studies on phytoalexins. IV. The antimicrobial spectrum of
pisatin. Aust. J. Biol. Sci. 15, 147-159 (1962).
5. Wasmann, C.C. & VanEtten, H.D. Transformation-mediated chromosome loss
and disruption of a gene for pisain demthylase decrease the virulence of Nectria
haematococca on pea. Mol. Plant-Microbe Interact. 9, 793-803 (1996).
6. Uehara, K. Relationship between host specificity of pathogens and phytoalexin.
Ann. Phytopathol. Soc. Jpn. 29, 103-110 (1964).
7. Cruichshank, I.A.M. & Perrin, D.R. Studies on phytoalexins. VIII. Effect of
some further factors on formation stability and localization of pisatin in vivo.
Aust. J. Biol. Sci. 18, 817 -& (1965).

76

8. Delserone, L.M., McCluskey, K., Matthews, D.E., and VanEtten, H.D. Pisatin
demethylation by fungal pathogens and nonpathogens of pea: association with
pisatin tolerance and virulence. Physiol. Mol. Plant Pathol. 55, 317-326 (1999).
9. George, H.L. & VanEtten, H.D. Characterization of pisatin-inducible cytochrome
P450s in fungal pathogens of pea that detoxify the pea phytoalexin pisatin.
Fungal Genet. Biol. 33, 37-48 (2001).
10. Han, Y., Liu, X., Benny, U., Kistler, H.C., & VanEtten, H.D. Genes determining
pathogenicity to pea are clustered on a supernumerary chromosome in the fungal
plant pathogen Nectria haematococca. Plant J. 25, 305-314 (2001).
11. Maio, V.P.W., Covert, S.F., & VanEtten, H.D. A fungal gene for antibiotic
resistance is on a dispensable (“B”) chromosome. Science 254, 1773-1776
(1991).
12. Liu, X.G., Inlow, M., & VanEtten, H.D. Expression profile of pea pathogenicity
(PEP) genes in vivo and in vitro, characterization of the flanking regions of the
PEP cluster and evidence that the PEP cluster region resulted from horizontal
gene transfer in the fungal pathogen Nectria haematococca. Curr. Gent. 44, 95103 (2003).
13. Temporini, E.D. & VanEtten, H.D. An analysis of the phylogenetic distribution
of the pea pathogenicity (PEP) genes of Nectria haematococca MPVI supports
the hypothesis of their origin by horizontal transfer and uncovers a potentially
new pathogen of garden pea: Neocosmospora boniensis. Curr. Genet. 46, 29-36
(2004).

77

14. Coleman, J.J., et al. The genome sequence of Nectria haematococca MPVI :
evidence for horizontal gene transfer.
15. Denny, T.P. & VanEtten, H.D. Characterization of an inducible, nondegradative
tolerance of Nectria haematococca MP VI to phytoalexins. J. Gen. Microbiol.
129, 2903-2913 (1983).
16. Denny, T.P., Matthews, P.S., & VanEtten, H.D. A possible mechanism of
nondegradative tolerance of pisatin in Nectria haematococca MP VI. Physiol.
Mol. Plant Pathol. 30, 93-107 (1987).
17. Fleissner, A., Sopalla, C., & Weltring, K.M. An ATP-binding cassette multidrugresistance transporter is necessary for tolerance of Gibberella pulicaris to
phytoalexins and virulence on potato tubers. Mol. Plant-Microbe Interact. 15,
102-108 (2002).
18. Schoonbeek, H., Del Sorbo, G., & De Waard, M.A. The ABC transporter BcatrB
affects the sensitivity of Botrytis cinerea to the phytoalexin resveratrol and the
fungicide fenpiclonil. Mol. Plant-Microbe Interact. 14, 562-571 (2001).
19. Pezet, R., Pont, V., & Hoang-Van, K Evidence for oxidative detoxification of
pterostilbene and resveratrol by a laccase-like stilbene oxidase produced by
Botrytis cinerea. Physiol. Mol. Plant Pathol. 39, 441-450 (1991).
20. White, T.C., Marr, K.A., & Bowden, R.A. Clinical, cellular, and molecular
factors that contribute to antifungal drug resistance. Clin. Microbiol. Rev. 11,
382-402 (1998).

78

21. White, T.C. Increased mRNA levels of ERG16, CDR, and MDR1 correlate with
increases in azole resistance in Candida albicans isolates from a patient infected
with human immunodeficiency virus. Antimicrob. Agents Chemother. 41, 14821487 (1997).
22. White, T.C., Holleman, S., Dy, F., Mirels, L.F., & Stevens, D.A. Resistance
mechanisms in clinical isolates of Candida albicans. Antimicrob. Agents
Chemother. 46, 1704-1713 (2002).
23. Kivisto, K.T., Kroemer, H.K., & Eichelbaum, M. The role of cytochrome P450
enzymes in the metabolism of anticancer agents: implications for drug
interactions. British J. Clinical Pharmacology. 40, 523-530 (1995).
24. Gottesman, M.M., Fojo, T., & Bates, S.E. Multidrug resistance in cancer: role of
ATP-dependent transporters. Nature Cancer Rev. 2, 48-58 (2002).

79

Table S1.
Table S1. Spore germination percentages of N. haematococca
isolates in 180 µg/mL (+) pisatin.*
Time (h)
5
8
10
12
14
17

77-13-7
10
72
94
100
99

-

Tr18.5 (PDA )
2
77
92
96
99

-

Tr8.1 (NhABC1 )
1
68
88
93
91
99

375-13
0
4
12
23
32
58

* isolates not receiving pisatin treatment had germinated >93% after 10 h
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Table S2.
Table S2. Virulence (lesion lengths) of N. haematococca isolates on pea.

Exp. 1
Exp. 2
Exp. 3
Exp. 4
Exp. 5
Exp. 6

77-13-7

44-100

Tr18.5 (PDA-)

Tr8.1 (NhABC1-)

375-13

375-19

13.4+3.2
18.3+2.4
14.1+7.6
13.9+4.0
19.0+3.1
13.1+4.2

4.1+2.3
3.3+1.4
2.5+0.8
3.2+0.9
3.0+1.3
3.8+0.8

9.6+2.3
4.6+2.7
6.0+2.6
8.5+3.0
13.4+2.3
6.4+2.2

8.4+4.3
13.0+2.7
6.5+1.8
5.3+1.3
13.5+3.0
10.5+3.1

3.7+0.9
3.1+1.5
6.1+2.4
3.8+0.8

3.4+0.6
3.4+1.3
7.1+2.3
5.4+0.8

Lesion sizes are in mm, and are based on lesions of 8-12 plants in each
experiment.
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Figure Legends
Figure 1. Detoxification of (+) pisatin by pisatin demethylase (PDA) to the less toxic
compound (+) 6a-hydroxymaackiain.

Figure 2. Pisatin tolerance assay of N. haematococca isolates. The first Petri plate on
the left contains no pisatin, and the remaining four plates contain 100 µg/mL of pisatin.

Figure 3. Virulence of N. haematococca MPVI isolates on pea. Isolates are as follows:
44-100 (nonpathogenic isolate), 77-13-7 (PDA, NhABC1), 77-13-7 Tr18.5 (∆PDA,
NhABC1), 77-13-7 Tr8.1 (PDA, ∆NhABC1), and 375-13 (∆PDA, ∆NhABC1).

Figure 4. Induction of NhABC1 in vitro after treatment with 90 µg/mL pisatin.

Figure S1. Virulence of N. haematococca isolates on carrot. Isolates are as follows: N.
haematococca MPI (non-pathogenic isolate), 77-13-7 (PDA, NhABC1), 77-13-7 Tr18.5
(∆PDA, NhABC1), 77-13-7 Tr8.1 (PDA, ∆NhABC1), and 375-13 (∆PDA, ∆NhABC1).
Pictures were taken 7 days post-inoculation.

Figure S2. Phylogenetic analysis of a select group of PDR transporters from fungi.
Arrows indicate ABC transporters involved in pathogenicity. Gene abbreviations are as
follows: Sacchrromyces cerevisiae, Neurospora crassa (NCU), Magnaporthe oryzae
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(MGG), N. haematococca (Nh), G. zeae (FGSG), Fusarium verticillioides (FVEG), F.
oxysporum (FOXG), and Coccidioides immitis (CIMG).

Figure S3. Virulence of a G. pulicaris GpABC1- isolate and complemented with
NhABC1 on potato.
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Appendix B: The orthologs of the yeast ABC transporter ADP1 are involved in
pathogenicity in Magnaporthe oryzae and Nectria haematococca MPVI
Jeffrey J. Coleman, Melania F. Betts, Marc J. Orbach, and Hans D. VanEtten

Abstract
Plants synthesize antimicrobial secondary metabolites in response to pathogen
attack. To overcome these compounds, pathogens have evolved active extrusion systems.
Fungi in particular rely on ABC transporters to efflux these antimicrobials to provide
tolerance to these compounds. Here it is demonstrated a single conserved ABC
transporter is a virulence factor in both the rice pathogen Magnaporthe oryzae and the
pea pathogen Nectria haematococca MPVI. The importance of this ABC transporter, an
ortholog of the Saccharomyces cerevisiae ADP1 gene, in virulence was identified
initially from a random M. oryzae mutant library. The S. cerevisiae ADP1 gene and its
orthologs contain an epithelial growth factor domain implicated in cellular adhesion.
However, the M. oryzae ortholog, MoADP1, did not appear to be involved in adhesion of
M. oryzae spores to a hydrophilic surface. The M. oryzae adp1 mutant produces fewer
appressoria and is severely reduced in virulence, even when injected into the plant’s
sheath to bypass the need for appressourium formation. N. haematococca mutants in the
orthologous gene (NhADP1) are reduced in virulence on pea, but virulence on carrot and
tomato is unaffected. The NhADP1 mutant is more sensitive to several fungicides.
Although the function of these ABC transporters in planta is not known, the observation
that NhADP1 mutants are more sensitive to some synthetic chemicals suggest the
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transporters may be responsible for tolerance to some host-produced chemical(s)
involved in host defense.

Introduction
Fungi are the primary pathogens of crop plants. One of the world’s most
important crops, cultivated rice (Oryza sativa), is commonly infected by Magnaporthe
oryzae, the causative agent of rice blast. This ascomycete is able to complete its infection
cycle in 4-5 days on susceptible cultivars, resulting in more infectious conidia to repeat
the infection cycle several times during a growing season (Ou, 1985; Ebbole, 2007). In
addition to rice, M. oryzae is able to cause disease on a number of other monocots
including wheat, barley, and other grasses such as finger millet and turf grass. Rice blast
is found worldwide and accounts for 10-30% of annual loss of rice crops (Talbot, 2003).
The fungus infects host leaves, sheaths, and nodes which causes the observed grain loss
and/or plant death (Talbot, 1995). The fungus is also able to infect and colonize host
roots leading to systemic infection producing the typical disease symptoms of rice blast
on aerial portions of the plant (Sesma and Osbourn, 2004).
While M. oryzae is limited to monocots, the ascomycete Nectria haematococca
mating population (MP) VI is mainly a pathogen of dicots, but has the ability to cause
disease on many plants and a few higher organisms (VanEtten, 1978; VanEtten and
Kistler, 1988). For example, even though isolates of N. haematococca MPVI are
sometimes referred to by their anamorphic name Fusarium solani f. sp. pisi implying
they are only pathogenic on pea, they have a much broader host range, as the fungus has
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been confirmed to be a pathogen on alfalfa, carrot, chickpea, cottonwood, ginseng,
mulberry, red clover, sainfoin, tomato, tuliptree, and even penaeid shrimp (VanEtten and
Kistler, 1988).
A number of pathogenicity factors have been described for both of these
phytopathogenic fungi including the involvement of transporters. Recognition of the
importance of the superfamily of ABC transporters in fungal biology is increasing as they
are involved in such diverse phenomena as mating to multidrug resistance. Three ABC
transporters have been described in M. oryzae that are involved in pathogenicity. The
first ABC transporter identified to have a role in virulence was MoABC1. Mutants of
this member of the ABCG [pleiotropic drug resistance (PDR)] transporter family
displayed a dramatic reduction in virulence on rice and barley, and produced fewer
infection hyphae; however the frequency of appressorium formation by the infection
hyphae remained the same (Urban et al, 1999). Mutants of MoABC3 produce the normal
number of appressoria, but the appressoria are defective. The mutant was unable to
penetrate the leaf’s surface, and therefore was nonpathogenic on rice and barley (Sun et
al, 2006). Another M. oryzae ABC transporter involved in virulence, MoABC4,
displayed a decrease in the number of infection hyphae and an inability to produce
appressoria (Gupta and Chattoo, 2008). ABC transporters also have been shown to be
involved in the virulence of N. haematococca. A homolog of MoABC1 in N.
haematococca, NhABC1, is involved in providing tolerance to the garden pea
phytoalexin, pisatin (Appendix A).
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The ABC transporter that is the subject of the current research is an ortholog of
the Saccharomyces cerevisiae ABC transporter, ADP1 (for ATP dependent permease).
This transporter has the characteristic six transmembrane-spanning domains along with
an ATP-binding domain, but ADP1 is the only ABC transporter that also has a cysteinerich extracellular loop containing an epithelial growth factor (EGF) domain (Prunelle et
al, 1991; Taglicht and Michaelis 1998). Although it was the second ABC transporter
identified in S. cerevisiae, the physiological function and substrates of ADP1 in yeast are
still unknown.
Previously, a mutant of the ortholog of the S. cerevisiae ADP1 in M. oryzae,
MoADP1, was reported to be reduced in virulence on rice (Betts et al, 2007). In the
present study, the gene product of the orthologs of the S. cerevisiae ADP1 is further
characterized in M. oryzae and is identified in N. haematococca. Additional studies on
these orthologs in each fungus include pathogenicity studies on each of their hosts, rice
and pea.

Materials and Methods
Fungal strains and growth conditions
The M. oryzae isolates were grown on supplemented complete media (SCM)
(Talbot et al, 1993) or oatmeal agar (OA) (Valent et al, 1991) at 28oC under constant
fluorescent light. N. haematococca MPVI isolates were maintained and sporulated on V8
juice agar (Stephens, 1974) at 23oC. Potato dextrose broth (PDB) (PhytoTechnology
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Laboratories, Shawnee Mission, KS) was used to grow N. haematococca for DNA
extraction following the protocol of Maio et al, 1991.
Phylogenetic analysis
Twenty-six annotated fungal genomes were searched for proteins similar to S.
cerevisiae ADP1 (Altschul et al, 1997). The genomes of these fungi were publicly
available either at The Broad Institute (http://www.broad.mit.edu/annotation/fgi) or The
Institute for Genome Research (http://www.tigr.org/tdb/fungal/index.shtml), with the
exception of the Cochliobolus heterostrophus transporter ChABC31. The sequence for
this transporter was provided by G. Turgeon, Cornell University. The protein sequences
were aligned by ClustalX in MacVector version 7.1.1, and phylogenetic analysis carried
out by Neighbor Joining, systematic tie breaking, poisson-correction distance and a
bootstrap of 1000 reps. The characterized Atet protein from Drosophila melanogaster
was used as an outgroup (Kuwana et al, 1996).
Cloning of NhADP1
The ortholog of MoADP1 was identified in N. haematococca by searching the N.
haematococca genome database (http://genome.jgi-psf.org/Necha2/Necha2.home.html).
Nh123072 was identified as the ortholog and is herein referred to as NhADP1. PCR
using N. haematococca genomic DNA as a template was used to clone the gene in two
segments. The first half of NhADP1 was cloned using the primers NhADP1 1st half-For
(AAtctagaCAGGCCAACTAGGTCGTCG) and NhADP1 1st half-Rev
(ACGCTACCGTTATCGGGGC) while the second half was cloned using the primers
NhADP1 2nd half-For (TGGATTCAACATTGCGGAC) and NhADP1 2nd half-Rev
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(AAaagcttAGGCTCATGGGCAGCTTG) which generates 3,894 bp and 3,397 bp
products, respectively. Platinum ® Taq DNA polymerase high fidelity (Invitrogen) was
used to amplify the fragments following the manufacturer’s protocol with an annealing
temperature of 60oC. The two fragments have a 98 bp overlapping region which contains
a unique ClaI site. The NhADP1 1st half fragment was prepared for cloning by digesting
with Xba1 and Cla1, while the NhADP1 2nd half was prepared by digesting with HindIII
and ClaI. These two fragments were then ligated into pBluescript prepared by digestion
with XbaI and HindIII in a three way ligation. The resulting plasmid, pNhADP1, was
confirmed to contain 1,797 bp upstream of NhADP1, NhADP1, and 1,996 bp downstream
of the gene by revealing the expected DNA fragments after digestion with Xba1, HindIII,
and ClaI.
Transformation of fungal isolates
A disruption vector, p∆NhADP1, was constructed to inactivate NhADP1 by
removing a 1,725bp SalI fragment from the center of the gene by digesting pNhADP1
with SalI and ligating into this region the hygromycin cassette, released from pCWHyg1
(Wasmann and VanEtten, 1996) as a SalI fragment.
Transformation of N. haematococca isolate 77-13-7 was carried out as previously
described (Appendix A). Fifty-four hygromycin resistant transformants were initially
screened for a disrupted NhADP1 by PCR as follows. Genomic DNA of each of the
transformants was amplified using primers for NhADP1 that should produce a product
that would span the disrupted region. The primers were ADP screen-For (5’
CTGCTATTATGGGTGCCTCGG) and ADP screen-Rev (5’
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CAAAACAACGATGCCTCTGTCC) and an annealing temperature of 58oC. PCR
reactions yielding a single product ~5 kb in size were then rescreened by Southern
hybridization analysis (Sambrook et al, 1989). Genomic DNA of the transformants was
digested with HinDIII and hybridized with a 967 bp EcoRI fragment upstream of the SalI
hygromycin insertion site. A disrupted NhADP1 will result in a ~8.5 kb HindIII
hybridizing fragment versus a ~20 kb HindIIi hybridizing fragment in the wild-type
isolate 77-13-7. One transformant produced the expected hybridization results of
homologous recombination yielding a ∆NhADP1 isolate (Tr3.15).
Virulence assays
Quantitative virulence assays of M. oryzae were conducted by spraying conidia of
the isolates onto 14-day old rice plants of cultivar Saraceltik and/or M-202 as previously
described (Valent et al, 1991). Virulence on pea by N. haematococca employed the “test
tube” assay on Alaska 2B peas as previously described (Wasmann and VanEtten, 1996),
and virulence assays on tomato and carrot were done as described in Funnell and
VanEtten, 2002.
Conidial adhesion assay
M. oryzae conidial adhesion to plastic coverslips was measured as previously
described in Urban et al, 1999, with the modification that the spores on the coverslips
were incubated for 3 hours at 25oC.
Antimicrobial assays
Test of the sensitivity of the wild-type and the NhADP1 mutant were done as
described in Appendix A. The toxic compounds assayed were dissolved in DMSO before
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their addition to the medium, except as noted by listing H2O after the concentration of the
chemical used. The chemicals and concentrations used are as follows: amphotericin B
(35 µg/mL, Sigma), anoymidol (EL-531, 20 µg/mL, Eli Lilly), benomyl (20 µg/mL,
DuPount), benzimdazole (20 µg/mL, Sigma), bialophos (10 µg/mL, Sigma), brefeldin A
(10 µg/mL, Sigma), carbenacillin (200 µg/mL, Sigma), chloramphenicol (150 µg/mL,
Sigma), coumestrol (20 µg/mL), CuSO4 (50 µg/mL H2O, Sigma), doxorubicin (15
µg/mL, Sigma), etaconazole (20 µg/mL), fenarimol (EL-222, 25 µg/mL, Eli Lilly), 5fluorouracil (10 µg/mL, Sigma), gossypol (20 µg/mL), 8-hydroxyquinoline (100 µg/mL,
Sigma), imazalil (10 µg/mL), ketoconazole (50 µg/mL, Sigma), kievitone (20 µg/mL),
(+) maackiain (60 µg/mL), (-) medicarpin (120 µg/mL), miconazole (30 µg/mL, Sigma),
nuarimol (EL-228, 20 µg/mL, Eli Lilly), nystatin (20 µg/mL, Sigma), phaseollin (20
µg/mL), propiconazole (20 µg/mL), rhodamine 6G (10 µg/mL, Sigma), safrole (1
mg/mL, Sigma), sesamol (50 µg/mL, Sigma), triarimol (EL-273, 20 µg/mL, Eli Lilly),
and (+) verapamil (25 µg/mL, Sigma). Plates were incubated in a high humidity chamber
at 22oC, and growth was measured as previously described (Appendix A).

Results
Orthologs of the Saccharomyces cereviviae ADP1 are conserved in most fungi
A single conserved ortholog of ADP1 was identified in every fungal genome
examined, with the exception of Schizosaccharomyces pombe (Figure 1). The
orthologous gene products in N. haematococca [Nh123072 (NhADP1)] and M. oryzae
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[MGG_01563 (MoADP1)] are 75% identical and 83% similar in amino acid sequence.
MoADP1 and NhADP1 have all three of their intron sites in common as do other closely
related fungi such as Neurospora crassa, Fusarium graminearum, and F. verticillioides.
All of these fungi encode a 1,025-1,060 amino acid protein with an extracellular EGF
domain at the amino terminal end of the protein followed by six transmembrane helices.
The high degree of conservation of ADP1 orthologs in fungi and higher eukaryotes, such
as Homo sapiens and Drosophila melanogaster, suggests the transporter is involved in an
important function, however mutants are viable in S. serevisiae and C. heterostrophus
(Purnelle et al, 1991; G. Turgeon, personal communication).
MoADP1 is involved in virulence on rice in Magnaporthe oryzae
An insertional mutant generated by Agrobacterium tumefaciens mediated
transformation (ATMT) suggested that the MoADP1 gene product is involved in
pathogenicity (Betts et al, 2007). This mutant produces appressoria which have wild-type
morphology, however there was a decrease of 25-60 % in the number of appressoria
formed after 24 hours (Betts, 2007). Despite the normal appressorium morphology, the

∆MoADP1 mutant was severely impaired in penetration in an onion epidermis assay.
The mutant appressoria penetrated ~41 % and ~66 % while the wild-type isolate
penetrated ~85 % and ~95 % of the onion epidermial layer after 24 and 48 h, respectively
(Betts, 2007).
Since MoADP1 mutants are defective in producing appressoria, virulence assays
were conducted to determine if virulence could be restored if this stage of the infection
process was bypassed. When conidia of M. oryzae isolates, including the MoADP1
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mutant, were injected into rice leaf sheaths bypassing the need for appressium formation
the wild-type isolate was able to cause disease, while the mutant was still severely
reduced in pathogenicity (Figure 2). Therefore, MoADP1 is important for appressorium
formation, and also invasive growth and colonization once inside the host plant.
NhADP1 is involved in virulence on pea in Nectria haematococca MPVI
Like their MoADP1 mutant counterpart, NhADP1 mutants are reduced in
virulence on pea ~45-56 % when compared to wild-type (Figure 3, Table 1). This degree
of decrease is similar to the decrease observed in mutants of other pathogenicity genes
(PDA1, NhABC1) (Wasmann and VanEtten, 1996; Appendix A). Although reduced in
virulence on pea, a ∆NhADP1 isolate is as virulent as a wild-type isolate on carrot and
tomato (Figure 4), suggesting NhADP1 is a host-specific virulence trait.
MoADP1 mutants are not reduced in attachment
M. oryzae conidia physically attach to a surface by spore tip mucilage (STM)
which is released at the spore apex (Hamer et al, 1988). STM is composed of protein,
lipid, and 25 % is α-1,2-mannose disaccharide glycosidically linked to an unknown
noncarbohydrate entity (Howard and Valent, 1996).
EGF domains are involved in adhesion in a number of proteins, most notable are
selectin proteins (Lasky, 1992) and blood clotting factors (Kittur et al, 2004). Since the
gene products of the orthologs of ADP1 contain an EGF domain and are reduced in
pathogenicity, it is reasonable to speculate that the transporter may be involved in spore
attachment.
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When adhesion studies of conidia of M. oryzae and the MoADP1 mutant are
compared, there appears to be no difference between the two isolates’ ability to attach to
plastic coverslips (91 % for wild-type vs. 86 % for the MoADP1 mutant). Furthermore,
in an experiment where rice stems were injected with the MoADP1 mutants, they were
still not virulent on rice, suggesting MoADP1 is required for virulence after penetration
(Figure 2).

Discussion
Orthologs of the S. cerevisiae ADP1 are present in all sequenced filamentous
fungi (Figure 1), and despite the wide distribution of the gene, nothing is known about
the function of these orthologs. Here the transporters are shown to be involved in
pathogenicity in M. oryzae (Figure 2) and N. haematococca (Figure 3), however their
biochemical function and purpose of the fused EGF domain remains a mystery.
Although ADP1 gene products are involved in virulence in the M. oryzae-rice
and the N. haematococca MPVI-pea interactions, there was no indication of involvement
in virulence in the N. haematococca MPVI-tomato or N. haematococca MPVI-carrot
interactions. Therefore the ADP1 gene products in fungi are not involved in virulence in
all fungal-host plant interactions. This is further supported by another study, as deletion
of the ADP1 gene in Cochliobolus heterostrophus (ChABC31) did not decrease the
virulence of the mutant on its host plant, corn (G. Turgeon, personal communication).
MoADP1 is the third M. oryzae ABC transporter characterized that is involved in
appressorium formation, and the fourth which is involved in virulence on rice (Table 2).
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Although the role of MoADP1 in virulence is unknown it is unlikely to transport a fungal
produced toxin, as there is no evidence for a low molecular weight toxin produced by M.
orzyae in the infection process (Ou, 1985). Therefore, the most likely explanation of
function is export of a plant derived antimicrobial (phytoalexin) produced in response to
fungal invasion. A number of rice phytoalexins have been identified including
sakuranetin (Kodama et al, 1992), phytocassanes (Koga et al, 1995), and oryzalexins
(Akatsuka et al, 1985). This proposed function is also supported by the inability of
MoADP1 mutants to infect rice plants when injected in the leaf sheath. However, the N.
haematococca ortholog NhADP1 mutant displayed no difference in sensitivity to over
thirty compounds assayed when compared to wild-type. Toxicity studies with purified O.
sativa phytoalexins may provide more insight as to a possible role the transporter plays in
virulence on rice. As for virulence in N. haematococca on pea, the NhADP1 mutant has
yet to be tested for sensitivity to (+) pisatin, the major phytoalexin produced by pea,
because N. haematococca has two other tolerance mechanisms to this compound, PDA
and NhABC1 (Wasmann and VanEtten, 1996, Appendix A). Therefore, a double or
triple mutant would have to be generated to determine if NhADP1 is involved in
providing tolerance to pisatin.
MAP kinase PMK1 (pathogenicity MAP kinase 1) mutants are the only other M.
oryzae isolates which have been demonstrated to be reduced significantly in virulence
when injected into rice leaf sheaths (Xu and Hamer, 1996, Xu, 2000). Since the genes
activated by the transcription factor of the MAP kinase cascade are unknown one
possibility may be MoADP1, as the phenotypes of the two genes are similar.
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In summary, the involvement of another ABC transporter in fungal pathogenesis
has been confirmed and the results validate the importance of this large superfamily of
genes. A majority of these ABC transporters are implicated in providing tolerance to
plant derived compounds. However the involvement of another ABC transporter
involved in appressorium formation illustrates their essential role in the development of
this preinfection structure. Although the function of these ADP gene products remains
unknown their conservation, including their presence in saprobic fungi, suggests they are
important for fungi in additional roles besides pathogenesis.
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Figure Legends
Figure 1. Phylogenic relationship of S. cerevisiae ADP1 orthologous gene products from
30 sequenced fungal genomes. Genomes searched include: Cryptococcus neoformans
(CNBF, CNF), Ustilago maydis (UM), Coprinus cinerea (CC1G), Candida albicans
(CaO19), C. galbrata (CAGL), Sacchrromyces cerevisiae, Stagonospora nodorum
(SNOG), Cochliobolus heterostrophus (Ch), Sclerotinium sclerotium (SS1G), Botrytis
cinerea (BC1G), Neurospora crassa (NCU), Magnaporthe oryzae (MGG), Chaetomium
globosum (CHGG), N. haematococca (Nh), G. zeae (FGSG), Fusarium verticillioides
(FVEG), F. oxysporum (FOXG), Histoplasma capsulatum (HCAG), Coccoidies
posadasii (Cp), C. immitis (CIMG), Aspergillus nidulans (AN), A. terrus (ATEG), A.
flavus (AFL2G), A. oryzae (AO), A. niger (An), A. clavus (ACLA), A. fumagatus (Afu),
and Neosartorya fischeri (NFIA).
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Figure 2. Virulence assay on rice of M. oryzae isolates. Conidia from the isolates
suspended in 0.25 % gelatin were injected into the leaf sheath and disease allowed to
develop as described previously (Valent et al, 1991). Mock was inoculated with 0.25 %
gelatin, 70-15 is a wild-type isolate harboring a functional MoADP1 gene, and 209.3.B1
is an ATMT generated isolate with a disrupted MoADP1 gene. Leaves were
photographed seven days after inoculation.

Figure 3. Virulence assay on garden pea of N. haematococca MPVI isolates. Isolate 44100 is a nonpathogenic control, 77-13-7 is a wild-type isolate, ∆PDA Tr18.5 has a
disrupted PDA1 gene, a known virulence factor, and ∆NhADP1 Tr3.15 with a disrupted
NhADP1 gene. Plants were photographed six days after inoculation.

Figure 4. Virulence assay of N. haematococca MPVI on A) carrot and B) tomato. MPI
is an isolate of N. haematococca MPI, a species which is nonpathogenic on both host
plants, 77-13-7 is a wild-type isolate of N. haematococca MPVI with a functional
NhADP1 gene, and ∆NhADP1 Tr3.15 is a transformant of 77-13-7 with a nonfunctional
NhADP1 gene.

Figure 5. Growth of N. haematococca MPVI 77-13-7 and ∆NhADP1 Tr3.15 in presence
of 35 µg/mL amphotericin B and 20 µg/mL nystatin.
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Table 1.

Table 1. Virulence (lesion lengths) of N.
haematococca isolates on pea.

Exp.
1
Exp.
2

-

44-100

77-13-7

Tr3.15 (NhADP1 )

3.8+0.8

13.1+4.2

7.3+3.5

4.5+1.3

14.7+4.2

9.6+4.1

Lesion sizes are in mm, and are based on lesions
of 8-12 plants for each experiment
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Table 2.

Table 2. Summary of the functions of five ABC transporters characterized in
M. oryzae.
Pathogenicity
Appresorium formation
Appresoriom penetration
Invasive growth
* not determined

MoABC1
+
+
-

MoABC2
+
nd*
nd
nd

MoABC3
+
-

MoABC4
-

MoADP1
+/+/-
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Figure 1.
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Figure 2.

Mock

70-15

209.3.B1
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Figure 3.

77-13-7

44-100

-

PDA Tr18.5

-

NhADP1 Tr3.15
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Figure 4.

MPI

77-13-7

-

NhADP1 Tr3.15

A.

B.

MPI

77-13-7

-

NhADP1 Tr3.15
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Appendix C: Reduced pathogenicity mutants
of Nectria haematococca mating population I

Abstract
The plant pathogen Nectria haematococca mating population I is pathogenic on
cucurbit stem, root, and fruit mesocarp tissue. The fungus was one of the early model
systems to study genetics in fungi, and later studies focused on the importance in
pathogenicity of macroconidia attachment to the host plant. Unfortunately, molecular
methods, such as transformation, to characterize traits in the fungus were not developed,
leading to its demise as a model system. Here I report a robust protoplast transformation
method used to transform the closely related species N. haematococca MPVI, was used
to generate 46 transformants of N. haematococca MPI. Of these transformants, three had
reduced virulence on the cucurbits zucchini, Mexican grey squash, and yellow squash.
All three of these transformants had multiple insertions.
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Nectria haematococca refers collectively to a group of ascomycetes that have
been classified as a single species based on a common morphology. However, within this
group, there are seven subdivisions of heterothallic fungi, referred to as mating
populations (MP), in which the members of a MP are interfertile but are not fertile with
other members of other MPs (Matuo and Snyder, 1973). The fungal pathogen Nectria
haematococca Berk. and Br. mating population I (MPI) (anamorph Fusarium solani
Appel & Wollenw. f. sp. cucurbitae Snyd. & Hans. race 1) causes a root, stem, and fruit
rot on several species of the Curcubitaceae (Toussoun and Synder, 1961; VanEtten and
Kistler, 1988). Isolates of N. haematococca of MPV (anamorph Fusarium solani Appel
& Wollenw. f. sp. cucurbitae Snyd. & Hans. race 2) are pathogenic on cucurbit fruit, but
MPI isolates are usually more virulent than their MPV counterpart and are pathogenic on
roots and stems as well as fruit mesocarp tissue (Hawthorne et al, 1994).
Among members of N. haematococca, classical genetic studies were first
conducted on N. haematococca MPI beginning in the early 1940s (Hansen and Snyder,
1943; Snyder and Hansen, 1945). As indicated above, the fungus is a heterothallic
ascomycete with two different mating types and it readily produces perithecia in culture
making it easy to do controlled crosses. The fungus has four chromosomes (El-Ani,
1956), in which linkage groups have been constructed representing 2 or 3 centromeres
and at least 4 chromosomal arms (Georgopoulos, 1963a; VanEtten and Kistler, 1988).
Pathogenicity of the fungus can be assayed easily in the laboratory. Earlier research
demonstrated that several genes in MPI are responsible for conferring pathogenicity on
cucurbits (Prasad, 1949), and at least one is linked to a chlorinated-nitrobenzene-tolerant
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gene (Georgopoulos, 1963b). However, the inability to molecularly characterize loci
responsible for pathogenicity due to the difficulties in transformation of this fungus have
limited its use as a model system. Furthermore, more recent studies have estimated that
the number of loci involved in pathogenicity range from 3 to 15 and possibly up to 25
(Hawthorne et al, 1994).
One type of pathogenicity trait which has been studied in MPI is the involvement
of adhesion of macroconidia to the plant surface. Attachment of the macroconidia to the
surface takes place rapidly before germ tube emergence, and the entire attachment
process can be divided into two phases (Jones and Epstein, 1989). The first phase is
temperature dependent, as macroconidia that are harvested at room temperature adhere
within 20-30 minutes to surfaces at room temperature or 1oC. However, no adhesion
occurs for up to 30 minutes after macroconidia are harvested at 1oC and incubated on
surfaces regardless of the temperature of incubation (Jones and Epstein, 1989). The
decrease in adhesion is due to a reduction in metabolism, specifically respiration and
protein synthesis, suggesting the macroconidia must undergo a metabolic activation
before the spore physically attaches to the surface (Jones and Epstein, 1989). The second
phase of attachment consists of the time it takes for the spores to physically attach to the
surface (Jones and Epstein, 1989).
Two chemically generated mutants, which produce macroconidia that are unable
to attach to the epidermal tissue of zucchini fruit, have been identified (Jones and Epstein,
1990). Both of these mutants are nonpathogenic, demonstrating that adhesion of
macroconidia is a virulence factor in N. haematococca MPI (Jones and Epstein, 1990).
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However, if the zucchini fruit is wounded before inoculation, the mutants are able to
infect the fruit and produce the same size of lesion as wild type. The adhesion-deficient
phenotype of the two mutants is temperature sensitive and nutrient dependent, but they
are not affected equally by these two variables, suggesting these mutations may be at
different loci (Epstein et al, 1994).
A 90-kDa glycoprotein has been implicated in the adhesion of MPI macroconidia
to zucchini using an artificial polystyrene substrate (Kwon and Epstein, 1993). This
glycoprotein is produced when zucchini fruit extract and potato dextrose medium are
added to macroconidia, but is not produced in V8 juice or water, and it is found in the
mucilage that is formed at the spore apex (Kwon and Epstein, 1993; 1997).
Concanavalin A binds to the glycoprotein, and, when concanavalin A or IgG prepared
against the 90-kDa glycoprotein is added to the conidia, they are no longer able to adhere
to polystyrene surfaces (Kwon and Epstein, 1993; 1997). Moreover, if snowdrop lectin is
present with the spore glycoprotein, the spore displays inhibited adhesion. This suggests
that the α-mannose glycolsylation of the protein plays a role in the adhesion of the spore
to the polystyrene substrate because snowdrop lectin specifically binds α-mannose
(Kwon and Epstein, 1997).
Both chemically generated mutants deficient in adhesion (Jones and Epstein,
1990) mentioned above produce the 90-kDa glycoprotein, suggesting that genes at
several loci are involved in macroconidia attachment in N. haematococca MPI (Epstein et
al, 1994).
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In a previous study, the closely related fungus N. haematococca MPVI, an ATPbinding cassette (ABC) transporter, NhABC1, was shown to be responsible for tolerance
to the pea phytoalexin pisatin and is also involved in virulence on pea (Appendix A).
Hybridization studies show a homologous gene is present in the genome of N.
haematococca MPI, leading to the speculation that NhABC1 in MPI may be involved in
virulence on cucurbits. To test this possibility, an attempt was undertaken to disrupt the
ortholog of the ABC transporter NhABC1 in N. haematococca MPI. Although this was
not accomplished, this study shows that N. haematococca MPI can be transformed using
a protoplast transformation procedure and demonstrates that mutants, which are reduced
in virulence on several cucurbit hosts, can be generated.

Materials and Methods
Fungal strains and growth conditions. Nectria haematococca MPI isolates
22153 and 22165 (kindly provided by K. O’Donnell, (USDA-ARS, Peoria, IL)) were
maintained and sporulated on V8 juice agar (Stephens, 1974). Potato dextrose broth
(PhytoTechnology Laboratories, Shawnee Mission, KS) was used to grow the fungus for
DNA extraction.
Transformation. Transformation was carried out as previously described
(Appendix A) using the vector p∆NhABC1, which is designed to disrupt the ABC
transporter NhABC1 (Appendix A). This vector has 2.3 kb directly 5’of the N.
haematococca MPVI NhABC1 start site, followed by the hygromycin cassette from the
vector pCWHyg1 (Wasmann and VanEtten, 1996), and 3.8 kb containing ~1 kb of the 3’
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portion of the ABC transporter as well as 2.8 kb further 3’ of NhABC1. Chemicals for
transformation were as follows: Kitalase (Wako Pure Chemical Industries, Ltd., Osaka,
Japan), Driselase (InterSpex Products, Inc., San Mateo, CA), Hygromycin B
(Calbiochem, La Jolla, CA), and the remaining chemicals were from Sigma-Aldrich (St.
Louis, MO).
Pathogenicity assays. Seven cucurbits were tested to determine their
susceptibility to the isolates of N. haematococca MPI used in this study. Three winter
squash varieties (spaghetti squash, butternut squash, and acorn squash) (Cucurbita
moschata and C.pepo), three summer squash varieties (zucchini, Mexican grey squash,
yellow squash) (C. pepo), and cucumber (Cucumis sativus) were obtained from the local
grocery store. Pathogenicity assays were conducted as previously described
(Georgopoulos, 1963b). N. haematococca MPI isolates were grown on M-100 medium
(Stephens, 1974) in Petri plates for a source of inoculum. A 3 mm plug of the fruit was
removed and replaced with a plug of agar from a culture of a MPI isolate, mycelia side
toward the fruit, and tape was placed over the inoculation site. The inoculated fruit were
incubated at room temperature and lesions were scored after five and seven days. In the
initial assay, all winter and summer squash, as well as cucumber, were each inoculated
with isolates 22153 and 22165 at six sites on each fruit. A second assay was carried out
to do a preliminary screen on transformants for reduced pathogenicity. The assay
consisted of inoculating each summer squash a single time with each transformant. The
transformants which appeared reduced in virulence were then screened in a third
pathogenicity assay. The third pathogenicity assay was conducted using zucchini and
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Mexican grey squash, which were inoculated with three replicates of the transformants
identified from the first screen as having reduced virulence. When possible, each
transformant was inoculated at different places on the fruit to avoid any positional effects.
PCR identification. The identity of the three transformants (Tr29, Tr30, and
Tr45) with reduced virulence was evaluated by amplifying a portion of the ITS region
and elongation factor-1 gene in the transformants. Isolates were grown and DNA
extracted as previously described (Temporini and VanEtten, 2002). PCR amplification
was carried out with ITS primers ITS1 (TCC GTA GGT GAA CCT GCG G) and ITS4
(TCC TCC GCT TAT TGA TAT GC) and elongation factor primers EF-1 (ATG GGT
AAG GAR GAC AAG AC) and EF-2 (GGA RGT ACC AGT SAT CAT GTT) with the
following cycle 35 times: 94oC for 45 seconds, 55oC for 30 seconds, and 72oC for 45
seconds (White et al, 1990; O’Donnell et al, 1998). The resulting PCR products were
sequenced at the Genomic Analysis and Technology Core facility at the University of
Arizona.
Hybridization analysis. Southern blots were carried out on the DNA exracted
from the transformants as previously described (Sambrook et al, 1989). Digested DNA
was fixed to a nylon membrane Hybond N+ (Amersham), hybridized, and washed under
stringent conditions. A 467 bp EcoRI fragment from the hygromycin cassette was used
as a probe. This fragment contains a small portion of the glaA promoter and a fragment
of the 5’ portion of the hygromycin resistance gene (hph). An approximately 500 bp
portion of the N. haematococca MPVI NhABC1 gene was also used as a probe (Appendix
A).
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Results
Pathogenicity of Nectria haematococca MPI isolates on cucurbit hosts. The
summer squash cultivars (zucchini, yellow squash, and Mexican grey squash) and
cucumber were the most susceptible fruits to infection by wild type MPI. Winter squash
(spaghetti squash, butternut squash, and acorn squash) were much more resistant to N.
haematococca MPI and the fungus was unable to cause any disease on acorn squash
(Table 1). The wild-type isolates of MPI tested, 22153 and 22165, showed no significant
difference in pathogenicity; isolate 22165 was selected for further studies.
Pathogenicity of MPI transformants. Based on resistance to hygromycin, there
were 46 N. haematococca MPI transformants generated in the one transformation
performed. Upon screening the transformants for pathogenicity by inoculation on
zucchini, yellow squash, and Mexican grey squash at a single site, 36 displayed wild type
virulence on all hosts, four displayed reduced virulence only on Mexican grey squash,
one had reduced virulence only on yellow squash, and six had reduced virulence on two
or more hosts (Table 2).
The ten transformants with reduced virulence in the preliminary pathogenicity
assay were reassayed on zucchini and/or Mexican grey squash. The lesion sizes of
transformants Tr29 and Tr45 were significantly different when compared to wild type for
both hosts, while Tr30 was significantly different only on Mexican grey squash. In
particular, Tr45 showed the greatest reduction in virulence: 55 %, 50 %, and 80 % on
zucchini, yellow squash, and Mexican grey squash, respectively (Figure 1 and Tables
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2&3). The other seven transformants showed no difference in virulence in this assay on
either host when compared to wild-type.
Molecular analysis of transformants. Since MPI has not been reported to be
transformed, DNA was isolated from the transformants and genomic sequences of
conserved genes used to identify fungal species were amplified. When the DNA
sequence of the ITS region and a fragment of elongation factor-1 of all three
transformants were compared to the sequences in GenBank they were most similar, by
BLAST scores, to N. haematococca MPI, confirming that they were MPI (data not
shown).
When a portion of the hygromycin gene from the transformation vector was used
as a probe against the DNA from the transformants, digested with different restriction
enzymes, there were multiple bands for Tr29 (Figure 2), Tr30 (Figure 3), and Tr45
(Figure 4). The multiple bands are consistent with the least virulent transformants having
multiple insertions of the transforming DNA. Whether these insertions were in tandem
was not determined, but this occurs frequently in transformation of the related fungus, N.
haematococca MPVI (Wasmann and VanEtten, 1996).
Transformants with reduced virulence have a functional NhABC1. Since
three of the 46 transformants (6.5 %) resulted in mutants reduced in virulence, it is
possible that one or more of the integrations in MPI had disrupted the homologous gene
which was targeted (NhABC1). As previously mentioned NhABC1 in N. haematococca
MPVI acts as a virulence factor in this species.
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However, when the MPI transformants reduced in virulence were hybridized to a
fragment of NhABC1 from MPVI, they all displayed a fragment of expected size for a
functional NhABC1 gene (Figure 5). Other hybridizing fragments that were not in the
wild type MPI were also present for all the transformants, indicating that the disruption
vector integrated elsewhere in the genome (Figure 5).

Discussion
The seven mating populations of N. haematococca are closely related; however,
most are pathogenic on different plants. N. haematococca MPVI is pathogenic on garden
pea (Pisum sativa L.), and it was demonstrated recently that an ABC transporter
(NhABC1) is involved in its virulence on this host (Appendix A). NhABC1 and the
cytochrome P450 pisatin demethylase, PDA, are the major mechanisms for tolerance to
the pea phytoalexin pisatin. A double mutant is inhibited ~50 % at 90 µg/mL of pisatin
and is non pathogenic on pea (Appendix A). The orthologous gene product in Gibberella
pulicaris (GpABC1) is also involved in virulence and allows tolerance to the potato
phytoalexin, rishitin (Fleiβner et al, 2002). Since both genes confer phytoalexin
tolerance to their respective hosts, it is reasonable to speculate that the orthologous gene
in N. haematococca MPI may also have a similar function.
Although transformation of N. haematococca MPI has not been reported, these
data demonstrate it is possible, as transformants with reduced virulence were confirmed
as transformants by the presence of the hygromycin resistance cassette in the genome,
and were confirmed as MPI by the ITS and elongation factor-1 sequences. However,
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none of the transformants were disrupted in the gene targeted, NhABC1. Of the
transformants that showed a reduction in virulence, there was no common hybridization
pattern between the transformants, which would have suggested a common gene was
disrupted in the transformants (Figures 2-5). Unfortunately, multiple insertions make it
difficult to determine which integration has caused the reduced virulence. Several
molecular procedures, such as inverse PCR and tail PCR, can be used to obtain the
flanking sequence of the insertion sites to help elucidate the gene(s) involved in
virulence. Attempts at obtaining flanking sequences of the hygromycin cassette insertion
site were unsuccessful. Crosses of the transformants to a wild type isolate and analysis of
the progeny could be another means to determine which integration has resulted in the
reduction of virulence phenotype. Therefore, only speculation can be done as to the
function of the gene that was deleted, resulting in the loss of virulence.
One possible explanation for the reduction in virulence of the MPI transformants
is that the disruption vector integrated into some ABC-transporter other than NhABC1.
ABC transporters have conserved domains where ATP is bound and hydrolyzed, termed
the Walker A and B boxes as well as an ABC signature sequence (Higgins, 1992). Since
the flanking regions of the disruption vector, p∆NhABC1, did have portions of these
conserved sequences, it is likely that homologous recombination at a similar ABC
transporter may have occurred at this region. The most closely related sequenced fungus,
N. haematococca MPVI, has 25 ABC transporters in the pleiotrophic drug resistance
(PDR) family, of which NhABC1 is a member. Therefore, the other PDR ABC
transporters are excellent candidates for the mutated gene(s). If it is an ABC transporter,
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the reduction in virulence observed in the MPI transformants may be due to a reduction
in tolerance to some plant derived antimicrobial compound. There is one report of a
cucurbit phytoalexin from Cucurbita maxima (Strange et al, 1999). However, its
antimicrobial properties have not been fully demonstrated. Recently, several studies on
phytoalexins in cucumber have been conducted demonstrating that their accumulation is
induced upon physical stress (Zhao et al, 2005) and fungal penetration (McNally et al,
2003). The phytoalexin produced by the cucumber is believed to be a C-glycosl
flavonoid, but the compound has not been purified (McNally et al, 2003). If the disrupted
gene identified is an ABC transporter, it may provide a means to help identify new
phytoalexins/phytoanticipins produced by cucurbits.
Another possible explanation, if the gene encodes an ABC transporter, is the
mutant transporter was responsible for efflux of a toxic secondary fungal metabolite.
Most secondary metabolite clusters also have a protein that is predicted to allow removal
of the metabolite. If this gene is removed there may be a series of effects leading to the
loss of virulence. First, the toxin may not secreted causing the destruction of the cucurbit
fruit, and second the toxin accumulates inside the fungal cell creating a toxic effect,
which stunts the growth of the fungus.
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Table 1. Virulence of N. haematococca MPI on different
cucurbits.
Avg. Lesion (mm) size of MPI isolates
Host
Zucchini
Yellow squash
Mexican grey squash
Cucumber
Spaghetti squash
Butternut squash
Acorn squash

22153
21.3 + 2.8
23.0 + 2.8
24.0 + 1.4
18.8 + 1.5
10.0 + 2.7
7.0 + 0.8
0

22165
22.3 + 2.5
24.3 + 2.2
23.5 + 0.6
19.5 + 1.0
10.8 + 1.3
7.3 + 0.5
0

Isolates were inoculated at six sites to each squash and cucumber
at various positions. Lesions were scored 5 days post inoculation.
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Table 2. Pathogenicity of N. haematococca MPI transformants.
Zucchini

22165 (WT)
Tr1
Tr2
Tr3
Tr5
Tr6
Tr7
Tr8
Tr9
Tr10
Tr11
Tr12
Tr13
Tr14
Tr15
Tr16
Tr17
Tr18
Tr19
Tr20
Tr21
Tr22
Tr23
Tr24
Tr25
Tr26
Tr27
Tr28
Tr29
Tr30
Tr31
Tr32
Tr33
Tr34
Tr35
Tr36
Tr37
Tr38
Tr39
Tr40
Tr41
Tr42
Tr43
Tr44
Tr45
Tr46
Tr47

Yellow squash

Mexican grey squash

5 days

7 days

5 days

7 days

5 days

7 days

22.6 + 4.2 (5)
26
22
22
20
27
20
23
22
22
21
19
21
26
26
23
14
22
21
24
23
21
23
21
20
21
22
23
12
14
23
22
23
22
24
22
18
23
23
24
23
23
21
21
11
22
24

39.6 + 2.9 (5)
39
36
37
32
36
37
36
36
33
33
38
33
36
36
35
31
38
37
39
40
34
38
33
35
34
38
37
25
27
38
37
39
34
34
33
28
34
36
37
33
37
33
33
13
38
30

12.4 + 4.4 (5)
12
11
12
15
15
13
17
19
17
12
17
17
13
20
16
11
14
16
21
23
25
26
23
20
25
18
25
13
14
11
12
13
12
13
15
10
9
13
12
17
14
12
19
6
16
17

20.0 + 9.3 (5)
18
16
18
20
22
16
27
30
26
28
30
30
20
24
20
14
20
24
36
36
42
40
35
37
37
32
34
22
21
13
15
19
13
17
18
12
10
18
14
34
28
20
34
10
28
31

25.6 + 3.8 (7)
31
32
28
25
26
28
29
26
28
27
24
28
14
27
22
27
26
24
26
27
33
32
27
23
29
25
23
14
14
32
29
24
31
30
13
15
9
11
22
11
12
25
27
6
29
25

40.6 + 5.0 (7)
47
44
39
33
37
45
46
45
43
42
43
47
48
41
36
39
41
37
44
42
42
43
40
39
42
38
37
31
32
47
45
42
46
45
22
19
14
23
36
15
19
39
46
7
45
39

Zucchini, yellow squash, and Mexican grey squash were inoculated at one site on each fruit
and the size of lesions scored 5 and 7 days post inoculation. Lesion size is in millimeters
and lesions with a size significantly different than the wild type isolate are underlined. The
number of fruit assayed for the wild-type isolate is in parentheses.
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Table 3. Test of selected N. haematococca MPI
transformants for virulence on zucchini and
Mexican grey squash.
Zucchini

Mexican grey squash

22165 (WT)
22.5 + 10.6
28.0 + 5.4
12.3 + 7.0
7.3 + 1.9
Tr29
18.0 + 0.0
Tr30
22.0 + 11.7
Tr36
28.7 + 6.7
Tr37
30.7 + 3.2
23.0 + 5.3
Tr38
27.3 + 8.6
27.0 + 5.3
Tr39
26.0 + 6.3
Tr41
28.3 + 4.0
Tr42
26.3 + 3.2
Tr43
27.0 + 11.1
5.7 + 2.1
10.2 + 4.0
Tr45
Virulence was scored 7 days post inoculation. Average
lesion size is in millimeters and is based on the size of
three lesions on different fruit. Lesion sizes in bold are
significantly different from wild-type lesion sizes.
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A.

B.

C.

Figure 1. Virulence of N. haematococca MPI Tr45 on A) yellow squash, B) Mexican
grey squash, and C) zucchini. Red arrows indicate Tr45 transformant inoculation site,
and black circles indicate mock inoculated with agar plug. Other lesions are caused by
transformants that did not have reduced virulence.
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Figure 2. Southern analysis of N. haematococca MPI Tr 29. Genomic DNA of Tr 29
was digested with the indicated restriction enzyme, and the membrane was hybridized
with a probe from the hygromycin resistance gene.
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Figure 3. Southern analysis of N. haematococca MPI Tr 30. Genomic DNA of Tr 30
was digested with the indicated restriction enzyme, and the membrane was hybridized
with a probe from the hygromycin resistance gene.
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Figure 4. Southern analysis of N. haematococca MPI Tr 45. Genomic DNA of Tr 45
was digested with the indicated restriction enzyme, and the membrane was hybridized
with a probe from the hygromycin resistance gene.
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Figure 5. Southern analysis of N. haematococca MPI transformants reduced in
pathogenicity for disruption of the orthologous NhABC1 gene of MPVI. The membrane
was hybridized with a 500bp gene fragment probe from NhABC1.
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Appendix D: Contributions to the Analysis of the
Genome of Nectria haematococca MPVI

Abstract
The genome sequence of Nectria haematococca mating population (MP) VI was
completed recently by the Department of Energy (DOE), Joint Genome Initiative (JGI).
The genome of this fungus is 51.2 Mb, representing 15,707 putative genes, distributed
over 17 chromosomes. The size of the N. haematococca genome is larger than most
other sequenced ascomycetes. Analysis of the ABC transporters revealed extra copies of
some genes which were in single copies in other fungi. A method to identify other
examples of this phenomenon on a global scale was implemented, identifying 1,331
putative pseudoparalogs, genes which appear to be paralogs but apparently originated by
horizontal gene transfer (HGT). Further analysis of these genes show differences
compared to the orthologous genes within the genome, such as unexpected phylogenetic
distribution, location on dispensable portions of the genome, preferred location at
telomeric regions of the chromosome, %GC, and codon bias. Together these results
suggest the genome of N. haematococca may have undergone genome expansion via
HGT.
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Introduction
The “Fusarium solani species complex” collectively refers to a group of
approximately fifty related ascomycete species in the Nectriaceae family (O’Donnell,
2000). Members of this evolutionarily related group of fungi are able to thrive in a wide
range of climates, from artic tundras to arid deserts to tropical rain forests (Nelson et al,
1994; Rodriguez et al, 1996), and exist as soil inhabiting fungi, saprophytes, or animal
and/or plant pathogens (VanEtten and Kistler, 1988; Wainwright et al, 1993; Nelson et al,
1994). As suggested by their ubiquitous distribution and various habitats, F. solani fungi
display a wide range of metabolic competence. Isolates can degrade hydrocarbons,
lignin, metal cyanides, and pesticides (Hsu and Camper, 1979; Hermida et al, 1993;
Colombo et al, 1996; Barclay et al, 1998; Rafin et al, 2000; Mitra et al, 2001; Romero et
al, 2002). Furthermore, several of these and other recalcitrant compounds can be used as
a sole carbon source by some F. solani isolates (Rafin et al, 2000; Rodriguez-Carres,
2006). Members of this complex are exceptional pathogens. These fungi are responsible
for disease on approximately a hundred genera of plants, including economically
important crops, such as bean, soybean, cucurbits, and sweet potatoes (VanEtten, 1978;
Clark, 1980; Hall, 1991; Nelson et al, 1994; Li et al, 1995; Achenbach et al, 1996). F.
solani isolates are also responsible for disease in animals (Nelson et al, 1994), and is an
emerging human pathogen, as F. solani is the most common species isolated from
Fusarium infection and is frequently associated with severe disseminated infections
(Nelson et al, 1994; Guarro and Gene, 1995; Boutati and Anaissie, 1997; Gupta et al,
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2000; Groll and Walsh, 2001). Recently, F. solani was the primary pathogen associated
with an increase in ocular infections by contact lens wearers (O’Donnell et al, 2007).
Within the F. solani species complex, subgroups of the morphologically related
fungi are further clustered together into the Nectria haematococca species. N.
haematococca species were originally grouped together because they are F. solani
species that produce a sexual stage with red pigmented perithecia, the fruiting bodies
producing the ascospores (Booth, 1971). However, mating studies between members of
this group allowed further division into homothallic groups and seven heterothallic
mating populations (MP), each representing a different species (Matuo and Snyder, 1973;
O’Donnell, 2000).
The most studied member of this complex is the plant pathogen N. haematococca
MPVI (anamorph F. solani f.sp. pisi). This fungus has the ability to cause disease on
many plant species including, but not limited to, alfalfa, chickpea, cottonwood, ginseng,
mulberry, pea, red clover, sainfoin, and tuliptree (VanEtten, 1978; VanEtten and Kistler,
1988). It has also been confirmed to be a pathogen of penaeid shrimp (VanEtten and
Kistler, 1988).
This portion of my dissertation deals with N. haematococca MPVI isolate 77-13-4
(Kistler and VanEtten, 1984) which is a pea pathogen and contains a 1.6 Mb
supernumerary chromosome. This 1.6 Mb chromosome in N. haematococca MPVI is
commonly referred to as a conditionally dispensable (CD) chromosome (Covert, 1998),
as this chromosome is not needed for growth in culture but confers pathogenicity on pea
(Wasmann and VanEtten, 1996, Han et al, 2001) and rhizosphere competency
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(Rodriguez-Carres, 2006), thus expanding the habit range of the fungus. A gene
encoding a cytochrome P450, which is able to confer tolerance to the pea phytoalexin
pisatin, termed pisatin demethylase (PDA1), is located on the CD chromosome, and
therefore this chromosome is sometimes also referred to as the PDA1-CD chromosome
(Miao et al, 1991). Other genes have been identified located close to PDA1 which also
confer an increase in pea pathogenicity (PEP genes) (Han et al, 2001).
Analysis of the PEP cluster on the PDA1-CD chromosome has suggested it may
have arisen from a foreign origin. Studies of the phylogenetic distribution of the PEP
cluster has suggested that the genes in the cluster may have been obtained by horizontal
gene transfer (HGT) (Temporini and VanEtten, 2004) as there is a discontinuous
distribution of the cluster within the F. solani complex. This hypothesis is also supported
by a difference in %GC content and codon usage of the genes in the cluster compared to
several genes located on the normal chromosomes (Liu et al, 2003).
In 2004, the Department of Energy (DOE), Joint Genome Initiative (JGI)
microbial project selected N. haematococca MPVI as a microorganism to sequence and
the isolate used for this project was 77-13-4. The sequencing was completed in the fall of
2005 and the second version of the annotation of that genome was posted June 27, 2006
(http://genome.jgi-psf.org/Necha2/Necha2.info.html). Appendix E covers my
contributions to the analysis of the genome of this fungus.
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Materials and Methods
Preparation of protoplasts for isolation of high molecular weight DNA for the optical
map. Conidia of 77-13-4 from a 10 day old culture grown in Petri plates containing V8
juice agar medium (Stephens, 1974) were collected and 105 macroconidia mL-1 added to
100 mL potato dextrose broth (PDB) (Difco Labortories, Sparks, MD) contained in a 250
mL Erlenmeyer flask and grown at room temperature on a rotary shaker for 16 hours at
180 rpm. The following day mycelium was collected on Whatman #4 filter paper
(Whatman International Ltd., Maidstone, England) by vacuum filtration and one gram
resuspended in 15 mL of protplasting enzyme solution [0.7 M NaCl, 6 mg/mL Kitalase
(Wako Pure Chemical Industries, Ltd., Osaka, Japan), 5 mg/mL Driselase (InterSpex
Products, Inc., San Mateo, CA)] for two hours. After this time, the protoplasts were
filtered through Nitex® (53µm) and collected by centrifugation (1000 x g for 10
minutes). The resulting protoplast pellet was then washed twice in 10 mL 0.7 M NaCl
and collected under the same centrifugation conditions as before. The final pellet was
resuspended in 2 mL 0.7 M NaCl with 40 % glycerol, frozen at -80oC, and shipped to
Shiguo Zhou, Laboratory for Molecular and Computational Genomics, University of
Wisconsin, Madison, Wisconsin. Dr. Zhou used the protoplast to isolate large molecular
weight DNA for preparation of an optical map (Zhou, et al. 2007) of N. haematococca.

Isolation of RNA for preparation of cDNA libraries. Four cDNA libraries were
constructed for the sequencing project by the JGI, and the sequences used to facilitate the
automated gene calling programs employed. The RNA for the four cDNA libraries were
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obtained from mycelia treated in four different ways: growth in a minimal medium (M100 Ustilago genetics medium) (Stephens, 1974), a rich medium (PDB), growth on pea
root exudates, and mycelia treated with pisatin. The fungal spores of isolate 77-13-4 (105
macroconidia mL-1) from V8 agar medium were added to 100 mL of M-100 or PDB in a
250 mL Erlenmeyer flask and grown at room temperature on a rotary shaker and 180
rpm. After 24 hours the mycelium was collected by vacuum filtration as above and
stored in a -80oC freezer for future RNA extraction. For growth on the pea root exudates,
pea root exudates were collected by dipping the roots of 137 asceptically grown 5-day old
peas (Alaska 2B, Carolina Biological Supply Co., Burlington, NC) into 1 mL of sterile
water contained in 12-1.2 mL microcentrifuge tubes. Pea root border cells were removed
by centrifugation at 2000 x g and the resulting cell free root exudates brought to a final
volume of 25 mL with sterile water. Two and a half grams of mycelia grown in M-100
overnight was collected, washed in 10 mL 0.7 M NaCl, suspended in the root exudates,
and incubated at 25oC and 180 rpm for four hours. The mycelia was then collected and
frozen at -80oC. Mycelia for the pisatin treated library was collected after overnight
growth in PDB, washed as before, and then added to 50 mL of phosphate buffer (50 mM
potassium phosphate buffer, pH 6.5) and allowed to equilibrate for 2 hours at 180 rpm.
Pisatin in DMSO was added to a final concentration of 30 µg of pisatin/mL and 1 %
DMSO. After 4.5 hours the mycelia was collected and frozen at -80oC. For RNA
isolation the mycelia was lyophilized and the mycelia ground under liquid nitrogen using
a mortar and pestle. The rest of the protocol was followed as given in Mandel et al, 2006
with the exception that ground mycelia (200 mg) was placed in an RNase free 2 mL tube,
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to which 0.7 mL of ice-cold breaking buffer was added, the mycelia resuspended, and 0.6
mL of acid phenol added. The RNA integrity and concentration was assessed using an
Agilent Bioanalyzer (Agilent Technologies, Palo Alto, CA), frozen at -80oC in RNase
free water and sent to Erika Lindquist, Walnut Creek, CA., for construction and
sequencing of cDNA libraries made from the four RNA extractions.

Global sequence analysis to identify putative ortholog and possible pseudoparalogs.
Based on the analysis of ABC transporters in N. haematococca MPVI it was observed
that this fungus appeared to have multiple copies of genes found as a single copy in other
fungi. A reciprocal BLASTp approach, using the protein sequences of the most closely
related fungus, Gibberella zeae PH-1 (anamorph Fusarium graminearum), available at
the time (Cuomo et al. 2007, http://mips.gsf.de/genre/proj/fusarium) was used to identify
putative orthologs, unique genes, and pseudoparalogs in N. haematococca.
Pseudoparalogs are homologous genes which appear as paralogs in a single genome
analysis, but arose in the genome by a combination of vertical inheritance and HGT
(Koonin, 2005). In Appendix D of this dissertation, the term ‘gene’ will normally be
referring to the amino acid sequence of the genes. To identify putative orthologs, the
proteome sequence of G. zeae was searched using BLASTp to the N. haematococca
proteome sequence (BLASTp 1, Figure 1). The reciprocal BLASTp search was then
conducted for the N. haematococca proteome to the G. zeae proteome (BLASTp 2,
Figure 1). A liberal arbitrary cut off of 40% identity over a 40 amino acid length was
used to limit the results. A non stringent cut off for orthologs was used as it created a
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G.zeae
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N. haematococca
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BLASTp 3

Figure 1. BLASTp approach used to identify putative orthologs and
pseudoparalogs. A total of three BLASTp data sets are compared to generate the gene
classifications. Arrow start point indicates a single protein searched to fungal proteome
indicated at the arrow tip.
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more stringent search for possible pseudoparalogs. The BLASTp data sets resulting in
identification of the same gene pairs, one gene from N. haematococca and one gene from
G. zeae, were called putative orthologs. The remaining unmatched gene sets from each
fungus were then labeled as “unique genes”. A similar approach was used to identify
possible pseudoparalogs from within the unique gene set of N. haematococca. Each N.
haematococca protein sequence was searched against the N. haematococca proteome by
BLASTp, identifying similar proteins (BLASTp 3, Figure 1). The best hit to the G. zeae
proteome was identified for this set of N. haematococca proteins. It should be noted that
this approach will not differentiate between gene duplications and possible
pseudoparalogs.

Phylogenetic analysis. Annotated fungal genomes were searched for similar proteins to
genes of interest (Altschul et al, 1997). Most or the genomes were publically available,
sequenced either by The Broad Institute or The Institute for Genome Research. The
protein sequences were aligned by ClustalX in MacVector version 7.1.1, and
phylogenetic analysis carried out by Neighbor Joining, systematic tie breaking, poissoncorrection distance and a bootstrap of 1000 reps. Genomes searched include:
Cryptococcus neoformans (CNBG, CNG), Ustilago maydis (UM), Coprinus cinerea
(CC1G), Candida albicans (CaO19), C. galbrata (CAGL), Sacchrromyces cerevisiae,
Stagonospora nodorum (SNOG), Sclerotinium sclerotium (SS1G), Botrytis cinerea
(BC1G), Neurospora crassa (NCU), Magnaporthe oryzae (MGG), Chaetomium
globosum (CHGG), N. haematococca (Nh), G. zeae (FGSG), Fusarium verticillioides
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(FVEG), F. oxysporum (FOXG), Histoplasma capsulatum (HCAG), Coccoidies
posadasii (Cp), C. immitis (CIMG), Aspergillus nidulans (AN), A. terrus (ATEG), A.
flavus (AFL2G), A. oryzae (AO), A. clavus (ACLA), A. fumagatus (Afu), and
Neosartorya fischeri (NFIA).

Cloning, sequencing, and analysis of repeat-induced point (RIP) mutation sequences. An
isolate was generated that would be expected to contain RIP sequences if this
phenomenon was occurring in N. haematococca. A transformant (Tr78.2) of N.
haematococca that contained several copies of the hygromycin phosphotransferase gene
(hph) from the transformation vector pCWHyg1 (Wasmann and VanEtten, 1996), was
crossed (cross 370) to 77-15-7 using the procedure described in Kistler and VanEtten,
1984. The hph gene was linked to the homoserine utilization phenotype (HUT) in Tr78.2
and 370 progeny were screened for hygromycin sensitivity and HUT. The forty progeny
screened were all sensitive to hygromycin, and half were HUT+. DNA was isolated from
two HUT+ isolates (370-6 and 370-8) using the procedure of Maio et al, 1991. Sequences
of hph were amplified using PCR and the primers Hyg2-F (CGG AGA TTC GTC GTT
CTG AAG AG) and Hyg1-R (TTC TAC ACA GCC ATC GGT CCA G) following the
manufacturer’s protocol ((Invitrogen Life Technologies, Carlsbad, CA) and the following
set of conditions (94oC for 45 sec., 59oC for 30 sec, 72oC for 1.5 min, for 35 cycles). The
resulting 1,242bp products containing the hygromycin gene were cloned into the pGEM®
T-EZ vector (Promega Corporation, Madison, WI) and sequenced using the T3/T7
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primers surrounding the insertion site of the vector. Sequencing was conducted at the
Genomic Analysis and Technology Core (GATC) facility at the University of Arizona.

Results
The genomic sequence of N. haematococca MPVI isolate 77-13-4 is at the JGI
web site http://genome.jgi-psf.org/Necha2/Necha2.info.html and the summary of the
project is:
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The sequence information from this site was used for the analyses presented in this
portion of the dissertation.
Nectria haematococca genome size
The optical map of N. haematococca revealed that this genome consists of 17
chromosomes ranging from 550 kb to 6.87 Mb with a total genome size of 57.8 Mb. It
was possible to align in silico maps of 78 of the 207 sequenced scaffolds to the optical
maps resulting is an alignment of 49.6 Mb of DNA, which is an assembly of 97 % of the
sequenced scaffolds (Shiguo Zhou, University of Wisconsin and Jane Grimwood, The
Stanford Human Genome Center and the Department of Genetics, Stanford University
School of Medicine, Palo Alto, CA, personal communications to H. VanEtten).
The physical size of the N. haematococca MPVI genome is significantly larger than other
filamentous fungi sequenced including Neurospora crassa, Magnapothe grisea,
Aspergillus nidulans, A. fumigatus, A. oryzae, Gibberella zeae, and Ustilago maydis and
it contains more genes than most fungi. (Table 1) (Borkovich et al, 2004, Galagan et al,
2005, Dean et al, 2005, Xu et al, 2006). In fact, the genome is the largest sequenced
among ascomycete fungi except one. The genome of the recently sequenced fungus F.
oxysporum f.sp. lycopersici is larger than N. haematococca (78 Mb), however the F.
oxysporum genome has three chromosomes that are in multiple copies (L. Ma, personal
communication;
http://www.broad.mit.edu/annontation/genome/fusarium_group/MultiHome.html). Two
basidiomycete fungi which have larger genomes have been sequenced: Puccinia
graminis f.sp. tritici (80 Mb,

148

Table 1. Comparison of sequenced fungal genome sizes. The genome size of N.
haematococca MPVI is 58 Mb based on optical map data. Genome statistics are from the
most current version as of 7/2007.

Saccharomyces cerevisiae
Candida albicans
Cryptococcus neoformans
Ustilago maydis
Aspergillus fumigatus
Coccidiodes immitis
Aspergillus nidulans
Chaetomium globosum
Aspergillus flavus
Coprinus cinereus
Gibberella zeae
Aspergillus oryzae
Stagonospora nodorum
Sclerotinia sclerotiorum
Botrytis cinerea
Neurospora crassa
Magnaporthe grisea
Nectria haematococca MPVI

Strain
S288C
WO-1
H99
521
Af293
RS
FGSC A4
CBS 148.51
NRRL 3357
Okayama 7
PH-1
RIB40
SN15
1980
B05.10
OR74A
70-15
77-13-4

Version
(update date)
(7/2007)
(10/2006)
v3 (2/2006)
v2 (4/2004)
(12/2005)
(1/2006)
v4 (3/2006)
(6/2005)
(10/2005)
v1 (3/2006)
v3 (3/2007)
(12/2005)
(5/2005)
(4/2005)
(10/2005)
v3 (8/2006)
v5 (1/2006)
v2 (6/2006)

Genome Size
(Mb)
12.1
14.4
19.2
19.7
28.0
28.9
30.1
34.9
36.3
36.3
36.4
37.1
37.1
38.0
38.8
39.2
39.4
51.2*

Putative Gene
Number
4,651
6,160
7,302
6,522
9,926
10,457
10,701
11,124
13,071
13,544
13,332
12,074
16,597
14,522
16,448
9,826
12,841
15,707
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http://www.broad.mit.edu/annotation/genome/puccinia_graminis) and Laccaria bicolor
(64.9 Mb, http://genome.jgi-psf.org/Lacbi1/Lacbi1.home.html).
G. zeae is the most closely related fungus to N. haematococca MPVI that has
been sequenced and published, and the genome of N. haematococca MPVI is ~40.7 %
larger in size than G. zeae, resulting in ~17.8 % more putative genes (Table 1).
Previously, G zeae was described as having undergone gene expansion when compared
to other fungi sequenced at the time (Cumano et al, 2007).

Analysis of ATP binding cassette (ABC) transporters in N. haematococca
Because of my personal interest in ABC transporters (Appendices A & B), the
first family of genes I examined was this family. Members of this large family of
proteins were identified by searching the genome for the conserved ABC signature
sequence domain. This approach identified 68 ABC transporters (58 full length and 10
half length) and three partial sequences with homology to ABC transporters. A few of
the transporters have high sequence homology to previously characterized ABC
transporters in S. cerevisiae and they may perform similar functions in N. haematococca
(Table 2). However, the number of ABC transporters is larger than the number
previously reported for other filamentous fungi, which are normally from 35 to 40.
Annotation of the ABC transporters in N. haematococca demonstrated that one
reason for the large number of ABC transporters in this genome appears to be due to
multiple copies of some genes, which are usually represented by a single copy in other
fungal genomes. One example of this is YOR1, which was originally identified in S.
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cereviae as conferring tolerance to oligomycin (Katzmann et al., 1995). This ABC
transporter has since been demonstrated to confer tolerance in yeast to several other
compounds including erythromycin and several flavonoids (Rodgers et al., 2001). In N.
haematococca there are two copies of this gene (Nh63546 and Nh73313). To determine
the relationship of these genes to YOR1 genes in G. zeae and other fungi, these genes
were identified in 27 fungi by a protein similarity search, and their phylogenetic
relationship determined. One of the N. haematococca YOR1 genes (Nh63546) clearly
depicts an N. haematococca ortholog as it groups with the other Fusaria (FG, FV and
FOX) YOR1 genes, while the other N. haematococca copy (Nh73313) does not
demonstrate the expected phylogenetic placement (Figure 2). This extra copy appears
distantly related to the ortholog, however still is within the YOR1 clade, suggesting this
copy is a pseudoparalog. Extra copies of a gene transferred laterally into a genome
appear as a paralog, however because it is from a HGT event these genes are referred to
as pseudoparalogs (Koonin, 2005). The orthologous copy lies on chromosome 9 while
the pseudoparalog is unmapped.
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Table 2. ABC transporter comparison between N. haematococca and S. cerevisiae.
N.
haematococca
Nh96021

S. cerevisiae

Comments

Reference

STE6

transports the a-mating
factor; mutants
demonstrate a reduction in
mating
PDR transporter with an
unknown function; contains
an epithelial growth factor
domain
peroxisomal transporters
which dimerize allowing
transport of long chain fatty
acids into the peroxisome;
mutants cannot grow on
LCFA as a sole carbon
source
half transporter involved in
tolerance to a few toxins

McGrath and Varshavsky,
1989; Taglicht and
Michaelis, 1998

vacuolar transporter
involved in sequestering
heavy metals and
glutathione conjugated
compounds
transporter involved in
tolerance to a broad range
of toxins

Szczypka et al, 1994;
Li et al, 1996; 1997

Nh123072

ADP1

Nh102984

PXA1

Nh68209

PXA2

Nh72407

MDL1

Nh123202

YCF1

Nh63546

YOR1

Nh101201

YBT1

bile transporter

Nh60719

ATM1

mitochondrial located
transporter; mutants are
lethal

Purnelle et al, 1991;
Taglicht and Michaelis,
1998
Theodoulou et al, 2006

Dean et al, 1994

Katzmann et al, 1995;
Cui et al, 1996;
Rogers et al, 2001
Ortiz et al, 1997
Leighton and Schatz, 1995
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Figure 2. The ABC transporter YOR1 clade from select fungal genomes. The
phylogenetic relationship between the ortholog (Nh63546) and the paralog (Nh73313) of
N. haematococca. Note the only other fungus with a paralog is F. verticilloidies
(FVEG_03149.3).
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The N. haematococca genome encodes extra copies of some genes
Other examples of this phenomenon are also evident in N. haematococa. This
fungus has two copies (Nh65123 and Nh101770) of a member of the CAX (calcium
exchanger) family of transporters which is a single copy in all other sequenced fungal
genomes (Figure 3). The ortholog in S. cerevisiae (Vnx1p, YNL321W, SCY_4871) is
located to the vacuole, however, despite the transporter family name, it is unable to
translocate Ca2+. Instead the transporter is a low affinity Na+/H+ and K+/H+ antiporter
driven by the H+ gradient created by the V-type H+-ATPase (Cagnac et al., 2007). The
two predicted amino acid sequences in N. haematococca are 52% identical and a
phylogenetic placement of the CAX genes is consistent with Nh65123 as the ortholog and
Nh101770 as the pseudoparalog (Figure 3). The orthologous copy resides on
chromosome 1 and the pseudoparalogous copy is on chromosome 10.
A phylogenetic analysis of a group of serine esterases encoding a region with
similarity to X-prolyl dipeptidyl aminopeptidases demonstrates a similar example.
Seventeen of the sequenced fungal genomes contained one copy of this gene, while the N.
haematococca genome contains three copies, one ortholog and two pseudoparalogs
(Figure 4). Nh83576 and Nh44533 have 71% amino acid identity, while Nh83576 and
Nh55059 have 61% amino acid identity. The orthologous gene (Nh83576) exists on
chromosome 8, while the pseudoparalogs, Nh44533 and Nh55059, reside on
chromosomes 7 and 14, respectively.
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Figure 3. A CAX transporter clade from select fungal genomes. Nh65123 is the
orthologous copy while Nh101770 is the paralogous copy. N. haematococca is the only
fungus with two copes of this gene.

155

Figure 4. Serine esterase clade from select fungal genomes. N. haematococca
encodes three of these genes while all the other fungal genomes encode one or none.
Nh83576 is the orthologous copy while Nh44533 and Nh55059 are paralogous copies.
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This clade of fungal serine peptidases are similar to a group of the enzymes found
in bacterial genomes and one of these bacterial serine carboxylesterases has been
characterized. A Rhodococcus sp. isolated from the rhizosphere of coca plants was found
to encode an inducible serine esterase which allowed the bacterium to grow on cocaine as
a sole carbon and nitrogen source (Bresler et al, 2000). The esterase, termed cocaine
esterase (cocE), contains three domains with an active site that is relatively specific for
cocaine as only one other structurally related compound (atropine) has been identified as
a substrate for this enzyme (Bresler et al, 2000; Larsen et al, 2002).

Number of putative pseudoparalogs in N. haematococca
A global genome analysis to identify putative pseudoparalogs was undertaken
using a reciprocal BLASTp approach between G. zeae and N. haematococca (Figure 1).
An analysis of the two genomes resulted in the identification of 9,005 putative orthologs
in G. zeae and 8, 922 putative orthologs in N. haematococca (the disparity between the
number of orthologs of the Fusaria is due to variation in annotation of the two genomes).
This represents 67.5% of the genes of G. zeae and 56.8% of the genes of N.
haematococca. The remaining genes of each genome (4,327 in G. zeae and 6,785 in N.
haematococca) were identified as “unique” genes for their respective fungus. It is within
these N. haematococca unique genes that pseudoparalogs would be grouped. The
reciprocal BLASTp approach (Figure 1) identified 1,331 putative pseudoparalogs, which
it is predicted may show the phylogenetic misplacement demonstrated with the examples
above. The genomic location of these putative pseudoparalogs are biased for the smaller
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Figure 5. Chromosomal location of putative pseudoparalogs. The percentage is
based on the number of pseudoparalogs out of the total number of genes on the
chromosome.
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chromosomes (11-16) (Figure 5) with chromosome 14, the PDA1-CD chromosome
composed of 22% of pseudoparalogs. Only one putative pseudoparalog was identified on
chromosome 17, and this small (~500 kb) chromosome appears to be unique to the N.
haematococca genome (discussed in more detail below).

Cluster analysis of putative pseudoparalogs
To determine if pseudoparalogs might exist in clusters, a search of physical
grouping of the putative pseudoparalogs was undertaken. A clustering of pseudoparalogs
could be consistent with transfer of large segments of DNA into N. haematococca at one
time. Seventeen clusters of four or more putative pseudoparalogs were identified in the
N. haematococca genome. Two of these clusters, shown as clusters B and C in Figure 6,
were selected for further analysis as they share a common gene, a putative aldehyde
dehydrogenase, that is also found in another cluster of putative pseudoparalogs (cluster
A) in N. haematococca. Clusters B and C are on the 1.6 Mb PDA1-CD chromosome
(Figure 8) and separated by approximately 100 kb. The genome of N. haematococca
encodes 62 putative aldehyde dehydrogenases, however, genes encoding this putative
aldehyde dehydrogenase are only found in two other fungi, Aspergillus oryzae and A.
flavus. Interestingly, two of the genes (a bZIP transcription factor-like protein and a
putative homoserine dehydrogenase) flanking this unique cluster of the putative aldehyde
dehydrogenases in N. haematococca and the Aspergillus species are homologous and are
in the same order (Figure 6). Finally, each of these four common genes are very similar
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Nectria
haematococca
chromosome 4
Cluster A

93153
Cys L

93154
HD

Nectria
haematococca
chromosome 14
Cluster B
Nectria
haematococca
chromosome 14
Cluster C

Aspergillus
oryzae
Cluster D

Aspergillus
flavus
Cluster E

98134
Cys L

79751
ADH

55362
AA trans

98146
bZIP

55235
ADH

55285
Cu

55300
HD

88551
ADH

12678
Pro TF

9000900
0136
HD

90009000
135
ADH

90009000
134
bZIP

AFL2G_
10515
HD

AFL2G_
10516
ADH

AFL2G_
10517
bZIP

Figure 6. Cluster of paralogs on the PDA1-CD chromosome. The clustered
pseudoparalogs in N. haematococca are also found in a cluster in some Aspergillus
species. The function of the gene are represented by the following abbreviations: Cys L
– cystathionine beta-lyase, Pro TF – proline utilization trans-activator (transcription
factor), HD – homoserine dehydrogenase, ADH – aldehyde dehydrogenase, bZIP – bZIP
transcription factor, Cu – copper amine oxidase, AA trans – amino acid/polyamine
transporter.
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Figure 7. Phylogenetic tree of a putative aldehyde dehydrogenase identified in
clusters. The protein sequences were aligned and a tree constructed by Neighbor Joining
with a Poission correction followed by 1000 bootstraps.
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Figure 8. Phylogenetic tree of a putative bZIP transcription factor-like protein
identified in clusters. Note that G. zeae has an orthologous copy of Nh98146. The
protein sequences were aligned and a tree constructed by Neighbor Joining with a
Poission correction followed by 1000 bootstraps.
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Table 3. Amino acid comparison between putative pseudoparalogs in two clusters
on chromosome 14.
Homoserine Dehydrogenase
Nh93154

Nh55300

AO90009000136

AFL2G_10515

92.3

67.6
70.2

67.6
70.2

% AA
identity

Nh93154
Nh55300

94.8

AO90009000136
AFL2G_10515.2

78.2
78.2

80.3
80.3

Nh86280

Nh88551

Nh79751

Nh55235

AO900900135

AFL2G_10516

AN1585

60.7

61.4
97.2

63
78.6
78.6

62
82.5
82.6
80.3

62.2
82.6
82.3
80.5
99.6

62
70
70.9
78.6
71.5
71.7

% AA
similarity

98.6
98.9
Aldehyde Dehydrogenase

Nh86280
Nh88551
Nh79751
Nh55235
AO90009000135
AFL2G_10516
AN1585.2

72.8
73.8
77.7
73.4
73.6
73.4

98.4
86.4
88.8
88.8
79.8

86.4
88.4
88.6
80

86.4
86.6
86.8

99.8
79.4

79.8

bZIP Transcription FactorFactor-Like
Nh98146
Nh98146
FGSG_12345
AO90009000134
AFL2G_10517

100
58.7
60.3

FGSG_12345

AO900900134

AFL2G_10517

100

50.3
50.3

51.2
51.2
96.8

58.7
60.3

96.8

The putative homoserine dehydrogenase, putative aldehyde dehydrogenase, and putative bZIP transcription factor
sequences are compared to similar genes clustered in other fungi.
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Figure 9. Phylogenetic tree of a putative homosoreine dehydrogenase identified in a
cluster. The extra copies in N. haematococca (Nh93154 and Nh55300) clade with the
extra copy in A. oryzae (AO090009000136). These two fungi are the only fungi with
extra copies of this protein. The protein sequences were aligned and a tree constructed by
Neighbor Joining with a Poission correction followed by 1000 bootstraps.
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to the corresponding gene in the other clusters (Table 3) and are closely related
phylogenetically (Figures 7, 8, and 9). These results are consistent with the common
acquisition of this region of DNA in the past. Interestingly, homoserine dehydrogenase is
conserved among fungi and was found as a single copy in the 26 fungal genomes
analyzed. The only fungi with extra copies of this gene are N. haematococca, which has
three copies, and A. oryzae, which has two copies (Figure 9). A. oryzae is speculated to
have undergone HGT in its evolution (Khaldi and Wolfe, 2007).

The G+C percentage and codon usage of putative orthologs and those genes
identified as unique are different in the N. haematococca genome
The G+C content of a species’ genome do not usually vary within the genome
(Muto and Osawa, 1987; Karlin et al, 1998). However sequences new to a genome may
retain the characteristics of the donor genome. This observation has led to using
differences in G+C content and codon usage frequencies to identify potential regions that
arose via HGT within a genome (Lawrence and Ochman, 1998). Both of these features
have been used to identify regions in prokaryotic genomes which have resulted from
HGT (Muto and Osawa, 1987; Lawrence and Ochman, 1998; Ochman et al, 2000). The
large data set of the groups of genes found in N. haematococca allows analysis of the GC
content between the putative orthologs, unique genes and putative pseudoparalogs. The
overall %GC content of the putative orthologs was 55.2 % versus 53.3 % in the unique
genes (P = < 2.2 x 10 -16) (Figure 10), while %GC of the 3rd position of the codon was
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Putative orthologs

Unique genes

Putative
pseudoparalogs

Figure 10. G+C content of putative orthologs, unique genes, and putative
pseudoparalogs.
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Table 4. Codon usage differences between putative orthologs and unique genes in
N. haematococca.

Amino
Acid
G
I
K
K
L
L
R
R
V

Codon
GGG
ATA
AAG
AAA
CTC
TTA
CGA
AGA
GTA

ratio (Ortholog/Unique)
0.68
0.64
1.15
0.63
1.17
0.60
1.18
0.75
0.77
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61.5 % in putative orthologs versus 57.8 % in the unique gene set (P = < 2.2 x 10 -16)
(data not shown).
Analysis of the codon usage of the putative orthologs and unique genes identified
several differences between the two groups (Table 4). This was accomplished by
comparing the number of times a codon was used to the total number of times the codons
of the amino acid in question was used for both the putative ortholog and unique gene
sets. Nine codons appear to be used in different frequencies between the two groups of
genes. Two of these codons, GGG and TTA, have previously been identified for their
different use in the PEP cluster (Liu et al, 2003). The two codons used to code the amino
acid lysine are different as the unique gene set uses the AAA codon 33,924 times while
the putative ortholog set uses the codon 30,002 times, despite the putative ortholog gene
set being ~50% larger than the unique gene set.

Most of the genes on chromosomes 14-17 are not in G. zeae
The proteome of N. haematococca was compared to eight other annotated fungal
genomes (G. zeae, Aspergillus oryzae, A. nidulans, Coccoidoies immitis, Chaetomium
globosum, Magnaporthe oryzae, Neurospora crassa, and S. cerevisiae). The genes in N.
haematococca were classified based on whether their best hits were to G. zeae, to the
other fungi used in the comparison, or if they did not show similarity to any sequenced
gene. The percentage of the genes in each category was determined for each
chromosome. Most of the proteins on most of the large chromosomes (chromosome 1-6
and 8-10) were highly similar to those genes found in G. zeae (Figure 11), suggesting
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these chromosomes are ancestral and have been acquired from a common ancestor.
Chromosomes 7 and 11-13 were almost an equal mix of proteins similar to G. zeae and
proteins most similar to other fungal species. Interestingly, a majority of the proteins on
chromosomes 14-16 were more similar to proteins in other fungi than to those in G. zeae,
even though G. zeae is more closely related to N. haematococca than any of the other
fungi used in this comparison. In addition, it is on these chromosomes that the greatest
percentage of pseudoparalogs is found (Figure 5). Finally, more than 50 % of the proteins
on chromosome 17 had no significant similarity to any of the eight fungi selected for
comparison.
When the genomes of F. verticillioides and F. oxysporum are included in the
analysis with the other eight fungal genomes, most of the chromosomes contain proteins
with significant similarity to one, if not both, of the Fusaria. Thus, most of the proteins
encoded by chromosomes 14-16 which are not in G. zeae are in the genomes of F.
verticillioides and/or F. oxysporum (Figure 12).
Among the genes with the highest similarity to fungi other than the fusaria, the
highest similarity is to Aspergillus species (1786 genes) and in particular to A. oryaze.
There are 811 proteins that have a best BLASTp hit to A. oryzae. Of interest,
chromosomes 14, 15, and 16 contain 20.3 %, 19.7 %, and 41.3 %, respectively, of their
proteins with a best BLASTp hit to Aspergilli proteomes. This higher than expected
number of Aspergillus related proteins may be the result of HGT.
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Figure 11. BLASTp analysis of genes on each chromosome. The frequency of the
best BLASTp hit for each protein on all the chromosomes. Blue line depicts hits to G.
zeae proteome, the red line depicts hits to one of the seven other fungal genomes, and
yellow line represents protein hits to no fungal proteome.
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Figure 12. BLASTp analysis of genes on each chromosome. The frequency of the best
BLASTp hit for each protein on all the chromosomes. Blue line depicts hits to G. zeae,
F. verticillioides, or F. oxysporum proteome, the red line depicts hits to one of the seven
other fungal genomes, and yellow line represents protein hits to no fungal proteome.
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Distribution of different types of genes on the N. haematococca chromosomes
The distribution of the different categories of genes (putative orthologs, putative
pseudoparalogs, and unique genes) and the % GC content of each chromosome was
determined by using a sliding 50 kb window along each chromosome and identifying
genes and % GC content within this region. The mapping of the three groups of genes to
their positions on the chromosomes divided the chromosomes into three groups.
Some of the large chromosomes (chromosomes 1, 4, 5, and 9) have a high number
of putative orthologs throughout the chromosomes, although a few unique genes are
present, which are usually located in the telomeric region (Figures 13, 16, 17, and 21).
Chromosomes 2, 3, 6-8, and 10-13 have more unique genes than the previously
mentioned chromosomes and these unique genes are distributed as clusters throughout
the chromosome (Figures 14 15, 18-20, and 22-25). The four smallest chromosomes (1417) are composed mostly of unique genes and only have a few genes identified as
putative orthologs (Figures 26-29). Chromosome 7 is unique in that it is a large
chromosome (3.0 Mb) but has properties of the smaller chromosomes, for example a
majority of the genes on the chromosome are unique to N. haematococca (Figure 19) and
it has the most putative pseudoparalogs of all the chromosomes (159) (Figure 5). When
the unmapped scaffolds are concatamerized, and the three groups of genes positioned on
them, the scaffolds appear to be composed mostly of unique genes (Figure 30). The large
amount of repetitive sequences resulted in 4.0 Mb of unmapped scaffolds. These
sequences are composed mostly of unique genes and many putative pseudoparalogs, two
characteristics common of the smaller chromosomes. These characteristics along with a
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lower % GC content and a high number repetitive sequences suggest that the unmapped
scaffolds may be portions of these chromosomes, as up to 60 % of some of the small
chromosome DNA is not mapped and/or sequenced.
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Figure 13. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on chromosome 1. The length of the chromosome is 6,370 kb.
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Figure 14. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on chromosome 2. The length of the chromosome is 4,351 kb
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Figure 15. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on chromosome 3. The length of the chromosome is 4,591 kb.
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Figure 16. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on chromosome 4. The length of the chromosome is 4,238 kb.
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Figure 17. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on chromosome 5. The length of the chromosome is 3,973 kb.
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Figure 18. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on chromosome 6. The length of the chromosome is 3,622 kb.
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Figure 19. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on chromosome 7. The length of the chromosome is 2,948 kb.
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Figure 20. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on chromosome 8. The length of the chromosome is 3,392 kb.
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Figure 21. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on chromosome 9. The length of the chromosome is 3,013 kb.
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Figure 22. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on chromosome 10. The length of the chromosome is 2,732 kb.
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Figure 23. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on chromosome 11. The length of the chromosome is 2,285 kb.
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Figure 24. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on chromosome 12. The length of the chromosome is 2,325 kb.
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Figure 25. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on chromosome 13. The length of the chromosome is 1,298 kb.
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Figure 26. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on chromosome 14. The length of the chromosome is 1,260 kb.
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Figure 27. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on chromosome 15. The length of the chromosome is 347 kb.
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Figure 28. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on chromosome 16. The length of the chromosome is 215 kb.
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Figure 29. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on chromosome 17. The length of the chromosome is 231 kb.

GC percentage
Putative pseudoparalogs
Putative orthologs
Unique genes

190

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Length of Concatermized Unmapped Scaffolds

3,958 kb

1 bp

Proportion

Figure 30. Distribution of putative orthologs, putative pseudoparalogs, and unique
genes on unmapped scaffolds. The length of the chromosome is 3,958 kb.
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N. haematococca undergoes repeat-induced point (RIP) mutations
Repeat-induced point (RIP) mutation is a process utilized by fungal genomes to
detect and mutate duplicated DNA sequences. RIP serves to protect the fungal genome
from selfish DNA such as transposable elements. This process occurs during meiosis and
is evident in the sexually produced spores. In N. crassa, where RIP has been the most
extensively studied, duplicated sequences are mutated from C:G to T:A in both strands of
DNA at CpA locations (Selker, 2002; Galagan and Selker, 2004). Typically, for the
duplicated DNA to be targeted it needs to be at least 80 % identical and 400-1000 bp in
length depending on the location of the duplicated sequences (Cambareri et al, 1991).
Other Fusarium spp. that are closely related to N. haemaotococca have been
described to undergo similar RIP processes. Transposons in F. oxysporum has been
shown experimentally to mutate at CpA/G locations (Hua-Van et al, 1998; 2001).
Additionally, the genome sequence of G. zeae suggests RIP is very active in the fungus,
as at least a 15 fold decrease in the number of duplicated sequences are present when
compared to other fungal genomes (Cuomo et al, 2007). Experimentally, RIP was
confirmed by crossing isolates with duplicated sequences, and demonstrated that the
sequences were mutated as 99 % of RIP mutations being C to T point mutations, mostly
at CpA dinucleotides (Cuomo et al, 2007).
Crosses were done with N. haematococca isolates that contained repeat copies of
the hygromycin phosphotransferase gene (hph) in one of the parents to generate sexual
products that should show evidence of RIP, if the phenomenon occurs in this fungus.
PCR products of the hph gene were produced from two progeny of a sexual cross in
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which the ascospores had lost the hygromycin resistant phenotype even though they
retained hph sequences. The PCR products from one of these isolate (370-8) was found
to have C to T mutations at CpA sites (Figure 31) confirming that RIP occurs in N.
haematococca. A gene encoding the ortholog of the only known enzyme involved in the
RIP process, rid (a putative cytosine methyltransferase; Freitag et al, 2002), is present in
the N. haematococca genome (Nh35564).
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Figure 31. Repeat-induced point mutation (RIP) in N. haematococca. The
hygromycin resistance gene is mutated at CpA positions from C to T.
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Discussion
The size of the genome and number of genes in N. haematococca MPVI is one of
the largest of all sequenced ascomycetes to date, not including F. oxysporum, which has
duplicated chromosomes. When the amount of DNA (~17 Mb) in the duplicated
chromosomes of F. oxysporum is subtracted from the total size of the F. oxysporum
genome (~72 Mb), the genome size of the two Fusaria are equivalent (~58 Mb vs ~55
Mb), however still significantly larger than most other fungi (Table 1).
Horizontal gene transfer as an explanation for genome size
N. haematococca has 2,375 more genes than G. zeae, the most closely related
fungus that has been sequenced, and there are 6,702 unique genes in N. haematococca
that are not found in G. zeae. The additional copies of genes in the N. haematococca
genome can be explained by three means: whole genome duplication, select gene
duplication, or horizontal gene transfer. The first mechanism, whole genome duplication
followed by gene loss, is unlikely, as many of the extra genes appear distantly related
(Figures 2-4, 9). In addition, RIP is active in N. haematococca and although it might be
expected that gene duplication followed by divergence may explain some of the extra
genes, gene duplication would not be expected to be so common in a genome where RIP
is operating to be able to explain the large difference in gene numbers seen in N.
haematococca. Furthermore, gene duplication would not seem to explain the occurrence
of so many putative pseudoparalogs or the differences in % GC content and codon usage
between the N. haematococca orthologs and unique genes.

The final explanation,

horizontal gene transfer, can explain all the results observed. However, it should be
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noted that the reciprocal BLASTp approach utilized to identify putative pseudoparalogs,
in itself, can not distinguish between those paralogous genes which arose by gene
duplication followed by divergence, and those acquired by HGT.
While individual properties of a gene or group of genes can be suggestive of HGT
events, a combination of properties and independent methods of analysis are best for
identifying the occurrence of HGT (Andersson, 2005). As mentioned previously, in
support of HGT accounting for the larger size of the N. haematocccoca genome are the
extra copies of some genes that have an unexpected phylogenetic relationship (Figures 24, 9) and the GC content and codon usage that differ between the putative orthologs and
unique genes (Figure 10, Table 4) In addition, the location of the extra copies of genes is
consistent with HGT. Some of these genes occur as clusters on single chromosomes
(Figure 6) but also entire chromosomes are composed mostly of unique genes
(chromosomes 14 thru 17) (Figures 26-29). This grouping of genes would be consistent
with acquisition of the genes in one or a few events as expected in HGT. Furthermore, at
least three of the smaller chromosomes (chromosomes 14, 15, and 17) that are highly
enriched in N. haematococca unique genes, are supernumerary chromosomes as they are
dispensable for growth in culture. The nonessential nature of these genes is also
consistent with HGT as it is expected that copies of all the essential genes would reside in
the core genome of N. haematococca.
The grouping of unique genes on chromosome 14 in the sequenced isolate (the
PDA1-CD chromosome) is of particular interest as previous analyses have presented
several lines of evidence (GC content, codon usage, dispensability, and a discontinuous
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phylogenetic distribution) that suggest the genes in the PEP cluster have been acquired
by HGT (Han et al, 2001; Liu et al, 2003; Temporini and VanEtten, 2004). Recent
analysis demonstrated that there is another cluster of genes (Figure 6, clusters) on this
chromosome that confers the ability to use the pea root exduate, homoserine and that this
trait may contribute to pea rhizosphere competency for N. haematococca (RodriguezCarres, 2006; G. White, unpublished data). This cluster, called the homoserine utilization
(HUT) cluster, is made up of putative pseudoparalogs (Figure 6). A feature of
prokaryotic “genomic islands” that have been acquired by HGT is that they allow the
recipient bacteria to exist in a different habitat. Thus, there is a parallel situation between
the HGT acquired DNA in bacterial and the PDA1-CD chromosome found in N.
haematococca.
It is not known at this time if the two other supernumerary chromosomes
(chromosomes 15 and 17) in N. haematococca function as CD chromosomes as they have
not been evaluated for the presences of habitat defining genes. However, the extra genes
found on these supernumerary chromosomes as well as elsewhere in the genome could
explain the vast metabolic capabilities and diverse habitats of N. haematococca.
Experiments that were designed to select for the loss of the PDA1-CD chromosome
after treatment with benomyl (VanEtten et al, 1998) resulted in the loss of these
chromosomes as observed by pulse field electrophoresis gels (PFEG) (M. RodriguezCarres, unpublished data). The loss of these chromosomes was confirmed by recent
attempts to amply DNA of these chromosomes by PCR. Such DNAs could not be
amplified from the isolates lacking chromosome 15 or 17 in PFGE gels while it could
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from 77-13-4 (G. White, unpublished data). Since the PDA1 CD chromosome is
hypothesized to have been acquired from a foreign source, it is easy to speculate that
chromosomes 15 and 17 may have also been acquired by HGT, since they share several
characteristics with chromosome 14.
Several of the 6,702 “unique” genes in N. haematococca, when compared to G.
zeae, are also found in the more distantly related F. oxysporum, and/or F. verticillioidies.
One well-characterized example of this for F. oxysporum, is the cytochrome P450 pisatin
demethylase (PDA), an enzyme responsible for degradation to the plant derived
antimicrobial, pisatin (VanEtten et al, 2001). When the gene encoding PDA in N.
haematococca MPVI is used as a probe to other digested fungal DNA, only a few
Fusarium species show hybridization (Delserone et al, 1999; Temporini and VanEtten,
2002; 2004), some of which are F. oxysporum isolates. However this gene is not in the
G. zeae or F. verticillioides genomes.
F. oxysporum and F. verticillioides also have orthologs to several of the genes
found on the small chromosomes in N. haematococca (Figures 11 and 12). The absence
of these genes in the more closely related G. zeae genome and presence in the more
distantly related fungi could be explained by a HGT event that resulted in these small
chromosomes moving into the progenitor isolate that gave rise to the different Fusaria,
leading to their original presence in all Fusaria spp. (Figure 32). G. zeae is a homothallic
fungus, and therefore can undergo the sexual cycle by selfing. A homothallic fungus
undergoes the sexual cycle much more frequently than a heterothallic fungus. If HGT
has occurred the chromosomes obtained by HGT would be dispensable. Because of the

198

HGT event

Nectria haematococca MPVI
Fusarium solani f.sp. pisi
Gibberella zeae
Fusarium graminearum
Fusarium verticillioides

Fusarium oxysporum f. sp.
lycopersici
Figure 31. Proposed occurrence of HGT common to all Fusarium sp.
Blue arrow depicts when the donor DNA from HGT entered the Fusarium
phylogeny, and double red lines depicts gene loss in G. zeae.
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lack of selective pressure on these chromosomes, they may be lost when passing through
meiosis, a feature observed for supernumary chromosomes. These remaining genes
acquired by HGT may explain the gene expansion of G. zeae when its genome was
compared to other sequenced fungi (Cuomo et al, 2007). On the other hand, more of the
genes acquired by HGT might be retained in the other Fusaria because they undergo the
sexual cycle much less frequently, as F. oxysporum is asexual, and N. haematococca
MPVI and F. verticillioides are heterothallic fungi.
Origin of the donor genomic DNA
Other studies suggest that supernumery chromosomes arose from the normal
chromosomes of the same or closely related species (Camacho et al, 2000, Palestis et al,
2004). However, the phylogenetic analysis of pseudoparalogs in the N. haematococca
genome suggests that the donor of the DNA for HGT needs to be more distantly related
as the pseudoparalogs group with other genera. This distance may be necessary for
several reasons. In addition to the phenomenon of RIP induced mutation in repeat DNA,
aneuploids of S. cerevisiae with multiple copies of the same chromosome have been
shown to display several defective phenotypes including defects in cell cycle progression,
increased glucose uptake, and defects in protein synthesis and protein folding (Torres et
al, 2007).
The possibility of multiple foreign chromosomes present in the genome also
presents a hypothesis for their acquisition. When two fungi come in physical contact the
hyphae may fuse through a process called anastimosis. The outcome of this event is
limited by proteins which are believed to suppress the formation of heterokaryons (het
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genes) (Saupe, 2000). Several different het genes determine the survival of the fused
cell(s). Although the possibility of HGT by anastimosis seems remote, it only needed to
occur one time successfully for the genes to be retained in one fungus. HGT may have
occurred between the two fungi, the ancestor to N. haematococca MPVI and the donor
fungus, undergoing anastimosis forming a single cell with the genetic material of both
fungi, which was then followed by genome reduction.
Another explanation is suggested from the analysis of homoserine dehydrogense
(Figure 9). Homoserine dehydrogenase is a conserved, single copy gene, in 26 fungal
genomes with the only exceptions of N. haematococca and A. oryzae. The position of the
putative N. haematococca pseudoparalogs (Nh93154 and Nh55300) and the putative A.
oryzae pseudoparalog (AO090009000136) in the clade (Figure 9) and the surprisingly
high degree of amino acid similarity (~80 %; Table 3) between these otherwise distantly
related fungi suggests the putative pseudoparalogs may share a common origin. The
placement of the cluster of putative pseudoparalogs in Figure 9 suggests the donor fungus
is a member of the Lecanoromycetes or Lichinomycetes families (Spatafora et al, 2006).
These families unfortunately do not have any representative fungal genomes sequenced,
although many members are fungi involved in forming lichens. There are several fungi,
including some Fusaria, which have the ability of parasitize lichens (Lawrey and
Diederich, 2003). This symbiosis may facilitate genetic exchange from the lichen to the
parasitizing fungus. Several other examples of this have occurred in other symbiotic
interactions (Andersson, 2005).
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If HGT occurred, the donor fungus may not have been a member of the
Lecanoromycetes or Lichinomycetes families, as other phylogenic data supports a
possible different origin. Some phylogenic trees suggest the DNA acquired by HGT may
have been acquired from a basal member of the Pezizomycotina, more specifically a
member of the Pezizomycetes (Spatafora et al, 2006). Phylogenetic analysis of the
YOR1 (Figure 2) and VXN1 (Figure 3) orthologs suggest the donor was more distantly
related than Dothideomycetes but more closely related than the Saccharomycotina,
indicating a member of the Pezizomycetes. These fungi are saprobic and form a major
group of ectomycorrhizal fungi (Spatafora et al, 2006). Pezizomycetes, like Fusarium
spp., are noted for their wide range of habitats and substrates (Spatafora et al, 2006).
Since they are ectomycorrhizal fungi an ancestral Fusarium sp. may have acquired the
DNA when the two fungi came in contact when infecting a plant.
The abundance of genes with an unexpected phylogenetic distribution suggests a
HGT event occurred in the history of N. haematococca. This claim is supported by
several lines of evidence from the genome sequence such as the increased genome size,
the increase in the overall number of genes, location of putative horizontally acquired
genes, presence of CD chromosomes in the genome, the GC differences, and codon usage
differences. HGT may have occurred in one or more events, of which one event may
have been before the divergence among the Fusaria. It should also be pointed out that
the sequenced isolate of N. haematococca (77-13-4) is a third generation laboratory
isolate that was derived from two different field isolates, one of which is highly virulent
on pea (Kistler and VanEtten, 1984).

Previous studies have shown that virulence on pea
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is linked to low fertility and indicate that these naturally occurring field isolates are not
sexually active (Funnell et al., 2001). It is known from previous studies that genetic
losses and rearrangements can occur when “forced” crosses of such isolate are made in
the laboratory (Funnell et al., 2002). An analysis of a sister ascospore (77-13-7) to 7713-4, has indicated that a portion of the PDA1-CD chromosome is found in other larger
chromosomes indicating translocations are occurring in N. haematococca (RodriguezCarres, 2006). Such translocations could explain the distribution of the unique genes on
chromosomes other than chromosomes 14 thru17 and may explain the mosaic properties
of some of the larger chromosomes such as chromosomes 3-6, 8-10. It would be of great
interest to know the distribution of genes in the N. haematococca field isolates that were
the progenitors of 77-13-4. There may be even stronger correlations of the unique genes
with the supernumerary chromosomes in the field isolates supporting the possibility of
these chromosomes as the source of the HGT genes.
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