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Electrophoretic karyotypes were obtained from intact cells of four wild
type strains of Tilletia caries and T. controversa, and 5 inter specific hybrid

progeny using clamped homogeneous electric field, pulsed field gel
electrophoresis (CHEF PFGE). Each karyotype was polymorphic and unique

relative to the other strains. However, the relative size range of all the
chromosomes was consistent and typically ranged from approximately 850 to
4,490

kilobasepairs (Kb) for all strains, accept for two atypically small

chromosomes in one strain of T. caries. The minimum estimated number of
chromosomes was 19 or 20 for strains of T. controversa, 14 to 20 for T. caries, and
from

19

to 22 for the hybrid progeny. The minimum estimated total genome size

ranged from 28 to

39

megabasepairs (mb) for T. caries,

34

to 40 mb for T.

controversa, and 36 to 42 mb for the hybrid progeny.
Southern hybridization analysis performed with cloned, single copy
homologous DNA fragments identified a single similar-sized chromosome in all

strains. The maximum percent variability of the linkage groups defined by the
single copy probes was 10% or less. The rDNA from Neurospora crassa

hybridized with 2 or 3 chromosomes in the wild type stains of T. caries and T.

controversa, and with 1 to 3 chromosomes in the hybrid progeny. The maximum
percent variability among chromosomes that hybridized with the rDNA probe
ranged from 35 to 40%. Either 1 or 2 chromosomes were identified by the single

copy actin gene from Aspergillus nidulans, and the maximum percent variability
ranged from 4 to 14% for these chromosomes. It was not possible to differentiate
between the karyotypes of strains of either T. caries or T. controversa using the

physical appearance of the karyotypes, the number and sizes of chromosomes,

the genome sizes, or by Southern hybridization analysis. Analysis of the
karyotypes of the hybrid progeny revealed that all were unique relative to each
other and the parental stains, providing circumstantial evidence for the presence
of recombinant chromosomes. That the genome size and chromosomes numbers
of the hybrid progeny were similar to their monokaryotic parental strains
strongly argues that the reduction division stage of meiosis had occurred.
Seven teliospore samples from Oregon and Turkey were examined for

their germination and autofluorescence properties. The teliospore samples were
analyzed to determine if low temperature germination (0-4° C) and
autofluorescing spore-wall reticulations associated with spores of T. controversa

were usually linked. Two of the seven teliospore samples showed these
characteristics to be unlinked.
In an attempt to clone the mating type genes of T. caries and T.

controversa, total genomic DNA was probed with a fragment of the b west

mating type gene from Ustilago hordei. Although single 1.4 kb BamHI fragment
from both pathogens was cloned by homology and sequenced, its role in mating
type function remains uncertain.
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ELECTROPHORETIC KARYOTYPES AND MOLECULAR GENETIC
ANALYSIS OF TILLETIA CARIES AND T. CONTROVERSA

INTRODUCTION

General Introduction

Common and dwarf bunt of wheat are caused by the fungal pathogens
Tilletia caries (D.C.) Tul and T. controversa Kuhn, respectively. Historically,

these have been considered the most destructive diseases of wheat in the Pacific
Northwest (Kienholz and Heald, 1930). Subsequently, successful breeding

programs and seed treatments with fungicides greatly reduced yield losses
caused by the bunt diseases (commonly referred to as smuts of wheat).
However, when the government of the People's Republic of China imposed the
present zero tolerance for T. controversa teliospores in wheat shipments
originating from the Pacific Northwest, a large export market closed, triggering
renewed interest in these pathogens (Trione, 1982; Hoffmann, 1982). The
classification of species within the genus Tilletia has been a controversial issue

for decades because of the their highly variable nature. Furthermore, studies of
the Tilletia spp. have been slow, arduous, and lag behind studies of other fungal
systems due to the slow rate of growth, the lack of genetic markers (Churchill
and Mills, 1985), and the lack of a suitable and convenient method by which to

mate the pathogen outside of the plant. Further research of the genetics and
taxonomic classification of the smuts of wheat will require novel methods.

2

History of Tilletia

The study of the genus Tilletia has a long and interesting history. The
French scientist Tillet, in 1755, first recognized that wheat seeds covered with a

fine dust-like powder would be smutted at maturity (Tillet, 1755). Fifty two
years later in 1807, Pervost (1807) observed that seedlings infected by

germinating bunt spores produced smutted heads. De Cando lle (1815) first

recognized and reported that stinking smut of wheat was caused by a fungal
pathogen which he named Uredo caries. In their classical work, the Tulasne
brothers recognized that U. caries belonged to a distinct genus they named
Tilletia in recognition of the work of Tillet (Tulasne and Tulasne, 1847, 1854).

Common (or stinking) bunt of wheat has been established in the Pacific
Northwest for over 100 years. In 1935, Young first described the causal agent of

dwarf bunt of wheat as a new variety of T. caries in Montana. Later, Fischer
(1953) observed differences between common and dwarf bunt, both in
morphological characteristics of the teliospores, and in certain physiological

characteristics, which led him to classify the dwarf bunt pathogen as a separate
species, T. brevifaciens G. W. Fishc. He observed that the dwarf bunt pathogen

commonly produced hard and compact spore balls with teliospores that had
deeper reticulations and wider areolae, and the infected wheat plants often were

dwarfed and had increased tillering when compared to the common bunt
pathogen. Later, based on the morphological resemblance of the dwarf bunt
spores and of teliospores collected by the botanist Kuhn from the wild grass
Agropyron in the mountains of Europe, T. brevifaciens G. W. Fishc. was

renamed T. controversa Kuhn by Connors (1954). This binomial for the causal

agent of dwarf bunt of wheat has remained unchanged since that time.
Tilletia belongs to the subdivision Basidiomycotina because their sexual

basidiospores are born externally on a one- or four-celled spore-producing
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structure (the promycelium). Two classes exist within this subdivision: (1) the
Hymenomycetes (typically the wood decaying and rotting fungi) produce a
basidium without cross walls, and may or may not produce a basiocarp, and (2)
the Hemibasidiomycetes, which are characterized by production of a basidium
with cross walls or a promycelium produced from a teliospore. Tilletia belongs
to the latter class, and is of the order Ustilaginales because mating occurs by the

fusion of compatible sporidia. This is in contrast to the order Uredinales in
which spermatia fertilize spermogonia and produce aeciospores, uredospores,
teliospores, and basidiospores. Species of the genus Tilletia are distinct from

many other species within the order Ustilaginales because they produce a whorl
of terminally born basidiospores as opposed to an ordered tetrad of
basidiospores (Agrios, 1988).

T. caries and T. controversa are considered obligate parasites and usually
complete their life cycle in planta (Trione, 1964, 1974; Trione et al., 1989),

although production of teliospores in vitro has been noted (Kendrick, 1957; Singh
and Trione, 1969; Trione et al., 1989). Young wheat plants or germinating

seedlings are infected by germinating teliospores present in the soil or on the

seed. During growth of the infected susceptible host, the pathogen grows
quiescently in the meristematic tissue. Major symptoms are usually absent until
the onset of florogenesis, at which time the pathogen produces mass numbers of
teliospores (Fischer and Holton, 1957). Smutted wheat spikes contain bunt sori

which have entirely replaced the kernels with teliospores, and only remnants of
the seed coat remain.

Mating, sexuality, and interspecific hybridizations

Under ideal conditions, germinating teliospores will produce a short
promycelium which gives rise to a whorl of terminally-borne, primary and
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secondary (Kollmorgan et al., 1980) basidiospores (Buller and Vanterpool, 1933;

Fischer and Holton, 1957; Kollmorgan and Trione, 1980). Primary basidiospores

of opposite mating type can fuse to form an infectious dikaryotic hypha
(Churchward 1940; Dastur, 1921; Holton, 1953b; Goates and Hoffmann, 1979).

Unfused monokaryotic basidiospores can be isolated and grown axenically for
years on various media (Fischer and Holton, 1957; Goates and Hoffmann, 1979;
Trione, 1964; Kollmorgan et a1.,1978; Churchill, 1983).

Flor (1931, 1932) reported that T. caries may be heterothallic because 2

nonpathogenic strains could be mated which then had the ability to pathogenize

its host. Smutted spikes resulting from inoculation of wheat with mated pairs of
compatible monokaryotic sporidia confirmed the heterothallic nature of T. caries
and T. controversa, as well as T. foetida which also produces common bunt of
wheat but is distinct from T. caries by having smooth teliospores (Wallr.) Liro,
(Holton, 1944, 1951, 1953a; Holton and Kendrick, 1957; Silbernagel, 1963, 1964).

These pathogens display a bipolar, two allele mating system, with mating alleles
arbitrarily designated (+) and (-) (Hoffmann and Kendrick, 1965; Holton, 1941).

Subsequent studies by Hoffmann and Kendrick (1969) suggested that T.

controversa may have multiple alleles. Nevertheless, these organisms will
readily hybridize, infect susceptible host plants, and produce viable F1
teliospores (Kendrick and Holton, 1960; Silbernagel, 1963; Trail and Mills, 1990).

In some interspecific crosses in which T. controversa was one of the parents, it

mated predominantly with the (+) mating type, and occasionally other T.
controversa strains mated with both (+) and (-) mating types (Kendrick and
Holton, 1960; Silbernagel, 1963). However, in another study, when a (+) strain of
T. caries was crossed to several T. controversa (-) strains, all but one of the

progeny were of the (+) mating type (Silbernagel, 1963). On the other hand, the
results of Trail and Mills (1990) showed a 1:1 segregation of mating type alleles in
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a cross between T. caries and T. controversa.

Some pathogens of cereal grains of the genus Ustilago also have a
bipolar mating system (Huang and Nielsen, 1984; Thomas 1988; Bakkeren et al.,

1992). Conversely, Ustilago maydis, the causal agent of corn smut, has a

tetrapolar mating system with two loci and multiple alleles (Kronstad and
Leong, 1990). The mating reaction of U. maydis is controlled by two loci a and 12,

which must both be different in each pair of sporidia for successful mating. The
a locus is thought to encode a mating pheromone (Bolker et a1.,1992), while the b

locus encodes for two regulatory peptides (Gillissen et a1.,1992) which share

homology with a homeodomain-related motif (Schulz et a1.,1990). Interestingly,
the a and b mating type loci of U. maydis have homology with DNA from
several species of the genus Ustilago that have bipolar mating systems, these
include: U. hordei, U. kolleri, U. avenae, U. aegilopsidis, U. nigra, U. bullata, and
U. longissima (Bakkeren et a1.,1992).

Infection Process and nuclear condition of the infection hyphae

Early reports were in disagreement regarding the nuclear condition of
the infection hyphae of T. caries. The infection hyphae were found by Dastur
(1921) to be either uninucleate or mulitnucleate and rarely binucleate.

Churchward (1940) could not determine the number of nuclei present in the
infection hyphae because he observed the hyphae to be coenocytic in planta.

More recent studies suggest that the pathogenic hyphae are dikaryotic during
the entire infection process (Fischer and Holton, 1957; Trione, 1964).

Woolrnan (1930), conducted some of the early research concerning the

infection process of T. caries and he arbitrarily divided and summarized the

mode of ingress and its subsequent growth into three phases. First, the infection
hypha gains entrance into the epidermal cells and ramifies both intra- and
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intercellularly. Secondly, the fungus colonizes deeper into the coleoptile and the
first leaf primordium. Thirdly, the mycelia invade the young leaf blades, nodes,
and meristematic tissue. Later, Churchward (1940) only noted intercellular
growth of pathogenic hyphae of T. caries, except for the formation of appressoria
in epidermal cells. The infection process of T. controversa (Fischer and Holton,
1957; Trione, 1964) is similar to that described for T. caries by Churchward

(1940), but without the observation of appressoria. Noteworthy, is the
observation that infectious hyphae enter both susceptible and resistant cultivars
(Woolman, 1930), but fails to reach the growing point in resistant cultivars. That

the resistant host retards the pathogen's growth sufficiently to allow the plant to
"out grow" the fungus suggests a possible resistance mechanism (Fernadez et al.,
1978).

Economic Importance

In the past diseases caused by the wheat smut pathogens have been of
significant economic importance. In 1955 alone, it was estimated that a total of
2,713,200 bushels of wheat were destroyed by the smut diseases of wheat,
amounting to dollar losses of $5,653,670. Through the use of resistant cultivars

and various chemicals, most notably copper compounds, organic mercury
compounds, and polychlorobenzenes, disease incidence was greatly reduced
(Fischer and Holton, 1957). The People's Republic of China (PRC) and the United

States resumed wheat trade in the early 1970s, with approximately 25 million
bushels of wheat being shipped to the PRC. However, in 1972-1973 when some

wheat shipments arriving in China were determined to be contaminated with
teliospores of T. controversa, the PRC set a zero tolerance on the importation of

spores of this pathogen. The common bunt pathogens, T. caries and T. foetida,
are present in China, but the PRC reports no occurrence of the dwarf bunt
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fungus T. controversa. As a result of this quarantine, all wheat shipments to
China from the Pacific Northwest were terminated. The loss of this market was
estimated to be 80 to 100 million bushels annually (Trione, 1982). Tests to
reliably distinguish teliospores of T. caries from T. controversa became of

paramount importance.

Taxonomic considerations and morphological variation
There are varied schemes that taxonomists can employ for
characterization of species. Regardless of the scheme there is a caveat that is
aptly stated by Fischer (1953): "This inability to separate taxonomy from human

arbitration and opinion is represented in the chaotic condition of most herbaria",
and "any species concept is beset with inconsistencies, arbitration, and criticism".

In an attempt to find practical boundaries for the delimitation of Tilletia spp.,

morphologic criteria were employed that were amenable both to mycologists and
pathologists, and of relevant use to the taxonomist. Further solidifying
morphology of the teliospores as a taxonomic criterion was the lack of
information of genetic relationships, as well as the inability to establish

interspecific relatedness. For decades, the lack of a single, unequivocal

phenotype that could distinguish one pathogen from the other, caused
controversy over the proper classification of T. caries and T. controversa.

Duran and Fischer, main proponents of separate binomials for these
organisms, states that "T. controversa is a good but complex species" and that

delimitation must be based on consideration of, "the characters of each entity in
toto" (Duran and Fischer, 1961). Therefore, a taxonomic scheme base on a

number of morphological characteristics was proposed. The scheme included
soral characters, color characters of the spore mass, exospore characters, sterile

cell characters, immature spore characters, hyaline gelatinoid sheath characters,
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and a few physiologic characters such as spore germination and host response
(Duran and Fischer, 1961; Holton et at., 1968). Conversely, Holton et at. (1968)

argued that the numerous characteristics used in delimitation are too replete
with variation and integrations to be practical. Therefore, an examination of the
literature with regard to characters used in delimitation of these pathogens is

warranted.
Teliospore morphology has been used, albeit with controversy, as a
predominant characteristic for classify species of the genus Tilletia. Teliospores
of T. controversa are described as mostly spherical, usually 19 to 24p. in diameter
(range 16.8 to 32p), with reticulations 1.5 to 3µ in height, and are enclosed in a

hyaline sheath 1.5 to 5.5p in depth. The teliospores of T. caries are generally
spherical, 14 to 23.5p in diameter (occasionally 25p), and have reticulations 0.5 to
1.5p, in depth (Duran and Fischer 1961). These authors mention only occasional
occurrences of a "semblance" of a hyaline sheath encasing the teliospores of T.

caries, but others (Holton and Kendrick, 1956) have reported the sheath as being

more prevalent.
Critics of morphologic speciation point out, for example, that the
diameter of the spores of T. caries may vary by 75%, and in the T. fusca complex

(which comprises three closely related species) spore diameter varies by about
120%. A field survey revealed that some teliospores of T. caries and T.

controversa were more similar in appearance than spores from the same species
(Holton, 1941, 1944, Holton and Kendrick, 1956). Furthermore, Holton et al.
(1968) concluded that, "categorizing such variants as species solely on the basis

of spore morphology has its limitations, and probably serves no essential

purpose." Huang and Nielsen (1984) determined that the difference between the
echinulate spores of U. nigra and U. avenae, and the smoothed spores of U.
hordei and U. Kolleri was only controlled by two genes.
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The spore masses generally fall into three main color groups: black,

brown, and pale yellow or tan. However, within a single spike not all spores
from different sori, or even of the same sorus, are of the same color. The strain of

the pathogen, the maturity of the spores, and the nutritional and external
environment are factors which can influence spore color (Duran and Fischer,
1961; Fischer and Holton, 1957; Holton et al., 1968). Generally, the sori of T.

controversa are harder, smaller, and more hygroscopic than the sori of T. caries
(Fischer and Holton, 1957), but this also depends upon many external factors as

mentioned above.
Duran and Fischer (1961) listed characters of sterile cells and immature

spores as taxonomic criteria. These criteria were not discussed in other
literature, although Holton (1941) previously noted that some of the sterile cells

of T. controversa would germinate. The variability observed in mature spores,
suggests the likelihood that sterile and immature spores may be variable as well.
For every criterion mentioned above deviations in both biotic and abiotic

conditions have the propensity to produce variation in morphological features

which can generate intermingling types. Furthermore, phenotypic variation
within a single spike or sorus can result from multiple infections of
physiologically distinct dikaryons of a single species, or even from infection by
more than one species of the bunt pathogens (Bamberg et al., 1947). Given that

experimental interspecific hybridizations produce viable F1 progeny with

characteristics intermediate to either parent, and that dikaryons of different races
or species of Tilletia can infect a single host, the possibility exists for natural

hybridizations to occur in the plant (Holton, 1944, 1954a; Rodenhiser and Holton,
1953). This could result in intermediate morphological features (Holton, 1954b)

that range from one extreme to the other. Moreover, variation in any one of the
phenotypes could result from a single gene mutation.
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Taxonomic considerations and physiological variation

In addition to teliospore morphology, the responses of wheat plants to
infection by Tilletia spp. have also been used to differentiate these pathogens
(Hoffmann, 1982). Wheat plants infected with T. controversa are frequently

noted to have a reduction in height by one-third to two-thirds that of uninfected
plants (Trione 1982). However, the reduction in height has been shown to be
race- and cultivar-dependent (Fischer and Holton, 1957). For example, some
semi-dwarf wheat cultivars infected with T. controversa show little or no
stunting (Trione, 1982), and not all plants infected with Tilletia that contain

spores morphologically similar to T. controversa are extremely dwarfed (Holton
and Kendrick, 1956). In addition, T. caries infected wheat plants frequently

display some dwarfing, and reduction in plant height of two-thirds normal has
been reported (Holton and Heald, 1941). The dwarfing phenomenon becomes a
questionable criterion when used as a parameter to distinguish T. caries from T.
controversa.

Plants infected with T. controversa can induce a two-fold increase in
tillering relative to uninfected plants (Young, 1935; Purdy et al., 1963b). While
infection by T. caries causes less tillering, the ability to induce tillering clouds the

distinction between the two pathogens (Holton and Kendrick, 1956, Holton et al.,

1968). Other factors such as nutrition, environment, and the possibility of

naturally occurring hybrids confounds the issue even more (Fischer and Holton,
1957).

Life history and teliospore germination
There are differences between T. caries and T. controversa with respect

to their life histories, and optimum conditions for germination of their
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teliospores. The latter characteristic is considered the most definitive test for

their identification. T. caries is distributed over a large and varied geographic
region (Trione, 1982). In contrast, T. controversa is restricted to geographic

regions of high altitude, or that have prolonged snow cover during the winter,
because initiation of teliospore germination is thought to require low

temperatures for extended periods as produced by snow cover. The infection
process of T. caries is generally agreed to occur from seed born inoculum that
infects the coleoptile of germinating seeds (Fischer and Holton, 1957). Infection
by T. controversa most likely occurs from soil-born inoculum, which infects

established seedlings (Purdy et al., 1963a). That the requirements for

germination are restrictive is evidenced by the spasmodic epidemiology of dwarf
bunt. The incidence of disease occurs irregularly even in fields where high levels
of inocula are known to be present (Holton et al., 1956; Trione, 1982). However,

the life cycles of these pathogens do not preclude their occurrence in the same
field (Holton, 1954a).

The teliospores of T. caries will germinate on water agar at temperatures
ranging from 5° to 25° C (Purdy and Kendrick, 1957), with the optimum

temperature about 16° C (Lowther, 1950). On the other hand, the conditions for
germination of T. controversa teliospores are much more restrictive, and
germination occurs only below 12° C (Lowther, 1948; Trione, 1972). Yet again,

this characteristic is not without variation, and overlap occurs at the extremes
(Kendrick and Holton, 1960; Kendrick et al., 1964). When Young (1935) first

described T. controversa, he noted some spores stored in water at 12° or 25° C
would germinate. Occasionally the sterile cells of T. controversa will germinate
above 12° C (Holton, 1943), and mature teliospores will germinate at 5°, 10°, and
20° C after soaking for 1 to 5 months in a 4° C water bath (Holton, 1943). Of
interest was the observation that F1 teliospores from an interspecific cross of
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these two pathogens would not germinate above 4° C , and they displayed
intermediate germination kenetics relative to the parentals (Trail and Mills,

1990). Attempts to reduce the incubation time for germination of dwarf bunt
spores by the use of heat, scarification, acids, and bases (Dewey and Tyler, 1958),

as well as treatments with hydrolytic enzymes, emulsifying agents, potential

germination initiators, and various temperature and light conditions were
unsuccessful (Trione, 1972). However, both the type and level of lipids in the

spore have been observed to change during germination (Weber and Trione,
1980), and these have been suggested as bioregulators of germination (Trione
and Ross, 1988). Although there may be morphological differences in the
appearance of the external spore wall, the biochemical composition of the spore
wall of both pathogens appears to be similar (Banowetz et a1.,1984; Kawchuk et

al., 1988), suggesting that the difference in germination may not result from an
external barrier.

Genetic similarity

Each of the morphological characteristics used in species delimitation is

variable, and expressions of the different phenotypes of these pathogens is
considered only a question of degree (Holton and Kendrick, 1956; Holton et al.,
1968). Moreover, there are several characteristics that suggest a close genetic
relationship between T. caries and T. controversa. Specific host resistance genes

confer resistance to both pathogens (Hoffmann and Metzger, 1976). Indeed, new
races of T. caries have been developed for use as reporter races for wheat

breeding programs, the focus of which is the development of wheat lines
resistant to T. controversa (Metzger and Hoffmann, 1978). In addition, they
parasitize the same host tissue (Fischer and Holton, 1957) and their host range is

notably similar (Duran and Fischer, 1961). A comparison of the phenol-soluble
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polypeptides extracted from teliospores representing six races each of T. caries
and T. laevis, and eight races of T. controversa, revealed very few polypeptides
that differed, and not one of 415 polypeptides observed was species specific

(Kawchuk et al., 1988). Furthermore, these pathogens are interfertile
(Silbernagel, 1963, 1964; Hoffmann and Kendrick, 1969; and Trail and Mills, 1990)

and will readily mate to produce a fertile F1 generation (Holton 1944; Holton and
Kendrick, 1956). However, not all species of the genus Tilletia are interfertile
based on tests using sporidial conjugation (Holton and Saing, 1956).

Identification tests

The implementation of the zero tolerance policy against teliospores of T.

controversa by the PRC spurred U.S. researchers to develop rapid methods (ie.
faster than a germination test) by which to distinguish a single teliospore as
being produced by either T. caries or by T. controversa. For the most part, this
research has produced ambiguous test results (Trione and Krygier, 1977;
Banowetz et al., 1984). More recently fluorescence microscopy was developed as

a potentially rapid and accurate technique for the identification of teliospores of
T. controversa (Stockwell and Trione, 1986). Kawchuk et al. (1988), disagreed,

stating that fluorescence microscopy was unable to unequivocally distinguish
between T. caries and T. controversa teliospores because of the extreme

variability in natural populations.

Genetic plasticity of the smut fungi
Holton et al. (1968), described the smut fungi as being the most variable

of all the plant pathogenic fungi and states:

Variation abounds in the smut fungi, in both morphology and
physiology. Morphologically, some of the species vary widely in
spore markings, culture characteristics, and gross symptom
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expression on the diseased host. Such characteristics as size,
shape, color, and surface ornamentation of the spores of many
smut species are highly variable. Yet others may exhibit much
more variation in host range, symptomology, and geographic
distribution than in spore morphology, Other smut species are
notable for variation in growth type and mutability of haploid
colonies in culture; and in some species the gross morphological
symptoms frequently display variation in sorus characteristics,
inflorescence modification, and plant height.
The rate and extent of the development of physiological races is further evidence
of genetic plasticity in Tilletia. Prior to 1942, 8 races of T. caries were defined,

and by 1942, 6 additional races were identified (Holton and Rodenhiser, 1942).
By 1964, 20 races were defined (Kendrick, 1964), and the number increased to 30
by 1978 (Metzger and Hoffmann, 1978). Similarly, in 1963 only 4 races of T.

controversa were recognized (Hoffmann et al., 1962; Kendrick and Hoffmann,
1963), but by 1966, 10 races were described (Hoffmann et al., 1967), and the

number increased to 17 by 1975 (Hoffmann and Metzger, 1978). Interestingly,
race T-11 (T. caries) spontaneously gave rise to race T-13 by multiple inbreeding
of race T-11 (Holton and Rodenhiser, 1942). Furthermore, race T-20

spontaneously arose by inbreeding race T-13 (Kendrick, 1964). These rapid

changes in virulence were not readily explained, but one explanation, based on
the work of Flor (1955) is that multiple genes for avirulence segregated in a cross

resulting in generation of new races.
Tolmsoff (1983) proposed that heteroploidy may be a possible

mechanism that leads to the high degree of variability in fungi. Heteroploidy is
any deviation from normal numbers of chromosomes in a cell or organism.
Theoretically, an organism with 20 chromosomes can develop 1,048,574 different

aneuploids (the number of aneuploids is calculated by the equation 2(X) + 2,
where X = the number of aneuploids at the next lowest number of haploid
chromosomes). Tolmsoff sites examples of fungi with DNA levels that vary by
as much as 39%, and as much as 35% variation in the DNA content of the barley
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smut pathogen U. hordei has been reported (McCluskey and Mills, 1990). A
clearer picture of the basis for this variability in plant pathogenic fungi will

depend upon the ability to elucidate the genetic mechanisms controlling the

different phenotypes. Determination of the number, the ploidy level, and the
physical relationship of chromosomes in fungi is seen as essential in this regard
(Holton et al., 1968; Tolmsoff, 1983).

Determination of the number of chromosomes by traditional cytological
methods has proven useful in only a few fungi where meiosis occurs
simultaneously in multiple cells, such as in asci (Radu et a1.,1974) or in basidia
(Lu, 1967). Observations of chromosomes at mitosis are difficult (Fincham et al.,
1979), but chromosomes have been seen in some ascomycetes (Robinow and
Caten, 1969; Somer et al., 1960). The greatest barriers to the cytological study of
fungal chromosomes are due to their small size (Fincham et al., 1979), poor

metaphase condensation, and persistence of the nuclear membrane (Scagel et al.,
1982). Previous cytological studies placed the number of chromosomes at two in
some smut pathogens of the genus Ustilago (Hirschhorn, 1945; Fischer and

Holton, 1957), but later this number was considered an underestimation (Goates
and Hoffmann, 1979). Using microfluorometry, the total average genome size of
T. caries and T. controversa was estimated to be 77.2 X 109 daltons (da) and 70.2
X 109 da, respectively (Duran and Grey, 1989).

Development of Pulsed-field gel electrophoresis

The separation of intact fungal chromosomes in an agarose-gel matrix

provides a new means by which fungal chromosomes can be visualized and
characterized. Resolved fungal chromosomes can establish a foundation for

analyzing genome organization and provide fundamentally new information
about various members of different taxonomic groups (Carle and Olson, 1985;
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Kinscherf and Leong, 1988: Mills and McCluskey, 1990). The separation of

chromosome-sized DNAs in an agarose gel matrix was first accomplished with
yeast (Saccharomyces cerevisiae) protoplasts using pulsed-field gel
electrophoresis (PFGE) (Schwartz and Cantor, 1984), and a complete

electrophoretic karyotype was later reported using orthogonal-field alternating
gel electrophoresis (OFAGE) (Carle and Olson, 1985). However, OFAGE was

limited by the small number of samples that could be simultaneously analyzed
because of distortion of the outside lanes. Other systems such as field-inversion
gel electrophoresis (FIGE) (Carle et a1.,1986; Ellis et al., 1987), and transverse-

alternating-field electrophoresis (TAFE) (Gardiner et al., 1986) were developed in

an attempted to resolves these problems, but none was completely satisfactory,

and each had unique problems.
In 1986, a system was developed that allowed the uniform separation of

chromosome-sized DNAs across multiple lanes without distortion. The system
called contour-clamped homogeneous electric field (CHEF), uses 24 electrodes

arranged in a closed hexagon that are controlled independently and produce
pulsed electric fields at a 120° angle (Chu et a1.,1986). This system allows

separation of chromosome-sized DNA from 100 kilobasepairs (kb) to at least
12,000 kb (Vollrath and Davis, 1987). Further developments in CHEF technology

produced a programmable system which uses variable reorientation angles to
separate larger DNA molecules (Clark et M., 1988).

Skeptics of the pulsed field gel electrophoresis question whether these
chromosome-sized DNAs truly represent intact chromosomes, or merely
fragments of chromosomes that have broken at fragile sites (Sutherland and
Hecht, 1985). Though definitive proof as to the nature of these molecules is

lacking, good correlative evidence exists which substantiates that each band
visualized represents a whole chromosome or multiple chromosomes of similar
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size. In both S. cerevisiae (Carle and Olson, 1985) and Aspergillus niger (Debets
et al., 1990) all but one of the cloned genes representing different linkage groups,

based on genetic data, hybridized to a unique DNA band. The hybridization of
two genes to a single band was interpreted as evidence that that band was
comprised of two different chromosomes of similar size. Furthermore, an
addition or deletion was mapped to a single chromosome in S. cerevisiae both
genetically and physically (Ono and Ishino-Arao, 1988). The number of linkage

groups determined from genetic data, and the number of chromosomes
determined by electrophoretic karyotypes are also highly correlated in A.
nidulans (Brody and Carbon, 1989), Candida albicans (Magee et al., 1988),

Cochliobolus hererostrophus (Tzeng et a1.,1992), and Neurospora crassa
(McClintock, 1945; Orbach et a1.,1988). Because of the high correlation between

the physical karyotypes and corresponding number of linkage groups for fungi
whose genetics are well established, chromosomes-sized DNAs visualized by
PFGE are generally regarded to be intact whole chromosomes.

Application of Pulsed-field gel electrophoresis

The development of pulsed-field electrophoresis technology has proven
to be an extremely useful addendum for analysis of fungi that are recalcitrant to
classical genetic manipulations (Kayser and Wostemeyer, 1991; Taylor et al.,
1991; McDonald and Martinez, 1991), that have a rare or nonexistent sexual cycle
(Skatrud and Queener, 1989; Masel et al., 1990), and that lack suitable genetic
markers (Osiewacz et a1.,1990; Walz and Kuck, 1991). The first fungal

karyotypes were generated from S. cerevisiae protoplasts. The procedure
involved removal of the cell wall by wall-digesting enzymes in the presence of
an osmotic stabilizer and a chelating agent [eg. ethalyenediamine-tetraacetic
acid, (EDTA)] to inhibit DNAase activity. The wall-less cells (protoplasts) were
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then cast in agarose amended with an osmoticum, followed by incubation in the
presence of protease, EDTA, and sodium dodecyl sulfate (SDS) at 50° C for 24

hours (Schwartz and Cantor, 1984). The necessity of using protoplasts precluded
the development of karyotypes from organisms which failed to yield high

quality protoplasts in large numbers. Recently, a technique was developed by
McCluskey et al.(1990) which allows chromosomes to be electrophoresed out of

intact cells. Mycelia or sporidia which were imbedded in agarose were treated
with SDS, protease, and EDTA at 55° C. This technique has increased the

number of fungi whose karyotypes can be obtained and include some fungi that
were recalcitrant to the formation of protoplasts.
Since the first karyotype was obtained for S. cerevisiae, a multitude of
other techniques have emerged from PFGE technology (Mills and McCluskey,
1990; Mills et a1.,1993). At the molecular level, highly conserved heterologous

genes or homologous single copy DNA probes, have been used to study the
organization of fungal genomes (McCluskey and Mills, 1990; Kinscherf and

Leong, 1988). Specifically they have been used to identify homologous

chromosomes in strains that posses polymorphic chromosomes, and to assign
genes and cloned DNA fragments to individual chromosomes (McCluskey,
1991). The hybridization of DNA probes to Southern-blotted chromosomes has
identified chromosomes with translocations (Kinscherf and Leong, 1988),
deletions (McDonald and Martinez, 1991; Ono and Ishino-Arao, 1988), and
unspecified gross rearrangements (Miao et al., 1991; Russell and Mills, 1993).

The recovery of individual chromosomes from agarose PFGE gels offers a new

approach for manipulating much smaller units of DNA than the entire genome.
These isolated DNA bands can be the source of chromosome-specific libraries.
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One of the surprising discoveries revealed by molecular karyotypes of a

variety of fungi was the highly variable number and polymorphic nature of the
chromosomes. A study of the karyotypes of 14 strains of U. hordei representing
14 physiological races of this pathogen revealed that each strain possessed a

unique karyotype, both with respect to the number and size of chromosomes
(McCluskey and Mills, 1990). Highly variable karyotypes have been reported for
many fungi, including Colletotrichum gloeosporioides (Masel et al., 1990), S.
tritici (McDonald and Martinez, 1991), Leptosphaeria maculans (Taylor et al.,

1991), Phytophthora megasperma (Howlett, 1989). The highly variable

karyotypes appear to be the rule rather than the exception, and may be the result
of aneuploid chromosomes that have length polymorphisms (Tolmsoff, 1983).

The occurrence of aneuploidy has been reported for many homothallic wine
strains of S. cerevisiae (Bakalinsky and Snow, 1990). That some chromosomes

were disomic, trisomic and tetrasomic was determined by both CHEF gel
electrophoresis and classical genetic analyses.

Rather than relying heavily upon different morphological characteristics
of teliospores, which can result from the expression of only one or a few genes

(Huang and Nielsen, 1984), it has been determined that molecular karyotypes are
more indicative of whether closely related organisms are different species.

Molecular karyotypes allow the analysis and comparison of the gross physical
arrangement of DNA within the chromosomes, as well as the physical location of
conserved genes to particular chromosomes (Kinscherf and Leong, 1988; Russell

and Mills, 1993). McCluskey (1991) demonstrated that the chromosomes of

strains representing seven species of Ustilago could be placed into three size

groups. The placement of members in two of the groups was in agreement with
similar groupings based on interspecific hybridization (Huang and Nielsen,
1984). Molecular karyotypes of the non-interfertile, weakly and highly virulent
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strains of L. maculans, have revealed differences in the numbers and size
distribution of chromosomes, thereby corroborating biochemical, genetic, and
morphological data that indicates these two strains are separate species (Taylor
et al., 1991). Furthermore, hybrid crosses of the closely related species

Kluyveromyces marxianus var. marxianus and K. m. var. lactis produced

karyotypes that were the sum of the parents, corroborating genetic data for the
lack of both meiosis and meiosis-associated recombination, prompting the
authors to reclassify the organisms as distinct species (Steensma et al., 1988).

Conversely, a cross between polymorphic strains of S. cerevisiae resulted in

progeny karyotypes with the same relative numbers of chromosomes as the
parental strains, suggesting that meiosis had occurred (Ono and Ishino-Arao,
1988). That meiosis and recombination occurred was also supported by genetic

data, and the generation of progeny with chromosomes which differed in size
from either parental chromosome. The analysis of molecular karyotypes has,
therefore, proven to be a useful and potent addendum in the classification of
organisms at the species level.

Goals of the present study

The focus of the present study was to obtain and optimize the conditions
that produce reliable molecular karyotypes of T. caries, T. controversa, and F1

hybrid progeny resulting from an interspecific cross of these two pathogens.
Molecular karyotypes were to be used to determine the extent to which these

pathogens differed in DNA content. This was to be accomplished by evaluating
the size and number of chromosomes by Southern hybridization analysis using
hybridization probes of homologous DNA fragments and heterologous genes.
The karyotypes of F1 hybrid progeny were analyzed in a similar manner. The

numbers and sizes of chromosomes were compared among the progeny relative
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to the parental karyotypes. To analyze the relative merits of teliospore
autofluorescence as a reliable diagnostic tool, seven teliospore samples were

examined for autofluorescence and their germination characteristics. A mating
type gene from U. hordei was used in an attempt to identify and isolate the
corresponding mating type gene from T. caries.
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ABSTRACT

Electrophoretic karyotypes were obtained from intact sporidia and
mycelia of T. controversa and T. caries, and hybrid progeny obtained by crossing

these pathogens. The chromosomes typically ranged from approximately 850 to
4,490 kilobases (Kb) for all strains, and they were variable in number with 19 or
20 for strains of T. controversa, 14 to 20 for T. caries, and from 19 to 22 for the

hybrid progeny. The estimated genome size varied from 28 to 42 megabases
(Mb) for these strains. Radio labelled probes made of single copy DNA

fragments and a heterologous actin gene identified 4 linkage groups among all
strains which exhibited maximum chromosome length polymorphisms of 14

percent or less. The chromosomes carrying the rDNA genes, representing a fifth
linkage group, exhibited length polymorphisms of approximately 40 percent.

The actin gene and a rDNA probe hybridized with one or more bands in these
strains suggesting that some of the variability in chromosome number may result

from aneuploidy. The karyotypes of the hybrid progeny revealed chromosome
numbers and genome sizes essentially identical to each parental strain, clearly

indicating that the reduction division stage of meiosis had occurred. These data
and other corroborative genetic data provide substantial evidence that T.
controversa and T. caries are not different species, but variants of a single
species.

Additional keywords: Smut fungi, electrophoretic karyotypes, con-specific
pathogens.
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INTRODUCTION

Tilletia controversa Kuhn and T. caries (DC) Tul are closely related

filamentous basidiomycetes that cause dwarf and common bunt of wheat,
respectively. Young (1935) recognized dwarf bunt disease as being distinct from
common bunt, but he attributed the disease to a variant strain of T. caries.
Subsequently, Conners (1954) recognized the causal agent of dwarf bunt as T.

controversa Kuhn, a species distinct from other Tilletia spp. In recent years,

dwarf bunt disease in the United States has achieved international importance
because the People's Republic of China prohibits importation of wheat
containing teliospores of T. controversa (Hoffmann, 1982). Criteria presently

used to distinguish between these pathogens include the optimum temperatures
for teliospore germination, teliospore wall morphology, and disease symptoms,
all of which are problematic because genetic variability within natural

populations of these pathogens precludes using any single criterion for their
identification (Fischer, 1953; Holton and Kendrick, 1956; Holton et al., 1968).

Molecular and genetic analyses generally have not proven more reliable
in distinguishing T. controversa from T. caries. Monoclonal antibodies made to
teliospore wall antigens of T. controversa react with teliospores of either
pathogen (Banowetz et al., 1984), and phenol-soluble polypeptides extracted

from the teliospore walls were shown to be indistinguishable (Kawchuk et al.,
1988). The walls of mature teliospores of T. controversa autofluoresce, whereas
the teliospores of T. caries generally do not (Stockwell and Trione, 1986), but
exceptions have been noted (Russell and Mills, 1992). T. controversa and T.
caries strains are sexually compatible (Holton and Kendrick, 1956; Silbernagel,
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1964), and the hybrid progeny do not contain a complement of chromosomes
from each parent, as expected if the parental strains were different species
(Russell and Mills, 1991). Furthermore, the mating type genes and a single gene
for cyclohexirnide resistance were shown in a hybrid cross to assort

independently among F1 basidiospores as predicted from inheritance of
unlinked genes (Trail and Mills, 1990). Numerous physiologic races of both
pathogens have been described which follow gene-for-gene interactions (Flor,
1955), and the interaction of a single plant resistance gene can confer

incompatibility with races of either pathogen (Hoffmann and Metzger, 1976).
The ability to generate electrophoretic karyotypes is seen as a useful

addendum to existing criteria for the proper taxonomic classification of some
fungi. For example, the greatly dissimilar karyotypes of the closely related
yeasts Kluyveromyces marxianus var. marxianus and K. m. var. lactis (Steensma
et al., 1988; Sor and Fukuhara, 1989) were used as supporting evidence that these

organisms are different species. Furthermore, the highly virulent and weakly
virulent isolates of Leptosphaeria maculans which also fail to mate, have very

dissimilar molecular karyotypes, and it has been argued that they are different
species (Taylor et al., 1991).

That genetic, physiological and morphological criteria have failed to
distinguish T. caries from T. controversa at the species level, the goal of this

research was to obtain molecular karyotypes of these pathogens and their hybrid
progeny, which would provide useful information for their taxonomic
classification. The karyotypes, genome sizes and assignment of cloned

restriction fragments and genes to linkage groups support the hypothesis that
these pathogens are variants of a single species.
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MATERIALS AND METHODS

Strains, culture conditions, and plasmids
Collections of teliospores of races 1, 9, and 30 of T. caries, and unknown

races of T. controversa isolated from different geographic areas, were generously
provided by W. Kronstad or previously described (Table I.1). Hybrid progeny
obtained by crossing strains of T. controversa and T. caries have been described
(Trail and Mills, 1990). Presumptive haploid strains used in this study (Table 1.1)

were isolated from germinating teliospores as primary or secondary
monokaryotic sporidia. Cultures were grown on agar-solidified or liquid T-19
minimal medium (T-19 MM) and stored as previously described (Mills and
Churchill, 1988).

The plasmids used in this study (Table I.1) were maintained in
Escherichia coli DH5c (BRL, Gaithersberg, M.D.), which was grown on Luria-

Bertani medium (Maniatis et al., 1982) containing 100 tg /ml ampicillin.

Preparation of samples for CHEF PFGE

Karyotypes were typically obtained from intact cells by culturing strains
of T. caries, T. controversa and F1 progeny as described by McCluskey et al.

(1991) with minor modifications. The homogenizing buffer was amended with
0.2 mM aurintricarboxylic acid (Sigma, St. Louis, MO) and, if necessary, the

mycelia was briefly ground in a Pyrex tissue homogenizer to disaggregate
mycelial mats. The digestion buffer also contained 1.5% SDS and the plugs were

incubated at temperatures from 50° to 65° C, with the addition of fresh solution
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Table I.1. Strains and plasmids used in this study.

Relevant
characteristics

Source or reference

tc120

race 1

Hoffman and

tc920

race 9

tc960

race 9

tc3060

race 30

Hoffman and
Metzger, 1976
Metzger and
Hoffman, 1978

Race unknown
Race unknown
Race unknown
Race unknown

Utah
Montana
Montana
Montana

Monokaryotic
strains obtained
from crossing

Trail and Mills,

Designation
Tilletia caries
Monokaryotic strains

Metzger, 1976

Hoffman and
Metzger, 1976

T. controversa
Monokaryotic strains
tk220
tk310
tk660
tk810

F1 progeny
f30, f40,
f80, f120,
f1260

1990

tk660 X tc920

Plasmids
pRW612

Aspergillus
nidulans actin gene
Neurospora crassa
rDNA genes

pOSU1001

4.5 Kb EcoRI

pSF8

T. caries fragment
pOSU1003

2.5 Kb EcoRI-Pst1

pOSU1004

0.2 Kb EcoRI

T. caries fragment
T. caries fragment

pOSU1006

This study
This study
This study
This study

4.5 Kb EcoRI

T. controversa
fragment
pOSU1105

This study

5.5 Kb EcoRI T.

caries mitochondria
fragment
pOSU1101

Russell, P.J.a

0.5 Kb EcoRI

T. caries fragment
pOSU1008

Fidel et al. 1988

This study

2.8 Kb EcoRI

T. controversa
fragment

This study

a/Reed College, 3203 SE Woodstock BV, Portland, OR 97202
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after 12 hr. Samples made from protoplasts for CHEF PFGE were prepared as
previously described (McCluskey et al., 1990). The plugs were stored in 0.5 M
EDTA (pH 8.0) at 4° C.

CHEF electrophoresis conditions
The CHEF DR-II electrophoresis system (Bio-Rad Laboratories,

Richmond, CA) was used for separation of chromosome-sized DNA molecules in

ultrapure agarose (IBI, New Haven, CT). The DNAs were electrophoresed in
0.5X TBE (Maniatis et al., 1982) with the buffer temperature maintained between
12° and 15° C. Chromosomes less than 2,000 kilobases (Kb) in size were
resolved in 1% agarose gels using an initial 16 hr period of 480 sec pulses at 100
V (3 V/cm), followed by 22 hr of ramped pulses from 480 to 240 sec at 100 V, and
ending with 23 hr of ramped pulses from 240 to 120 sec at 150 V (4.5 V/cm).

Chromosomes larger than 2,000 Kb were resolved in 0.9% agarose gels using 96
hr of ramped pulses from 900 to 480 sec, beginning at 75 V (2.25 V/cm), with

increases of 5 V at 24 hr intervals. Various other parameters were used to target
DNA of a specific size range to resolve some bands assumed to be doublets. The
bands were stained with ethidium bromide (3 pg/m1) in 0.5X TBE for 30 min.,

and photographed after destaining overnight in 0.5X TBE. Photographic

negatives of karyotypes with putative doublet bands were traced using an
Ultrascan Laser Densitometer (LKB Bramma, Sweden) and analyzed with VCRB
2400 Gel Scan XL software. The lengths of the chromosome-sized DNAs were

estimated using Cricket Graph (Cricket Graphics, Inc., Philadelphia, NJ) to

configure a standard curve derived from migration distances of molecular size
markers that included chromosomes of Saccharomyces cerevisiae and
Schizosaccharomyces pombe purchased from Bio-Rad Laboratories.
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Sources of DNA probes
Total genomic DNA was isolated from T. caries and T. controversa by

the genomic mini-prep method of Lee et al. (1988), and recombinant plasmids
were extracted using a modified method of Holmes and Quigley (1981), in which

ammonium acetate was substituted for sodium acetate to precipitate DNA.
Genomic EcoRI fragments were cloned into pUC18 or pUC19 (Yanisch-Perron et
al., 1985) and used to transform E. coli DH5a (Maniatis et a1.,1982). Cloned

fragments and heterologous genes released from vectors by digestion with
appropriate restriction enzymes were purified from agarose gels using Elutip-d
(Schleicher & Schuell, Kleene, NH) following instructions provided by the

manufacturer The random priming technique of Feinberg and Voglestein (1983)
was used to make radiolabelled DNA probes.

Isolation of mitochondrial DNA
Mitochondrial DNA was isolated from T. caries strain tc920 using a
modified procedure of Specht et al. (1983), in which total genomic DNA was

subjected to CsC1 density gradient centrifugation in the presence of bisbenzimide
(Sigma). Each gradient contained 400-600 lag DNA, 1.68 g/m1 CsCI, and 120

.tg /ml bisbenzimide. The gradients were centrifuged at 50,000 RPM for 24 hr at
20° C in a Beckman 55 Ti rotor. The mitochondrial band was extracted and

further purified by an additional centrifugation in CsC1 without bisbenzimide.

DNA hybridizations
CHEF-resolved chromosomes were nicked with ultra violet light and
blotted onto Genetran nylon membranes (Genetran, Plasco, Woburn, MA) using

0.4 N NaOH to denature and transfer the DNA. The blots were baked at 80° C
for 2 hrs, and hybridization reactions with homologous fragments were carried
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out in 50 percent formamide as described previously (Orbach et al., 1988). For
heterologous probes the blots were prehybridized at 42° C for 12 to 22 hr in 20
ml of 3X SSPE containing 30 % formamide, 5X Denhardt's solution, 0.2% SDS,

and 100 µg /ml salmon sperm DNA. Hybridizations were then performed at 42°
C for 12 to 22 hr in 10 ml of the prehybridization solution with 0.5 % dextran

sulfate and labelled probe DNA replacing the salmon sperm DNA. The
membranes were initially washed at room temperature for 30 min. with 3X SSPE
containing 0.2% SDS, then at 42° C for 15 to 30 min. with 1X SSPE (0.2 % SDS),

and finally with 0.5X SSPE (0.1 % SDS). The membranes were blotted dry and

exposed to Kodak X-Omat film. The blots were stripped in boiling 0.1 X SSPE
(0.1 % SDS) and cooled to room temperature.
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RESULTS

Molecular karyotypes and genome sizes of T. controversa and T. caries
The chromosome-sized DNAs obtained from intact cells, which henceforth will
be referred to as chromosomes of T. caries and T. controversa, were resolved

using several electrophoretic parameters (Fig. 1.1). Each strain used in this study

had a karyotype that was reproducible from different preparations, and unique
relative to all other strains (Table 1.2). The number of chromosome bands varied
from 13 to 17, and from 14 to 18, respectively, for T. caries and T. controversa.

The chromosomes of all strains ranged in size from approximately 850 kilobase
pairs (Kb) to 4,490 Kb, except for strain tc3060 of T. caries which had two small

chromosomes approximately 300 Kb in size (Fig. 1.1 and Table 1.2). Bands that

appeared brighter than others of similar size (Fig. 1.1) were determined by

densitometric tracing to contain at least twice the amount of DNA, and they were
listed as doublets in Table 1.2. Because the doublet bands contained an

additional chromosome, the estimated minimum number of chromosomes was
either 14 to 20 among the four strains of T. caries, and ranged from 19 or 20 for T.

controversa. The genome sizes for these strains, which varied from ca. 28 to 40
megabase pairs (Mb) (Table 1.2), were estimated by summing the individual

bands, and assuming two-fold values for doublet bands.

Karyotypic relatedness and analysis of linkage groups by Southern hybridization
Southern-blots of CHEF separated chromosomes were probed with

restriction fragments from either pathogen, and with conserved heterologous
genes to examine the amount of chromosome heterogeneity among the strains.
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Figure I.1. Electrophoretic karyotypes of T. caries (tc) and T. controversa (tk). A,
Resolution of chromosomes between 290 and 2,600 Kb. B, Resolution of
chromosomes between 2,200 and 5,000 Kb. Lanes 2-5, strains tc3060, tc120, tc960,

and tc920 respectively; lanes 6-9, strains tk660, tk880, tk310, and tk220,

respectively. Lanes 1 and 10, molecular size markers of S. cerevisiae and S.

pombe chromosomes, respectively.

Table 1.2.

Estimated sizes, number of chromosomes, and genome sizes of four strains each of T. caries and
T. controversa.

Band

Number
18
17
16
15
14
13
12
11
10
9
8
7
6

5
4

3
2
1

Chromosome #c
Totals (Mb)d

Tilletia caries
tc3060

tc120

3,960a
3,370
3,060
2,720
2,190
2,020
1,800
1,560
1,500b
1,340
1,280b
1,180
1,160

3,880
3,690
3,090
2,780
2,530
2,150
2,040
1,980
1,860b
1,650
1,610
1,390b
1,330b
1,190
1,170

900
880
300
290
19

32.25

900
880
20

38.70

tc960

4,050
3,140
2,810
2,550
2,140
2,000b
1,820
1,610
1,560
1,340
1,280
1,140
870
14

28.30

Tilletia controversa
tc920

4,490
3,670
3,090
2,780
2,530
2,150
2,040
1,980
1,860b
1,650
1,610
1,390b
1,330b
1,190
1,170
870
850

20

39.23

tk660

3,600
3,340
2,890
2,650b
2,360
2,230
2,160
1,960b
1,930
1,860
1,700
1,550
1,480
1,410
1,240
1,180
870
850
20

39.87

a/ Band sizes are expressed in kilobase pairs.
13/ Bands are presumed to be doublets and to contain twice the amount of DNA.
C / Values represent the estimated number of chromosomes in each strain.
cl/ Estimated genome size in megabase pairs (Mb) of each strain.

tk810

3,800
3,480
2,890
2,650 b
2,290
2,170
2,070b
1,920
1,720
1,600b
1,500b
1,380
1,280
1,240
1,110
860
20

39.88

tk310

4,000
3,290
2,700b
2,170b
2,030
1,910
1,790
1,620
1, 580 b

1,390
1,300
1,200b
1,020
1,000
20

36.15

tk220

4,490
2,990b
2,260b
2,030
1,880
1,810
1,640
1,580
1,560b
1,400
1,320
1,270
1,210
1,040
1,020
19

34.31
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DNA probes made from the inserts in pOSU1003, pOSU1006 (Fig. I.2A and B,
and Table 1.3) and pOSU1105 (Table 1.3) hybridized to a single chromosome band

in all eight strains of T. controversa and T. caries. The maximum length
polymorphisms for these chromosomes was less than 10 percent (Table 1.3).
The inserts in pOSU1001 and pOSU1004 contain highly repeated

sequences, and only 1 to 5 chromosome bands among these strains failed to
hybridize to these probes (Table 1.3). Moreover, the intensity of hybridization

was different for single bands in several strains suggesting that the copy number
of these repeated sequences may vary for some chromosomes (data not shown).
An internal 1 Kb fragment from the 17s Neurospora crassa rDNA repeat cloned
in pRW612 (Russell, P. J., personal communication) has homology with and

produces the same hybridization pattern as the 1.4 Kb EcoRI fragment cloned in
pOSU1101. The insert from pOSU1101 hybridized with the three largest
chromosomes of tc3060 and tk310, and with the two largest chromosomes in all
other strains (Fig. I.2C and Table 1.3). Band 17 of strain tc920 and band 14 of

strain tk310, which have homology with these probes, have length
polymorphisms of approximately 1,770 Kb (Table 1.2). The single copy actin
gene of A. nidulans hybridized to two chromosomes of similar size (ca. 1,160 Kb)

in some strains of both pathogens, and to a single chromosome in other strains.
The maximum length variability of these chromosomes did not exceed 10 percent
(Table 1.3).

To determine whether any of the bands were of mitochondrial origin, an
EcoRI fragment (pOSU1008) from the mitochondrial genome of T. caries was

probed to a CHEF blot. This fragment hybridized intensely with DNA in all of
the sample wells (Table 1.3), and with a diffuse band below the smallest

chromosome band in each strain.
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Figure 1.2. Assignment of DNA fragments to linkage groups of T. caries (tc) and

T. controversa (tk). Chromosomes fractionated by CHEF PFGE were blotted and
hybridized with probes made of the 2.5 Kb EcoRI fragment from pOSU1003
(panel A) and the 0.5 Kb EcoRI fragment from pOSU1006 (panel B). Lanes 1-4,
strains tc3060, tc120, tc960, and tc920, respectively; lanes 5-8, strains tk660, tk880,

tk310, and tk220, respectively. C, Hybridization of probe made of 4.5 Kb EcoRI

fragment from T. caries (pOSU1101) that has homology with Neurospora crassa
17s rDNA (pRW612). Lanes 2-5, strains tc3060, tc120, tc960, and tc920,

respectively; lanes 6-9, strains tk660, tk880, tk310, and tk220, respectively. Lanes

1 and 10, molecular size markers of S. cerevisiae and S. pombe chromosomes,
respectively.
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Table 1.3.

Number of bands, average size, and maximum variability of chromosomes of T. caries T. controversa,
and F1 progeny identified by Southern hybridization with homologous and heterologous DNA probes.

Average chromosome length and maximum variability

Probe

T. caries
T. controversa
Fl Progeny
bands Chromosome Maximum_
bands ChromosomeMaximtup
bands ChromosomeMaximuip
identified lengtha variability" identified lengtha variability ° identified lengtha variability"

pOSU1003

1

1,618

90

(5)

1

1,650

140

(8)

1

1,730

70

(4)

pOSU1006

1

2,122

190

(9)

1

2,158

40

(2)

1

2,170

120

(5)

pOSU1105

1

1,365

50

(4)

1

1,395

30

(2)

1

1,412

120

(8)

pOSU1101

2-3

3,663

1,770

(39)

2-3

3,521

1,790

(40)

1-3

3,372

1,290

(35)

pSF8

1-2

1,160

50

(4)

1-2

1,188

130

(10)

1

1,144

180

(14)

pOSU1001

12-15

NAc

NA

11-15

NA

NA

NA

NA

NA

pOSU1004

13-16

NA

NA

12-16

NA

NA

14-17

NA

NA

pOSU1008

Od

NA

NA

Od

NA

NA

NA

NA

NA

,/ The average size of chromosomes in kilobase pairs identified by the probe.
u/ Variability is expressed in kilobase pairs (kb); numbers in parentheses represent maximum percent variability
(calculated by dividing the difference between the largest and the smallest chromosomes identified and the average
of those chromosomes identified by the probe).
,/ Not applicable or experiment not performed.
u/ pOSU1008 is a mitochondrial DNA probe which hybridized to DNA in the wells and to a diffuse region
approximately 100 to 200 kb in size.
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Molecular karyotypes of F1 hybrid progeny
The karyotypes of 5 F1 progeny from a cross of T. controversa X T. caries

were unique with respect to each other and the parental strains (Fig. 1.3). The
number of bands varied from 15 to 17 among the progeny, and with

consideration of unresolved doublet bands, the number of chromosomes in these
strains ranged from 19 to 22, whereas each parental strain had 20 (Fig. 1.3 and

Table 1.4). The chromosomes of the progeny varied in length from
approximately 830 Kb to3,830 Kb, and the genome sizes ranged from
approximately 37 to 42 Mb, which is approximately the size (39 Mb) of the
parental genomes (Table 1.4).

Analysis of linkage groups in hybrid progeny
The single copy DNA probes previously used to identify unique linkage

groups among strains of both pathogens were also used in similar analyses of the
hybrid progeny. Each of the inserts of pOSU1003 (Fig. I.4A and Table 1.3),
pOSU1006 and pOSU1105 (Table 1.3), could be assigned to a single chromosome

that was similar in size to the parental chromosome, although length
polymorphisms of 4 to 8 percent were observed (Fig. I.4A and Table 1.3). The

single copy A. nidulans actin gene hybridized with two chromosomes ranging
from 1,180 to 1240 Kb in each of the parental strains (data not shown), but with

only a single chromosome of similar size in the progeny (Table 1.3). Although

the probe hybridized with doublet bands in strains f120 and f1260, the signal was

not greater than observed for single bands, suggesting that these doublet bands
were comprised of nonhomologous chromosomes.

A probe made of the ribosomal rDNA repeat hybridized with two
chromosomes in both parental strains, but with one to three chromosomes in the
progeny (Fig. I.4B and Table 1.3). The karyotypes obtained from the same or
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Figure 1.3. Electrophoretic karyotypes of T. caries (tc) and T. controversa (tk),

parental strains and F1 hybrid progeny. A, Resolution of chromosomes between
830 and 2,600 Kb. B, Resolution of chromosomes between 2,200 and 5,000 Kb.
Lanes 3-7, progeny strains f30, f40, f80, f120, f1260, respectively; lanes 2 and 8

parental strains tc920 and tk660, respectively. Lanes 1 and 9, molecular size
markers of S. cerevisiae and S. pombe chromosomes, respectively.

Table 1.4.

Estimated sizes, number of chromosomes, and the genome sizes of parental strains of
T. caries, T. controversa, and five F1 progeny.

Band

T. caries

Number

tc920

F1 progeny
f30

f40

3,830
3,640
2,810
2,660b
2,200
2,140b
2,010b
1,720
1,690
1,600
1,510b
1,380
1,270
1,210
1,100

3,740
3,610
2,870
2,660b
2,310
2,260
2,160b
2,030b
1,920
1,770
1,640b
1,560
1,480
1,320
1,270
1,240
850b

f80

T. controversa
f120

f1260

18
17

16
15
14
13
12
11
10
9
8
7
6

5
4

3
2
1

Chromosome #c

Totals (Mb)d

4,490a
3,670
3,090
2,780
2,530
2,150
2,040
1,980
1,860b
1,650
1,610
1,390b
1,330b
1,190
1,170
870
850

20

39.23

830

20

39.92

21

41.87

3,610
2,870
2,750
2,560
2,310
2,260

2,170b
2,040
1,960
1,750
1,600b
1,460
1,280b
1,180
840b
19

36.53

3,640
3,300
2,930

2,780b
2,450
2,150
1,970
1,850 b
1,710
1,560
1,400
1,360
1,20
1,090
830b
19

36.77

3,640
3,430
2,840
2,590b
2,140b
2,010b
1,990
1,700
1,580
1,490
1,380
1,250
1,190
1,080b
1,070_

830P
22

38.86

a / Band sizes are expressed in kilobase pairs.
b/ Bands are presumed to be doublets and to contain twice the amount of DNA.

c/ Values represent the estimated number of chromosomes in each strain.
d/ Estimated genome size in megabase pairs (mb) of each strain.

tk660
3,600
3,340
2,890
2,650b
2,360
2,230
2,160
1,960b
1,930
1,860
1,700
1,550
1,480
1,410
1,240
1,180
870
850

20

39.87
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different chromosome preparations have been consistently reproducible by
CHEF PFGE. Hence, if any chromosome is running anomolously its migration

though the gel is repeatable. If it is assumed the rDNA probe hybridized with
homologous chromosomes rather than with genes translocated to
nonhomologous chromosomes, maximum length polymorphisms of 1,290 Kb,
1,770 Kb, and 1,790 Kb exist among the progeny and the parental chromosomes,
respectively (Table 1.3).
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Figure 1.4. Analysis of the number and size of chromosomes in the F1 progeny

that show homology with selected DNA probes. The progeny and parental
chromosomes were blotted and hybridized with probe made of the 2.5 Kb EcoRI
fragment from pOSU1003 (panel A), and the 4.5 Kb EcoRI fragment from

pOSU1101 which has homology with Neurospora crassa rDNA (panel B). For
both panels, lanes 2-6, progeny strains f30, f40, f80, f120, f1260, respectively; lane

1 (tc920) and lane 7 (tk660) parental strains; Lane 8 (panel B only), molecular size

marker of S. pombe chromosomes.
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DISCUSSION

A procedure that utilizes intact fungal mycelia and sporidia rather than
protoplasts (McCluskey et a1.,1991), provided excellent material for producing
electrophoretic karyotypes of strains of T. caries, T. controversa and their hybrid

progeny. Although the karyotypes of both pathogens differed somewhat, the
karyotypic profiles were similar among all strains, including the hybrid progeny,

suggesting that the chromosomes of both pathogens are homologous. The
karyotypic variability appears to be attributable to chromosome length
polymorphisms and extra chromosome bands thought to result because of
aneuploidy. Conversely, the karyotypes of different species of Ustilago (Skinner
et al., 1991; McCluskey and Mills, unpublished data) and the weakly and highly
virulent strains of L. maculans, which have recently been proposed to be
different species (Taylor, 1991), have chromosomes that differ greatly in relative

size and number.
That the chromosomes of these pathogens are homologous is further

supported by the observation that length polymorphisms among chromosomes
representing four linkage groups varied by less than 10 percent among all field

isolates. However, a fifth linkage group carrying the highly repeated rDNA
genes, varied by 40 percent. Excluding the chromosomes that carry the rDNA
genes, chromosome length polymorphisms of approximately 10 percent have
been observed among unrelated field isolates of U. hordei (McCluskey and Mills,
1990) and Septoria tritici (McDonald and Martinez, 1991). Hence, the karyotypic

pattern determined by the number and sizes of the chromosomes, the length
polymorphisms of 4 linkage groups analyzed and relative genome sizes could
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not be used as criteria for distinguishing strains of T. caries from T. controversa.

A striking feature of the karyotypes of these presumptive haploid strains
was the variation in number of chromosome bands, which ultimately influences
the genome size. Strain tc960 of T. caries with only 14 chromosomes and the
smallest genome (28.3 Mb), has 6 fewer chromosomes and 11 Mb less DNA than
observed in two other strains of T. caries (Table 1.2). Strain tc960 is prototrophic

and its growth rate is not reduced relative to other strains, suggesting that its
chromosome numbers may be more representative of the haplophase of T. caries

and T. controversa. Variation in the number of chromosome bands has been
reported for several fungi (for reviews, see Mills and McCluskey, 1990; Skinner et
al., 1991), and aneuploid strains may be common among field isolates (Tolmsoff.
1983).

Using microfluorometry, the haploid genomes of T. controversa and T.
caries were estimated to be approximately 115 Mb and 100 Mb, respectively

(Duran and Gray, 1989). However, estimates of the genome sizes of T.
controversa (34 to 40 Mb), of T. caries (28 to 39 Mb), and of the five hybrid

progeny (37 to 42 Mb), from electrophoretic karyotypes, were much smaller, and

the reason for the large discrepancy is unknown. The values reported here were
in general agreement with the estimated genome size of the smut fungus U.
hordei (20 to 26 Mb) (McCluskey and Mills, 1990).

Genomic variability inherent in strains of T. caries (11 Mb), T.

controversa (6 Mb) and the hybrid progeny (5 Mb) appear too large to be caused

entirely by duplications and deletions. That some of the variability could result
from aneuploidy is supported by probing CHEF blots with the rDNA probes and
the A. nidulans actin gene. The rDNA probe hybridized with either 2 or 3
chromosomes in T. caries strains, 1 or 2 in T. controversa strains and 1 to 3 bands

in the hybrid progeny. If the multiple bands that hybridized with the rDNA
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probe are homologous chromosomes rather than chromosomes with
translocations, the additional copies of this large chromosome (3.1 Mb ave. size)
could account for 3 to 6 Mb of additional DNA in strains with 1 or 2 extra copies.

The actin gene hybridized with either 1 or 2 chromosomes in the field

isolates of both pathogens. Both parents of the hybrid cross had 2 bands that

hybridized with the probe, whereas the progeny had only a single band. These
bands varied by less than 10 percent among field isolates and less than 15

percent among the progeny, suggesting that the extra bands are homologous
chromosomes. Trans location and transposition of single copy genes could
account for bands of different sizes hybridizing to a single copy probe, although
these events would not be expected to occur only between chromosomes of

nearly identical size. Moreover, translocation and transposition events alone
could not contribute to the variable number of chromosome bands observed in
the karyotypes of these strains.
Some chromosomes have been observed to run anomolously in OPAGE
gels (Cade and Olson, 1984), which could affect the size of the genome.

However, this problem appears to have been eliminated by CHEF gel
electrophoresis because the karyotypes presented in Figures 1 and 3 were

reproducible using either fresh material made from intact cells and protoplasts,

or plugs stored for periods up to 12 months. A complete linkage map derived by
both molecular probing and genetic crosses will be essential to ascertain the
ploidy level of these strains and the correct karyotype for the haplophase of these
pathogens.
The origin of the two atypically small chromosomes in tc3060 (Table 1.2)

is uncertain, and their homologs have not been identified in other strains. Strain
tc3060 was obtained from a collection of teliospores (designated race 30)

resulting from a cross of two unrelated strains representing races 23 and 27 of T.
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caries (Metzger and Hoffman, 1978). T. caries and T. controversa strains are

highly inbred because matings typically occur between sexually compatible,

primary sporidia within the whorl of a germinated teliospore (Buller and
Vanterpool 1933). Therefore, crosses of highly inbred strains of different

geographic origins could produce atypical, nonparental, recombinant
chromosomes if the homologs have large length polymorphisms resulting from
gross rearrangements (e.g., translocations, deletions, duplications and
insertions). In S. cerevisiae, homologous chromosomes with a length

polymorphism produced recombinant chromosomes that differed in size from
either of the parental chromosomes, and the polymorphism which segregated 1:1
has been mapped (Ono and Ishino-Arao, 1988).

The karyotypes of the five hybrid progeny provided additional evidence
that parental strains tk660 of T. controversa and tc920 of T. caries, each of which

have 20 chromosomes, are con-specific. The chromosome numbers of their
progeny (19 to 22) indicated that the reduction division stage of meiosis had

occurred. Furthermore, the single copy probes hybridized with chromosomes
that were virtually of identical size in the progeny and parental strains. In
contrast, progeny of a cross of K. marxianus var. marxianus and K. m. var. lactis,
which are proposed to be separate species (Steensma et a1.,1988), exhibited no

genetic exchange and produced progeny karyotypes that were the sum of the
parental strains.
Presently, the classification of T. caries and T. controversa as separate

species heavily relies upon the germination properties and wall morphology of
teliospores (Fischer, 1953). Unfortunately, there has been no clear way to

correlate spore morphology with biological relationships (Duran and Fischer,
1961), as morphological characteristics may be determined by only one, or a few
genes (Huang and Nelson, 1984). In discussing their classification of Tilletia,
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Duran and Fischer (1961) proposed a morphologic species concept, "in lieu of the

more precise but as yet unavailable concept based on genetics". The earlier
limitations of classical genetic analyses of members of the Tilletia genus are

rapidly dissipating, and with recent advances in molecular genetics, more
appropriate genetic criteria must be used in the taxonomic classification of these
pathogens (for a discussion, see Tolmsoff, 1983).

The biological species concept has been defined as Mendelian

populations in which gene exchange is limited or prevented by reproductive
isolation, and organisms that produce recombinant offspring are included as one
species (Dobzhansky, 1976). Our results support the conclusion of Young (1935)

who recognized dwarf bunt disease as being different from common bunt
disease, but caused by a variant form of T. caries. Mutant alleles of key genes

that control phenotypic traits such as teliospore morphology and germination
could play a major role in criteria currently used for classification of these and
other species of Tilletia. The molecular karyotypes of T. controversa, T. caries,

and their hybrid progeny, together with preliminary linkage group data strongly
argue that these pathogens are not different species. Previous genetic analyses
(Trail and Mills, 1990), and biochemical evidence (Kawchuk et al., 1988) also

corroborate these conclusions.
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ABSTRACT

Tilletia caries and T. controversa are the causal agent of common and

dwarf bunt of wheat, respectively. The different temperature at which the
teliospores of these pathogens germinate is considered the most unambiguous
test for differentiating these pathogens. The teliospores of T. controversa have an

optimum germination temperature of 5° C, and do not germinate at 15° C. The
teliospores of T. caries germinate at either temperature, but optimal germination
occurs at 15° C. Moreover, the teliospores of T. controversa are described as
possessing autofluorescing reticulations, where as the teliospores of T. caries are

not. Seven teliospore samples from Oregon and Turkey were examined for their
autofluorescence and germination properties to ascertain whether the
autofluorescence and germination properties of T. controversa are phenotypes
that are invariably linked. Teliospore samples M1-M4 displayed autofluorescing
reticulations consistent with properties to teliospores of the dwarf bunt
pathogen. Only teliospore samples M1 and M2 consistently germinated at
temperatures ascribed for T. controversa. Teliospore samples M3 and M4
autofluoresced with characteristics of T. controversa, but had germination
properties ascribed to T. caries. Hence, the autofluorescence properties of

teliospores and germination only at low temperatures are phenotypes that not
appear invariably linked in teliospores suspected to have originated from the
dwarf bunt pathogen. The use of teliospore autofluorescence to accurately
distinguish the pathogen which incites dwarf bunt form the pathogen that incites
common bunt is questionable.
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INTRODUCTION

Tilletia caries and T. controversa are filamentous basidiomycetes that

parasitize wheat and are the causal agents of common and dwarf bunt,

respectively. Numerous attempts have been made to devise an irrefutable
method for distinguishing teliospores of T. caries from T. controversa (Duran
and Fischer, 1961; Trione and Krygier, 1977; Banowetz et al., 1984; Stockwell and

Trione, 1986; Kawchuk et al., 1988). This effort was intensified in 1974 when the

People's Republic of China imposed a zero tolerance for the presence of
teliospores of T. controversa in shipments of wheat originating from the Pacific
Northwest (Trione, 1982), and has in effect eliminated Northwest wheat
shipments to China. The identification of teliospores of T. caries and T.

controversa has been traditionally based on teliospore morphology (Duran and
Fischer, 1961) and optimum conditions for germination of the spores (Hoffmann,

1982). However, the bunt fungi literature is replete with examples of biological

variation, and these pathogens often produce intermediate types that ensure
overlap of any characteristic presently used to distinguish one from the other
(Holton et al., 1968). Hence, the capacity to make positive identification of a

teliospore as having originated from either T. caries or T. controversa based on
morphological characteristics is extremely unreliable (Hoffmann, 1982). The

optimum condition for teliospore germination is considered the most definitive
of the diagnostic tests. However, a germination test to distinguish these
pathogens is impractical for the screening of wheat shipments because
teliospores of T. caries require from 3 to 10 days to germinate at 16° C, whereas
the teliospores of T. controversa require from 3 to 6 weeks at 5° C (Trione, 1973).
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An assortment of tests has been published that claim to recognize the
teliospores from either T. caries or T. controversa. The techniques include
examination by electron microscopy (Hess and Trione, 1986), light microscopy,
and disfiguration of spores in organic solvents (Trione and Krygier, 1977).

However, these tests were either impractical because they were too time

consuming for screening wheat shipments, or they produced results too variable
for positive identification. Subsequently, Stockwell and Trione (1986) described

the differential attributes of autofluorescing teliospores as traits that could
produce a rapid and reliable method to distinguish between the teliospores of T.
caries or T. controversa. The teliospores of T. controversa have been described as

possessing a fluorescent reticulated wall layer that appears spikelike in the

median plain, and an upper surface that appears netlike. The teliospores of T.
caries are described as lacking both a fluorescent, reticulated wall layer in the

median plain, and a fluorescing netlike upper surface, but they contain
fluorescing bodies visible in the cytoplasm. The sensitivity was determined to be
such that a single teliospore of T. controversa present in a sample would have
only a 2% probability of being misidentified as T. caries. However, Kawchuk et

al. (1988) reported that this technique was not able to unequivocally distinguish
between the teliospores of T. caries and T. controversa because of natural
variation.
T. caries and T. controversa are genetically very closely related as
inferred by their ability to mate (Silbernagel, 1964; Trail and Mills, 1990) and

segregate unlinked genes according to Mendelian laws of inheritance (Trail and
Mills, 1990), and produce hybrid strains that contain chromosome numbers
similar to the parental strains as expected of progeny that have gone though the
reduction division stage of meiosis (Russell and Mills, 1993). Moreover, specific

resistance genes in the plants react in a gene-for gene manner with
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corresponding avirulence genes in both pathogens (Metzger and Hoffmann,
1978)

The repeated failure to unequivocally distinguish teliospores of T. caries
from those of T. controversa by a variety of methods on the basis of single, or
multiple characteristics (Hoffmann, 1982) suggests that finding an unambiguous

test is a formidable task. To that end, two characteristics of T. controversa
teliospores deemed the most reliable for the identification of those spores were

chosen. Eight teliospore samples from Oregon, Pakistan, and Turkey were
examined to ascertain whether the autofluorescence and germination
characteristics attributed to teliospores of T. controversa are linked.

Electrophoretic karyotypes were obtained for monokaryotic strains representing
the eight teliospore samples were examined. Results of this study show that
these two phenotypes are not always linked and that the karyotypes of the strain
representing the spore samples also cannot be used to differentiate these

pathogens.
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MATERIALS AND METHODS

Stains

All strains were isolated from teliospore collections kindly donated by
Dr. Robert J. Metzger (USDA, Oregon State University, Corvallis, Oregon,

retired). Relevant characteristics of each spore collection are listed in Table ILL
Teliospores were germinated at either 5° or 16° C on 3% water agar.
Monokaryotic strains (Table II.1) of each collection were isolated by removing

single primary basidiospores from germinating teliospores. Primary
basidiospores were first cultured on agar-solidified T-19 medium (Trione, 1964)

for 3 to 4 weeks, and then transferred and maintained on Potato Dextrose Agar
(PDA: Difco Laboratories, Detroit, MI). All cultures were grown at 16° C and
stored on PDA slants at either 5° C or -80° C.

Germination tests
Teliospores from each collection were surface sterilized in a 0.16%

sodium hypochlorite solution for 3 minutes at room temperature. The spores
were rinsed 3 times with sterile water and then suspended in 1 ml of sterile
water. A 250 ml aliquot of the final spore suspension was spread onto 2 plates

containing 3% water agar and an area containing approximately one hundred

spores was identified for further observation. One of the plates was incubated at
5° C, the other at 16° C, and the spores were checked daily for evidence of

germination. A teliospore with a promycelium at least the diameter of the

teliospore was counted as having germinated. Data were collected until the
ungerminated teliospores were overgrown with mycelia or the remaining spores
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were deemed unable to germinate. The percent germination was calculated by
dividing the number of germinated spores by the total X 100.

Autofluorescence Test

Teliospores suspended in water were placed on a microscope slide and

allowed to air dry. The spores were then covered with a small amount of
nonfluorescing immersion oil and covered with a cover slip. The teliospores
were visualized with a Ziesis epifluorescence microscope using a 50 watt
mercury lamp with a Ziesis filter set 487709 (485-nm excitation, 520-nm barrier
filter).

Pulsed-field gel electrophoresis

The culturing and preparation of mycelial samples from liquid shake
cultures for CHEF PFGE have been previously described (Russell and Mills,
1993). The CHEF DR-II electrophoresis system (Bio-Rad Laboratories,

Richmond, CA) was used for separation of chromosome-sized DNA molecules in
ultrapure agarose (IBI, New Haven, CT). Chromosomes less than 2,200 kilobases
(Kb) in size were resolved in 1% agarose gels electrophoresed in 0.5X TBE

(Maniatis et al. 1982) with the buffer temperature maintained at 12° C.
Electrophoresis conditions included: an initial 20 hr period of 480 sec pulses at
100 V (3 V/cm), followed by 26 hr of ramped pulses from 480 to 240 sec at 100 V,

and ending with 26 hr of ramped pulses from 240 to 120 sec at 150 V (4.5 V/cm).
Chromosomes larger than 2,000 Kb were resolved in 0.87% agarose gels

electrophoresed in lx TAE (Maniatis et al. 1982) with the buffer temperature

maintained at 15° C. Electrophoresis conditions included: an initial 48 hr period
of 480 sec pulses at 100 V (3 V /cm), followed by 24 hr period of 1,800 sec pulses
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Table II.1 Teliospore collections and strains

Collections/
Strains

Relevant Characteristicsa

Origin

M1

Germination typical of
TCK, required 6 wk
at 5° C

Flora,
Oregon, 1987

M2

Ridges autofluoresce

Karimabad,
Pakistan, 1986

M3

Ridges autofluoresce

Danyur,

Spore collections

Pakistan, 1986
M4

M5

Ridges autofluoresce,
rapid gernijnation,
Heines VIP, Bt 7c
Heines VII

Balistain,
Pakistan, 1986

Turkey,
1983

M6

Heines VII, Bt 4,6,7

Eshirsehir,
Turkey

M7

Heines VII, R58

Eshirsehir,
Turkey

M1.1

Monokaryotic strain of M1

This study

M2.5

Monokaryotic strain of M2

This study

M3.10

Monokaryotic strain of M3

This study

M4.1

Monokaryotic strain of M4

This study

M5.4

Monokaryotic strain of M5

This study

M6.3

Monokaryotic strain of M6

This study

M7.7

Monokaryotic strain of M7

This study

Strains

a/ Characteristics of spore collections were determined by Robert Metzger (Dept.
Crop Science, Oregon State University, retired).
u/ Heines VII is the universal susceptible wheat cultivar.
c/ Spore collection determined to be virulent on hosts which carry these bunt
resistant (Bt) genes.
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50 V (1.5 V/cm). The bands were stained with ethidium bromide (3 µg /ml) in

electrophoresis buffer for 30 min., and photographed after destaining overnight
in 0.5X TBE. The lengths of the chromosome-sized DNAs were estimated using
Cricket Graph (Cricket Graphics, Inc., Philadelphia, NJ) to configure a standard

curve derived from migration distances of molecular size markers that included
chromosomes of Saccharomyces cerevisiae and Schizosaccharomyces pombe
purchased from Bio-Rad Laboratories.
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RESULTS

Germination test
Five of the teliospore samples (M3-M7) began germination between 311 days at 16° C (Fig. II.1) as ascribed for teliospores of T. caries. However, the

teliospores from collection M3 displayed limited (<15%) germination even after
19 days at 16° C. Teliospores from collection M1 and M2 failed to germinate at
16° C (Fig. II.1) and did not germinate after even after 6 weeks (data not
shown).

The teliospores from each collection germinated when incubated at
5° C (Fig. 11.2). The onset of germination of teliospore from samples M5, M6,

and M7 occurred between 6 and 10 days, whereas the onset of germination was
13 days for M4 teliospores. Teliospores from collections Ml, M2, and M3
required 21 to 36 days for germination to begin characteristic of spores of T.

controversa. Teliospores of sample MI exhibited very poor germination even
after 8.5 weeks.

The relative kinetics of germination of each teliospore sample was

approximately the same at both temperatures, except for teliospores of
collection MI, M2, and M3. Teliospores from collections M1 and M2 did not

germinate at 16° C, while M3 germinated at both temperatures, but the percent
germination increased from 15% to 65% when incubated at 5° C instead of
16° C (Fig. II.1 and 11.2).
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Figure II.1. Germination characteristics of seven teliospores collections when incubated at 16° C.
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Figure 11.2. Germination characteristics of seven teliospores collections when incubated at 5° C.
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Light microscopy

Teliospores were suspended in immersion oil and viewed with
transmitted light at 600X. Samples M5 and M6 appeared similar and
indistinguishable with no evidence of a hyaline sheath, reticulations, or spikes

when viewed in the median plane. Sample M7 differed from the previous two
by the occurrence of slight reticulations on some of the teliospores. Conversely,
teliospores of the remaining spore samples Ml, M2, M3, and M4 had

conspicuous reticulations and spikes in the median plane, and all except M1

teliospores had a conspicuous hyaline sheath (data not shown). When the spores
were mounted in immersion oil samples M5, M6, and M7 appeared mostly
aspherical and smooth, whereas Ml, M2, M3, and M4 appeared mostly spherical
and rough (Fig. II.3B).

Fluorescence microscopy

Teliospores of the seven samples mounted in immersion oil and viewed
with epifluorescence microscopy could be grouped by properties of their
autofluorescence as described by the literature (Stockwell and Trione, 1986).

Teliospore samples Ml-M4 had a reticulated wall layer that fluoresced orangeyellow (Fig. 3A-D) and displayed spikelike protrusions when viewed in the

median plane, and a netlike appearance when viewed on the upper teliospore
surface consistent with the description of T. controversa teliospores. However,
when viewed in the median plane some of the teliospores contained
autofluorescing cytoplasmic bodies as described for T. caries (Stockwell and

Trione, 1986). There was considerable variation in the number and intensity of

these cytoplasmic bodies among the teliospores. Interestingly, the amount of

pigmentation in the teliospore wall appeared inversely proportional with the
brightness of autofluorescence. Teliospores that appeared darker when viewed
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with transmitted light had autofluorescence of lower the intensity. Samples M1

and M4 contained many darkly pigmented spores relative to the other samples
and fluoresced less intense. Teliospores from M5, M6, and M7 exhibited
fluorescent properties characteristic of T. caries (Fig. II.3E-G), and reticulations

when present were nonfluorescent, and appeared as a smooth yellowish band
around the teliospore when viewed in the median plane. Yellowish cytoplasmic
fluorescing bodies as described in T. caries teliospores were present only in some
of these samples.

Taxonomic classification

Using both germination and autofluorescence characteristics the
taxonomic classification of the teliospore samples was attempted (Table 11.2).

Teliospore samples M1 and M2 displayed phenotypes of germination and
autofluorescence ascribed to T. controversa. On the other hand, the teliospore
samples M5, M6, and M7 had germination and autofluorescence phenotypes

ascribed to T. caries. However, the autofluoresence and germination properties
of teliospores from M3 and M4 could not be used to ascertain their origins,

because teliospores had germination properties ascribed to T. caries, and spore
autofluorescence ascribed to T. controversa. Although a higher percent of M3
teliospores germinated at 16° C, a small percentage was able to germinate at
50 C.
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Figure 11.3 Appearance of teliospores when viewed with either transmitted light
or UV irradiation (600X). Representative samples of teliospores from collections

M1 -M7 are presented. Column 1, upper teliospore surface viewed with
transmitted light; column 2, upper teliospore surface viewed with UV
irradiation; column 3, median plane of teliospores viewed with UV irradiation.
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Table 11.2. Summary of the germination and autofluorescence characteristics
of seven teliospore samples

Teliospore

Germination

Autofluorescing

Present Species

Reticulations

Designation

Collections

5° C

16° C

M1

+

-

YES

T. controversa

M2

+

-

YES

T. controversa

M3

+

+\a

YES

Either pathogen

M4

+

+

YES

Either pathogen

M5

+

+

NO

T. caries

M6

+

+

NO

T. caries

M7

+

+

NO

T. caries

a/ Poor germination at 16° c (< 15%)
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Molecular karyotypes and genome sizes
The chromosome-sized DNAs obtained from intact cells of the strains

representing the seven spore collections were resolved using several
electrophoretic parameters (Fig. 11.4). Each strain used in this study had a

karyotype that was reproducible and unique relative to all other strains (Table
11.3). The number of chromosome bands varied from 14 to 17 for the seven

strains. The chromosomes of all strains ranged in size from approximately 850
kilobase pairs (Kb) to 4,300 Kb (Fig II. 4 and Table 11.3). Bands that appeared

brighter than others of similar size (Fig. 11.4) were assumed to contain at least
twice the amount of DNA, and they were listed as doublets in Table 11.3. The

minimum estimated number of chromosomes ranged from 16 to 20 among the

seven strains . The minimum estimated genome size of these strains varied from
ca. 34 to 42 megabasepairs (Mb) (Table 11.3).
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Figure 11.4 Electrophoretic karyotypes of seven monokaryotic strains representing the

seven teliospore samples M1 -M7. A, Resolution of chromosomes between 850 and

2,600 Kb. B, Resolution of chromosomes between 2,200 and 5,000 Kb. Lanes 2-8,

strains Ml, M2, M3, M4, M5, M6, and M7, respectively. Lanes 1 and 9, molecular
size markers of S. cerevisiae and S. pombe chromosomes, respectively.
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Table 11.3. Estimated sizes, number of chromosomes, and genome sizes of seven stains representing the seven

spore samples Ml-M7

Band
Number
18
17
16
15
14
13
12
11
10
9
8
7

6
5
4
3

2
1

Chromosome ttc
Totals (Mb)c1

M1.1

3,870a
3,240
2,820
2,300
2,220
2,130
2,030
1,900
1,790b
1,700
1,560
1, 350b
1,310b
970

17

33.64

M2.5

M3.10

M4.1

3,870
3,240
2,980b
2,780
2,440
2,330
2,030
1,900
1,810
1,700
1,590

4,300
4,000
2,040
2,890
2,480
2,370
2,110
2,130
2,030
1,940
1,860
1,730b
1,630
1,400
1,350b
1,170

3,300b
3,110b
2,780
2,440
2,030
2,000
1,920
1,880
1,700
1,580b
1,420
1,350
1,230

1, 330b

1,190
940

940

16

34.44

19

39.45

990

17

35.72

M5.4

4,160
3,780
3,150
2,820
2,670
2,330
2,200
2,090b
1,900b
1, 680b

1,600
1,400b
1,350b
1,250
860

20

41.66

a/ Band sizes are expressed in kilobase pairs.

b/ Bands are presumed to be doublets and to contain twice the amount of DNA.
c/ Values represent the estimated number of chromosomes in each strain.
d/ Estimated genome size in megabasepairs (Mb) of each strain.

M6.3

3,550
2,980b
2,670
2,290b
2,120
2,030
1,920
1,850
1, 660b

1,590
1,400b
1,330b
1,230
900

19

37.18

M7.7

4,300
4,000
3,110
2,820
2,590
2,260
2,200
2,110b
1,940b
1,680b
1,400b
1,350
1,210
840

18

38.94
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DISCUSSION

We have examined seven Tilletia teliospore samples from wheat that

originated from Oregon, Pakistan, and Turkey. Our results demonstrated that
the low temperature requirement for germination of teliospores (Duran and
Fischer, 1961; Hoffmann, 1982), and the autofluorescing reticulations of
teliospores that are characteristic of T. controversa (Stockwell and Trione, 1986)

are not always linked. Using these criteria, two teliospore samples could be
classified as either pathogen (Table 11.2).

The smut fungi have highly variable morphological and physiological
characteristics (Holton et a1.,1968). The wheat bunt pathogens, T. caries and T.

controversa, that cause common and dwarf bunt of wheat exemplify this point.
None of the descriptive characteristics ascribed to these pathogens can
unequivocally distinguish one from the other (Holton, 1944; Banowetz et al.,
1984; Hess and Trione, 1986; Kawchuk et al., 1988; Russell and Mills, 1993). In

1956, Holton and Kendrick noted that morphological characteristics of these

pathogens were highly variable and inadequate for species delimitation.
Furthermore, recent research (Russell and Mills, 1993) has shown that the

karyotypes of these pathogens are indistinguishable, and their genomes display
similar organization. Therefore, it is not entirely happenstance that

characteristics attributed to only the dwarf bunt pathogen have been found in
strains designated T. caries. Many examples in the literature indicate that these
pathogens are genetically very similar and may well represent variants of a
single species.

Electrophoretic karyotypes obtained from monokaryotic strains
representing each of the seven teliospore collections were polymorphic and

83

unique. The minimum estimated number of chromosomes, the total genome
size, and the relative size distribution of the chromosomes of these strains were
indistinguishable from unrelated stains of T. caries, T. controversa, and their five
hybrid progeny (Russell and Mills, 1993). Teliospore germination and
autofluorescence properties were not obviously associated with physical

attributes of their electrophoretic karyotypes. Although the karyotypes were
unique, similar-sized chromosomes were present in many of the strains.
However, similar-sized chromosomes cannot be assumed to be homologous,
because linkage groups for chromosomes other than those carrying the rDNA
repeat have length polymorphisms ranging from 2 to 14% (Russell and Mills,

1993). Therefore, to determine whether the linkage groups in these strains are of

similar size and show similar length polymorphisms, Southern hybridization
analyses are required using single copy hybridization probes. If these strains are
biological variants of a single species it is expected that the chromosome length

polymorphisms will not greatly exceed what has been previously reported and
observed with U. hordei (McCluskey and Mills, 1990).

These results suggest that the use of teliospore autofluorescence for the
screening of wheat shipments may be less reliable than previously described
(Stockwell and Trione, 1986). Moreover, evidence is mounting to suggest that

separate binomials for these pathogens is unsubstantiated due to natural
variation of these closely related pathogens. These pathogens are presently
classified as separate species based upon differences which may be explainable

by mutations in one or a few genes. The echinulate spores of U. nigra and the
smooth spores of U. hordei, for example, are controlled by only two genes

(Huang and Nielsen, 1984). Moreover, the phenotypes currently being used to
differentiate between T. caries and T. controversa may be explained by the
presence or absence of single gene differences.
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ABSTRACT

Mating type genes, or idiomorphs, are highly conserved within a fungal
species (Kronstad and Leong, 1990, and Bolker et a1.,1992), and some also have

sequence homology with idiomorphs from closely related species (Bakkeren et
al., 1992). Hence, comparison of the nucleotide sequences of the idiomorphs of
Tilletia caries and T. controversa may be useful in determining their taxonomic

relationship. BamHI-digested total genomic DNA of T. caries was probed with
the 1.4 kb insert from pUH101 which contains a portion of the b west mating

type gene of Ustilago hordei. A single 1.4 kb fragment which hybridized with
the probe was identified and cloned from T. caries. The T. caries fragment had
homology with a 1.4 kb BamHI fragment from T. controversa as well.

Unexpectedly, this clone hybridized with 2 or 3 chromosome bands when
probed onto CHEF blots of both T. caries and T. controversa chromosomes. The

1.4 kb fragment was sequenced and a comparison of this sequence and sequences
of the homeodomains of other fungi was made.
A comparison of the 1.4 kb T. caries sequence with a 51 by nucleotide

sequence spanning the most conserved region of the homeodomain of the U.
hordei mating type gene, two small regions with a 75 and 81% match was

identified. A computer generated putative amino acid sequence of the U. hordei
homeodomain identified a 8 amino acid region with an 81% match with a
putative amino acid sequence encoded by the 1.4 kb T. caries fragment.

Although regions with greater than 75% match were identified, they do not
appear to represent a conserved homeodomain.
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INTRODUCTION

The smut fungi are represented by a large group of Basidiomycetes of
the order Ustilaginales that are responsible for worldwide grain loss (Agrios,
1988). Most of the smut fungi that pathogenize cereal grains have basically

similar life cycles and grow quiescently in the host tissue until maturation at

which time the ovaries are infected. The end result is that the grain is replaced
by masses of blackish spores (Fischer and Holton, 1957). The smut fungi usually
display either a biopolar or a tetrapolar mating system (Holton et al., 1968).

Ustilago maydis is a pathogen of maize and displays a tetrapolar mating
system in which two loci control cell fusion and dikaryon formation (Froeliger
and Kronstad, 1990; Bolker et al., 1992). The a locus is comprised of two
idiomorphs (Froeliger and Leong, 1991; Gillissen et al., 1992), while the b locus

has at least 25 different alleles and is comprised of two genes called b east and b

west. U. hordei is a bipolar fungus with a single locus and two different alleles
(Thomas, 1991). Interestingly, U. hordei DNA has significant homology with

both the a idiomorph, and the b east and b west genes from U. maydis. Both the
b east and b west mating types genes of U. hordei have been cloned (Bakkeren et
al., 1992; Kronstad et al., 1992), and as was observed for the b mating type genes

of U. maydis both possess a variable N-terminal region, a central homeodomainlike motif (Scott et al., 1989) and a conserved C-terminal region (Kronstad and
Leong, 1990; Schulz et a1.,1990; Kronstad et a1.,1992). The b east and b west

genes of U. hordei are 50% and 40% identical to the respective U. maydis genes
(Kronstad et a1.,1992) suggesting that the b locus and its genes are structurally

conserved. Indeed, U. maydis transformed with either of the b mating type
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genes of U. hordei gave weak disease symptoms when inoculated onto maize
plants (Kronstad et al., 1992).

The wheat smut fungi Tilletia caries and T. controversa are

basidiomycetes that cause common bunt and dwarf bunt, respectively (Fischer
and Holton, 1957). These pathogens readily mate and produce viable F1 progeny
(Trail and Mills, 1990; Holton, 1944), and possess indistinguishable karyotypes
(Russell and Mills, 1993), but are classified as separate species based upon

different morphological characteristics of the teliospores (Duran and Fischer,
1961). Sequence comparison of the mating type genes of these fungi would

further clarify their genetic relatedness. Given the conserved nature of the
mating types genes displayed by some of the smut fungi, the goal of this study
was to identify and clone the mating type genes of Tilletia using the mating type
genes of U. hordei as hybridization probes.
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MATERIALS AND METHODS

Strains, culture conditions, and plasmids
The cultures of T. caries and T. controversa used in this study (tc920 and

tk660) have been previously described (Table HU). Cultures were grown on
agar-solidified or liquid T-19 minimal medium (T-19 MM) and stored as

previously described (Mills and Churchill 1988). Plasmid pUH101 was kindly
provided by Cuss Bakkeren (University of British Columbia; Table III.1) and

contains a 1.4 kilobasepair (kb) fragment from U. hordei that includes the

homeodomain and the variable region of the b west mating type gene, and the
region between the b west mating and b east mating type genes.
Blue Script KS+ (Stratagene, La Jolla, CA) and pUC19 (Gibco BRL,

Gaithersberg, M.D.) plasmids were used as cloning vectors, and the plasmids
used in this study (Table 1) were maintained in Escherichia coli DH5a, which
was grown on Luria-Bertani medium (Maniatis et al. 1982) containing 100 µg /m1

ampicillin. Plasmids were extracted using a modified method of Holmes and
Quigley (1981), in which ammonium acetate was substituted for sodium acetate
to precipitate DNA.

DNA hybridizations
CHEF-resolved chromosomes and restriction fragments from total

genomic DNA were nicked with ultraviolet light, blotted onto Genetran nylon
membranes (Genetran, Plasco, Woburn, MA) using 0.4 N NaOH to denature and
transfer the DNA. The blots were baked at 80° C for 2 hr to bind the DNA to the
membrane.
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Table III.1. Strains and plasmids used in this study

Designation

Relevant
characteristics

Source or reference

Tilletia caries
Monokaryotic
strains
tc120
tc920
tc960
tc3060

race 1
race 9
race 9
race 30

Russell and Mills, 1993
Russell and Mills, 1993
Russell and Mills, 1993
Russell and Mills, 1993

Race unknown
Race unknown
Race unknown
Race unknown

Russell and Mills, 1993
Russell and Mills, 1993
Russell and Mills, 1993
Russell and Mills, 1993

1.4 kb BamHI fragment
of the U. hordei b west
mating type gene

Bakkeren et al., 1992

1.4 kb BamHI T. caries
fragment in pUC19

This study

438 by EcoRI-BamHI
pOSU1019 subclone
pUC19

This study

748 IN SphI-EcoRI
pOSU1019 subclone
pUC19

This study

306 bp XhoI-EcoRI
pOSU1019 subclone in
BlueScript KS+

This study

931 bp BamHI-EcoRI
pOSU1019 subclone in
BlueScript KS+

This study

T. controversa
Monokaryotic
strains
tk220
tk310
tk660
tk810

Plasmids
pUH101

pOSU1019
92011EB

92011SE

92011XE

92011BE

92011BP

857 IN BamHI-PstI
pOSU1019 subclone
pUC19

This study
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The random priming technique of Feinberg and Voglestein (1983) was used to

make radiolabelled DNA probes. Prehybridization (30 min.) of the membranes
and the hybridization reactions (4 to 8 hr) with homologous fragments were
conducted in 7% SDS containing 0.25 M Na2PO4 (pH 7.2) at 65° C using a

hybridization oven (Robins Scientific corp., Sunny Vale, CA ). The blots were
washed for 30 minutes at 65° C first in 1% SDS and 0.1 M Na2PO4 (pH 7.2), then

in 1% SDS and 0.02 M Na2PO4 (pH 7.2). Hybridizations carried out with

heterologous probes were accomplished as above except that the temperature

was maintained at 55° C rather than 65° C. Blots hybridized with heterologous
probes were washed for 30 minutes each at 55° C in the following solutions: 0.1
M Na2PO4 (pH 7.2) and 5% SDS; 0.02 M Na2PO4 (pH 7.2) and 5% SDS; 0.1 M

Na2PO4 (pH 7.2) and 1% SDS; 0.02 M Na2PO4 (pH 7.2) and 1% SDS. The

membranes were exposed to Kodak XOMAT film and stripped in boiling 0.1%
SDS.

Isolation of T. caries restriction fragments from agarose gels

The method used to extract total genomic DNA from T. caries has been
previously described (Russell and Mills, 1993). Total genomic DNA was
digested with BamHI and electrophoresed in 0.9% SeaPlaque GTG agarose (FMC
Bioproducts, Rockland, ME) which was buffered with TAE (Maniatis et al., 1982).

Agarose slices containing digested DNA were cut from the gel, and in-gel

ligations and transformations were conducted according to the instructions
provided by the manufacturer of the agarose.

Preparation of intact cells for CHEF-PFGE and electrophoresis conditions

The method of preparing intact cells for CHEF-PFGE and the system
used for separation of chromosome in ultrapure agarose (IBI, New Haven, CT)
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have been previously described (Russell and Mills, 1993). The chromosomes
were electrophoresed in 1X TAE buffer (Maniatis et al. 1982) maintained between

12° and 15° C. Electrophoresis parameters consisted of an initial 480 second
pulse at 100 volts (V) (3.5 V/cm) for 48 hr, followed by an 1,800 second pulse at

50 V (1.5V/cm) for 24 hr. The bands were stained with ethidium bromide (3

gg/m1) in IX TAE for 30 minutes, and photographed after destaining overnight
in 1X TAE. Molecular size markers included the chromosomes of Saccharomyces
cerevisiae and Schizosaccharomyces pombe purchased from Bio-Rad
Laboratories.

Subcloning and DNA Sequencing
A series of subclones was generated by isolating resolved restriction
fragments from agarose gels buffered with TAE using the Gene Clean kit (Bio

101, La Jolla, CA). The isolated fragments were ligated into either pUC19 or
Blue Script KS+ vectors. DNA sequencing was performed by the Central Service
Laboratory located at OSU using the 373A DNA sequencer (Applied Biosystems,

Inc.) and dyedeoxy terminator Taq sequencing protocols.
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RESULTS

Cloning of a T. caries BamHI fragment homologous with the U. hordei b west

mating type gene
Total genomic DNA of both U. hordei and T. caries (strain tc920) was

digested with BamHI, electrophoresed, and blotted. A single BamHI fragment in
both samples was shown by Southern hybridization analysis to hybridize with
the insert in pUH101 (Fig. III.1). A single band about 6.5 kb in size was identified

in the U. hordei sample, which was in agreement with the published results of
Bakkeren et al, (1992). The fragment identified in T. caries strain tc920 was

determined to be ca. 1.4 kb, and approximately the same size as the probe (Fig.
III.1). A region spanning 1.3 to 1.5 kb was excised from a gel containing BamHI

T. caries fragments, and the fragments were ligated into pUC19 using an ingel
ligation protocol. The cloned BamHI fragments ranging in size from 1.3 to 1.5 kb

were released from the vector by digestion with BamHI and fractionated by gel
electrophoresis (Fig. III.2A). The gel containing these fragments was blotted and
probed with the insert in pUH101. A single insert (ca. 1.4 kb) strongly
hybridized with the probe (Fig. III.2B, lane 4), and a plasmid containing this 1.4

kb fragment was named pOSU1019. The probe also hybridized with the pUC19
vector as well, presumably because of sequence homology between the insert in
pUH101 and the vector, because the insert also hybridized with fragments of the
1 kb size standard (see Fig. III.1, lane 1).

Hybridization analysis with the 1.4 kb T. caries fragment

A hybridization probe made of the insert in pOSU1019 hybridized
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KB

1
OD

23
SO

J

Figure III.1. Identification of a T. caries BamHI fragment that shares homology
with the insert in pUH101. Lane 1, 1 kb size standard; lane 2, U. hordei total
genomic DNA; lane 3, total genomic T. caries DNA (strain tc920). A band of
approximately 1.4 kb in size was identified in T. caries strain tc920 (see arrow)

that hybridized weakly with the probe.
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Figure 111.2. Identification of a cloned T. caries fragment that has homology

with the insert in pUH1 01. A) Ethidium stained gel of BamHI-digested

plasmids containing randomly cloned fragments of strain tc920 that were

approximately 1.4 kb in size. B) Autoradiogram of the blot of the gel shown in
Panel A, probed with the insert in pUH1 01. For both panel A and B: lane 1, 1

kb size standard; lanes 2 8, plasmids with cloned inserts. The insert in lane 4

hybridizes strongly with the insert in pUH101. Hybridization conditions were

similar to those described for Figure W.
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Figure 111.3. Autoradiogram of a CHEF-PFGE blot probed with the 1.4 kb
T. caries fragment. lanes 1-4; Tilletia controversa stains tk220, 310, 810,
660, respectively, and lanes 5-8; T. caries stains tc920, 960, 120, 3060,

respectively.
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with two or three CHEF-PFGE separated chromosomes in four strains each of T.
caries and T. controversa (Fig. 111.3). Two chromosomes hybridized with the

probe in stains tk310, tk810, and tk660, and homology was detected to three

bands in the remaining stains. The chromosomes identified ranged between
1,500 kb and 2,100 kb (Fig. 111.3).

Southern analysis with the 1.4 kb fragment to BamHI digested total
genomic DNA from both T. caries and T. controversa identified a single 1.4 kb

band in both samples. However, a band was not detected in BamHI digested
total genomic U. hordei DNA, possibly because of the small amount of U. hordei
DNA present on the blot.

Sequence and sequence comparison of the 1.4 kb T. caries fragment
The 1.4 kb cloned T. caries fragment in pOSU1019 was subcloned, and a

restriction map and the strategy used to obtain its sequence is presented in
Figure 111.4. The entire fragment was sequenced in both directions, with the

exception of approximately 100 by which was only sequenced in one direction.
The fragment was determined to be 1,369 basepairs (bp) in length (Fig. 111.5). A

51 by sequence representing the conserved homeodomain-related motif of U.
hordei (Fig. 111.6) was compared with the 1,369 kb fragment of T. caries and, two

regions 14 and 16 by in length were identified which had 75 and 81% match (Fig.

III.6A). However, using a computer program these sequences were translated
into their three possible reading frames, but neither region appear homologous
with the amino acid sequence of the conserved homeodomain of U. hordei.
The amino acid sequence of the consensus homeodomain of mating type
genes of several other fungi (WF_N_R; Scott et a1.,1989) and flanking regions,

were compared to the putative amino acid sequences encoded by the 3 reading
frames encoded by the 1,369 kb T. caries fragment.

B

S

X

P

E

B

0.5 KB
1

SCALE

Figure 111.4. Restriction map of the 1.4 Kb T. caries fragment that hybridized with the b west mating type gene

from U. hordei. Arrows indicate regions within the insert that have been sequenced and the direction of
sequencing. Restriction sites: BamHI, B; SphI, S; XhoI, X; PstI, P; EcoRI, E.
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40

50

60

GGATCCCGCT CGGCCTTATG TGCTTTACGT GGACGTGGTT TTGGTGCGGT ATTGCACCAG
70

80

90

100

110

120

GTCTTTGAGG TGGATCGAGT AAGGAGATCC GGCACCGGCT GTGTCGCTTT CCGCTGCGGC
130

140

150

160

170

180

GATTCCCGTG CAGTAGTCTC GTTGCTTCCA TCCACGGTCG CACGCGAGCT TTGGCATGCC
190

200

210

220

230

240

TGGCTATGTC GAGACCGCCA CTTTGGCCCA ATCCTTCGCG CTCTGGATGC TGGTGTTGAG
250

260

270

280

290

300

GAGCCTGAGT GGGTGATGCA GGATGGTCTC CTCATTCGCC GCCAAGATGG GCTGCTCGCG
310

320

330

340

350

360

CTACCCGAAG CGGTCTTCCG GACATCCTTC GCACCGTCCA TGATCAACGC GGTCACTTCG
370
380
390
400
410
420
GAT TCACCAA GACGTATCTG GCTGTTCGGC GACATTTCTG GCGTTCGGCG CTGTCAGTTG
430
440
450
460
470
480

CTGTTCGAGC CTGGGTTAAG CATTGCCCAC CTTCGTTGCA ACGAAGTTGG CACGCCGGAC
490
500
510
520
530
540
CGGACGGT TA GATGTCGAGG ATGACGCCTC CCTCCCGTTC AAGTCCATCT CGGTGGACTT
550
560
570
580
590
600

ATTGCTGGGT TTCCCGCGGT CGAGGGCTGG TAATCATGCC GTCCTTGTGG TGTTGGACCT
610

620

630

640

650

660

GTTCTCGCGC ATGATCCTGC TCGAGCCGTG CGCCGCGTCG GTCACGGCTG AGGGTGTCGC
670

680

690

700

710

720

CGCTATCCTC AGCGACCGCG TGCTCCGTTA CGGATGGCGA CCGAGTCGCT TGATCCCGGA
730

740

750

760

770

780

CTCGGAAGCG CGGTTGTCCG GCGTCGTTAT GTCTGCCTTA GCGACGTCGC TGGGAGCTGT
790

800

810

820

830

840

GTTGTGCCGT CGGTCCCTCA TCACCACCAA GCCAACCCGG TCGACACGGT CTATCCAGAC
850

860

870

880

890

900

CGTCAAGCGC GTCCTGCAGA CGTTGTGCTT GGACTCCCGT GCTCATTGGG ATCAAGCGCG
910

920

930

940

950

960

CCGTACCTGC CGCGGAGTTG GCCATGAATT CCTAACCCCG TCDGTGTCCA CCGGCGTTTG
970

980

990

1000

1010

1020

TCCGTTCGAC CTGGTCTTCG TTGCCCATCC GGATGTGGTA CACGCCGTCT TTGATGCGCA
1030

1040

1050

1060

1070

1080

AGAGCATGAG GGTGTCGGAT CATTTGTTGA GCGGTTGACG GCGGCGGGAG CGCGGTTGGA
1090

1100

1110

1120

1130

1140

GGATGCTCGT GC CTCGCTGG CGGAAGCTCG TCGCGCTCAA AAAGCGCGCT ATGATGCGGT
1150

1160

1170

1180

1190

1200

CCGGGCGCCG TTGCCCTCGT ATGCTGTAGG GGATGCCGTC TTTGTGCGTT GCCGGATCGA
1210

1220

1230

1240

1250

1260

CCGATTCCGG GTTCCCAGGA GAATAAGCTG GCGCCGAGAA GATGGGTCCT TTCCGGATCA
1270

1280

1290

1300

1310

1320

GTGCGGTCCT TAGTGACCAC CGGGTGCGGT TGGAGCTGCC GGCGGACCTG AGGATTGGAG
1330

1340

1350

1360

1370

ACACGTTTGC GGTCAGTCAG TTGGATGCTG TCCCTGGGGA TGAGGATCC

Figure 111.5. Sequence of the 1.4 kb T. caries fragment that was identified by

homology to the b west mating type gene.
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A
CATCAGCTCACGCTA
TGGTTCATAACGCACGC
CGTCGTTCTGGATGGTCT

51 by sequence representing the conserved
homeodomain-related motif.

B

TGGTTCATTAACGCAC
II
TGGT CACTAA GGAC
1

1

1

1

1

1

1

1

Homeodomain motif

1

Portion of 1.4 kb sequence

Match = 75%
C

TGGTTCATTAACGCAC
1111 11 11 11111
TGGTGCAATACCGCAC

Homeodomain motif
Portion of 1.4 kb sequence

Match = 81%

D
LRNWFINRRR

Homeodomain motif

LR WMI RHR

Portion of transcribed 1.4 kb sequence

111111

Match = 60%

Figure 111.6 Sequence comparison results. In panels A, B, and C the top

sequence is the consensus sequence for the homeodomain of U. hordei and the
lower sequence is that of the 1.4 kb fragment. A) A 51 by sequence representing

the conserved homeodomain-related motif; bold nucleotides represent the most
highly conserved region. B) A 14 by sequence of T. caries that has 75%

homology with the conserved homeodomain, C) A 16 by T. caries fragment with
81% sequence homology to the conserved homeodomain, D) A 8 amino acid

sequence of the translated 1.4 kb fragment that shared 60% match with
homeodomain motif.
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One region of similarity (60 % match) was identified (Fig III.6C), but this region

showed variability at the site of the most conserved amino acids (eg., WF_N_R,
Fig. III.4C), and homology was not detected in either the upstream or down
stream flanking regions of the conserved homeodomain.
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DISCUSSION

A single 1.4 kb BamHI fragment from T. caries and T. controversa was

identified by Southern hybridization with a 1.4 kb BamHI fragment of U. hordei

that spans a portion of the b west mating type gene. That the size of the BamHI
fragment identified in T. caries was 1.4 kb as well, is fortuitous because BamHI

digested DNA from U. hordei probed with the b west mating type gene
hybridized with either a 6.6 or a 8.5 kb fragment (Bakkeren et al., 1992). Yet, a b
west probe did hybridize to either a 1.2 or a 2.9 kb fragment in U. aegilopsidis, U.

nigra, and U. bullata (Bakkeren et al., 1992). Indicating the mating type genes
can be located on restriction fragments of widely different size.
The nucleotide sequence of the 1.4 kb BamHI fragment from T. caries

was determined for both strands except for 300 by on one strand and 50 by on
the other strand, and its size was determined to be 1,369 basepairs (bp). A search
of the gene bank for sequence homology with the 1,369 kb T. caries fragment

identified several genes which have 52% or less homology. The highest detected

homologies were with bacterial and trypanosoma genes, suggesting these
similarities are of little consequence with regard to mating type genes.
A 51 by nucleotide sequence which contains the conserved
homeodomain-related motif (Scott et a1.,1989) from the b west mating type gene
of U. hordei, had homology with regions within the 1,369 kb T. caries fragment.
Although two 14 and 16 by regions of 75 and 81% match were detected, these

regions do not appear to contain a conserved homeodomain.

A computer generated putative translation product of the U. hordei
homeodomain had a 60% match to an 8 amino acid region within a computer
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generated putative amino acid sequence of the 1,369 kb T. caries fragment.
However, only 1 of the 8 amino acids aligned with one of the 4 most conserved

amino acids in the homeodomain motif (Fig. III.6C). This result suggests that the
1,369 kb fragment does not contain a consensus homeodomain present in mating
type genes of other fungi (Scott et a1.,1989).

The homology between the 1,369 kb T. caries fragment and the U. hordei

mating type gene appears to be the result of many small regions with sufficient
homology (70 %) to promote hybridization with conditions used for
heterologous probing. The 1,369 kb fragment had many regions of 30 to 60 by

that shared approximately 70% residue homology with the b west mating type
gene of U. hordei.

Cloning the mating type genes from these pathogens is a worth while goal
and would provide valuable information about the genetic relatedness of T.
caries and T. controversa, as well as providing insight into the organization of
the mating type genes. Probing the genomes of Tilletia with both of the a and b

mating type genes of various fungi may also be useful approaches in attempts to
clone the mating type genes of Tilletia.
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Appendix I

The effect of SDS concentration and temperature on the resolution of
electrophoretic karyotypes from intact mycelia and sporidia of Tilletia
Schwartz and Cantor (1984) first separated megabase-sized DNA from
Saccharomyces cerevisiae using pulsed-field gel electrophoresis (PFGE). Later,
Carle and Olson (1985), using orthoginal-field gel electrophoresis (OFAGE)

obtained the first electrophoretic karyotype and determined that the physical
number of resolvable DNA bands (16) corresponded very well with the
established number of linkage groups (17), providing good evidence that these

DNA bands represented intact chromosomes. The examination of
electrophoretic karyotypes has provided valuable insight into the physical
characteristics of their genomes, as well as providing new techniques for the

study of fungal genetics. For example, the removal of individual chromosomes
from agarose gels makes feasible genetic analysis of much smaller units of DNA
relative to the entire genome (for a more complete review of this subject see Mills
et al., 1993).

The capacity to obtain quality fungal electrophoretic karyotypes has

previously depended upon the ability to generate large quantities of protoplasts.
However, the necessity of using protoplasts excluded many phytopathogenic
fungi from electrophoretic karyotypic analysis. Recently, McCluskey et al. (1990)

developed a method that allows karyotypes to be obtained from intact cells

without the need to generate protoplasts.
This appendix outlines the protocol, with recent modifications, for
obtaining karyotypes of Tilletia, which was the contribution of Brian W. Russell

120

to the publication by McCluskey et al. (1990). The most recently adopted

protocol for preparing chromosomes samples of intact mycelia or sporidia for
PFGE is presented below.
1)

Inoculate 125 ml of T-19 liquid medium with 5 ml ground
stationary Rhase culture, and incubate with shaking (150
RPM) at 16° C for 36 to 48 hr.

2)

Harvest 35 ml of culture by centrifugation: 2,000 X g for 10
min.

3)

If the mycelia cannot be pipetted, grind the mycelia by
suspending the pellet in 10 ml grinding buffer (1 M sorbitol,
25 mM EDTA pH 8.0, 25 mM Tris pH 7.5, and 0.2 mM
a urintricarboxylic acid [Sigma, St. Louis, MO]), and macerate
the mats in a glass tissue grinder.

4)

Transfer the cell suspension to 1.5 ml microfuge tubes and
centrifuge at 5,000 X g for 2 min.

5)

Suspend each pellet in an equal volume of molten (50° C)
1,75% low gelling temperature agarose dissolved in 500 mM
sorbitol and 125 mM EDTA pH 8.0.

6)

Immediately cast the mixture into the wells of a plug
forming-mold and allow to cool at 4° C for 15 min.

7)

Incubate 5 to 10 plugs in 20 ml of 0.425 M EDTA pH 8.0, 1.5%
sodium dodecyl sulfate (SDS), and 1 mg/ml protease (Sigma
type XIV) at 50° to 65° C for 24 hr. Change the solution after
12 hr. Incubation at 65° C may be helpful with some strains
that produce karyotypes with faint bands above 2,500
kilobase pairs.

8)

Rinse plugs once with 5 ml of 0.5 M EDTA pH 8.0, then store
in 0.5 M EDTA (pH 8.0) at 4° C.

Examples of karyotypes obtained from protoplasts, and initial karyotypes from
intact mycelia and sporidia are presented in Figure IV.1: Lanes 5-7 are

karyotypes obtained from intact cells. The chromosomes were able to migrate
from intact cells which were treated only with SDS and protease. The karyotypes

produced from intact cells were preferable to those obtained from protoplasts
because they were cleaner and less diffuse (Fig. IV.1, lanes 2, 3, 8)
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Figure IV.1. Comparison of electrophoretic karyotypes from protoplasts and
intact cells. 1% agarose gel run 72 hr in 0.5X TBE at 105 volts (V) (3.15 v/cm)

with a 480 pulse time. Lane 1, chromosomes of S. cerevisiae; lanes 2, 3, and 8, T.

caries protoplasts; lane 4, example of degradation of DNA with some protoplast
preparations; lanes 5 and 6, T. caries mycelia; lane 7, T. caries sporidia.
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enabling a more accurate determination of band numbers. The fainter bands
observed with the karyotypes from intact cells were presumed to result from
fewer nuclei per plug volume relative to that of plugs cast with protoplasts.

However, in subsequent studies this problem was alleviated, and the current
protocol produces karyotypes with very intense bands (see Fig. 11.3).

A frequent problem associated with the preparation of protoplasts from
Tilletia was the degradation of the DNA (Fig IV.1., lane 4). This problem has

been entirely eliminated by using intact cells and the protocol described above.

In addition, this procedure is rapid and much more reliable allowing concurrent
analysis of many samples.

To optimize the conditions that allow the chromosomes to migrate
through the cell wall of agarose-embedded mycelia and sporidia, the effects of
varying concentrations of SDS, temperature and protease were examined. SDS
concentrations above 1 to 1.5% SDS provided no apparent improvement in the

visualization of individual chromosomes stained with ethidum bromide (Fig.
IV.2). However, elevating the temperature of the solution in which the agarose
plugs were incubated from 55° C to 65° C, allowed better visualization of the
lager DNA bands in some strains (Fig. IV.3). Increasing the protease
concentration from 1 to 2 mg \ ml had no noticeable effect on the visualization of

individual bands (data not shown).
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Figure IV.2. The effects of increasing concentrations of SDS on the migration of

DNA from intact mycelia and sporidia. Electrophoresis conditions: 0.9% agarose
gel (medium EEO), run in 0.5X TBE starting with a 800-480 sec ramp at 110 V (3.3

V/cm) for 24 hr, followed by a 480-240 sec ramp at 100 V (3 V/cm) for 24 hr, and
ending with a 240-120 sec ramp at 155 V (4.6 V/cm) for 36 hr. Plugs of strain f30

were incubated at 50° C for 24 hr with 1 mg/ml of protease (Sigma, type XIV)
and 0.5 M EDTA pH 8.0. Lane 1, chromosomes of S. cerevisiae; lane 2, no SDS
and 0.5 M EDTA; lane 3, 0.5% SDS and 0.475 M EDTA; lane 4, 1% SDS and 0.45

M EDTA; lane 5,1.5% SDS and 0.425 M EDTA; lane 6, 2% SDS and 0.4 M EDTA;
lane 7, 2.5% SDS and 0.375 M EDTA; lane 8, 3% SDS and 0.35 M EDTA.
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Figure IV.3. The effect of incubating plugs of intact mycelia and sporidia at
elevated temperatures. 1% agarose gel (medium EEO) run in 0.5 X TBE with 480
sec pulses at 100 V (3 V/cm) for 65 hr. Lane 1, chromosomes of S. cerevisiae;

plugs of tc3060 incubated at 50° C, lane 2, and 65° C, lane 3; plugs of tk660

incubated at 50° C, lane 4, and 65° C, lane 5.
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Appendix II

CHEF parameters that target resolution of specific-size chromosomes of Tilletia

To take advantage of the most recent innovative and powerful
applications of CHEF gel electrophoresis, it is frequently necessary to isolate an

individual chromosome, or chromosomes within a given size range. It is also

pertinent to determine the actual number of chromosomes present within bands
that are assumed to contain more than a single chromosome. Soon after the
introduction of pulsed-field gel electrophoresis, several papers were published
that addressed the various parameters that can be varied which effect the
migration properties of chromosomes. The resolution of chromosomes within a
specific size range can be accomplished by varying the concentration and type of
agarose, the type of electrophoresis buffers, as well as varying the temperature,
the voltage, and the pulse parameters (for review see Vollrath and Davis, 1987;
Birren et al., 1988; Mathew et al., 1988a; Mathew et al., 1988b).

During the course of this research, most of the above parameters were
empirically tested to optimize conditions for the resolution of chromosomes of

Tilletia spp. Presented below are some of the parameters that were varied, and
the effect they had upon chromosome migration and resolution. In future studies
these results should be of assistance when calculating appropriate parameters for
resolving specific-sized chromosomes.

A wide variety of agarose types is available that range from inexpensive
crude preparations (eg., Sigma type 11[medium EEO]) to expensive high tinsel
strength agarose specifically designed for pulse-field gel electrophoresis (eg.,
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chromosomal grade agarose, Bio-Rad). Presented in Figure V.1 is a 0.9%

composite gel cast with Sigma type II agarose (Panel A) and with ultrapure
agarose from l BI (low EEO) (Panel B). There is a noticeable difference in the

distance the chromosomes of a particular size have migrated through each type
of agarose, as well as the resolution and sharpness of those chromosomes. Band
sharpness is compromised with the IBI agarose giving the appearance that it is a
lower concentration of agarose. Presented in Figure V.2 is the of resolution of the
largest chromosomes of T. caries in chromosomal grade agarose.

Two electrophoresis buffers are commonly used in association with
pulsed-field gel electrophoresis. Both are Tris (Trizma base, Sigma) buffers that
contain EDTA (ethylenediamine-tetraacedic acid, Sigma), and either borate (TBE,
Maniatis et al., 1982) or acetate (TAE, Maniatis et al., 1982). TBE is less prone to

break down and is preferred with electrophoresis parameters that use higher
voltages. On the other hand, the TAE buffer appears to function better when
lower voltages and extended periods of electrophoresis are required. Moreover,
the electrophoresis time required to resolve the larger chromosomes appears
reduced (compare Fig. V.3 and Fig. I.1B).

Variation of the length of pulses and voltages used is a third parameter
that allows for the resolution of chromosomes of a specific size. Initial selection

of useful pulse parameters and corresponding voltages from published
guidelines is not straightforward, but the visual comparison of migraton rates
with various parameters, and their influence on chromosome resolution makes
initial selection of parameters and voltages much easier. Presented in Figure V.4
are parameters that are useful for the resolution of the smallest chromosomes of
Tilletia (ca. 290 kb to 1,300 kb). Suitable parameters for the resolution of the

largest chromosomes of Tilletia (between 3 and 5 megabasepairs) are illustrated
in Fig. V.2 and Fig. V.3.
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Figure V.1. The migration of chromosomes in medium and low EEO agarose.
Run parameters consisted of a 24 hr ramp of 840 sec to 240 sec at 100 V (3 V/cm),
followed by a 24 hr ramp of 240 sec to 120 sec run at 150 V (4.5 V/cm). Panel A,
lanes 1-5, 0.9% Sigma type 11 agarose (medium EEO); Panel B, lanes 6-10, 0.9%

ultrapure IBI agarose (low EEO). Lanes 1 and 6, S. cerevisiae; lanes 2 and 7, T.
caries strain tc920; lanes 3 and 8, F1 strain f1260; lanes 4 and 9, Nectria
hematococca strain T57; lanes 5 and 10, N. hematococca strain 8A-59.
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Figure V.2. Resolution of the largest chromosomes of T. caries using

chromosomal grade agarose. The gel was composed of 0.6% chromosomal grade
agarose (Bio-Rad) and 0.5X TBE. The run parameters consisted of 120 hr ramp
from 1800 sec to 3600 sec, the first 50 hr at 50 Volts (V) (1.5 v/cm), and the final
70 hr at 45 V (1.35 V/cm). Lane 1, S. pombe; lanes 2 and 3, T. caries strain tc920.
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Figure V.3. The effect of TAE buffer on the resolution of the larger chromosomes
of Tilletia. The gel was composed of 0.86% agarose and 1X TAE buffer. The run
parameters consisted of a 24 hr 1800 sec pulses at 50 V (1.5 V/cm), followed by
48 hr of 480 sec pulses at 100 V (3 V/cm). Lane 1, S. pombe; lanes 2-5, strains
tc3060, tc120, tc960, and tc920, respectively; lanes 6-9, strains tk660, tk880, tk310,

and tk220, respectively; lane 10, strain tc26b-1.
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Figure V.4. Electrophoresis conditions that resolve the smallest chromosomes
of Tilletia. The gel is compose of 1.1% IBI agarose and 0.5X TBE and was run
with a 120 sec pulse for 36 hr at 120 V (3.6 V/cm). Lane 1, S. cerevisiae; lanes 25, strains tc3060, tc120, tc610, and tc920, respectively; lanes 6-8, strains tk810,

tk220, and tk310, respectively.
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Appendix III

The formation and regeneration of protoplasts of Tilletia

Many molecular techniques require the production and regeneration of
protoplasts: examples include the preparation of cell membranes, obtaining cell
free extracts, protoplasts conjugation, and many others (Villanueva and Acha,

1971). In addition, transformation of many phytopathogenic fungi requires the
formation and regeneration of protoplasts (Wang et al., 1988). Numerous cell
wall degrading enzymes are commercially available that possess different
enzymatic activities (Hamlyn et al., 1981). Besides choosing the correct enzyme

or enzymes that optimize protoplast formation for a particular fungus, it is
equally important to choose an appropriate osmoticum to stabilize the
protoplasts during cell wall removal. A suitable osmoticum also must be chosen
to amend the regeneration medium because certain osmotica, have been reported
for to reduce the viability of protoplasts or inhibit regrowth (for review see
Villanueva and Acha, 1971; and Hamlyn et al., 1981).

Protoplasts were obtained from mycelia, secondary sporidia, and
germinating secondary sporidia of Tilletia spp. using the current protocol
presented below.
1)

Inoculate 100 ml of T- 19 liquid medium with 5 ml of ground
(pyrex tissue grinder) late- og phase culture, and incubate at
16° C with shaking (150 RPM) for 24 to 48 hr. Alternatively,
inoculate 100 ml of T-19 liquid medium with secondary
sporidia collected from 100 ml of culture and grow the
germinating sporidia for approximately 24 to 36 hr at 16° C
(150 RPM).

2)

Harvest 35 ml of the mycelial culture or all of the sporidial
culture by centrifugation at 2,000 X g for 10 minutes.
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3)

Suspend the pellet (ideally 1.5 to 2 grams wet weight) in 10
ml of 25 mM Tris-HC1 (pH 7.5), 25 mM EDTA, and 10 mM
dithiothreitol (DDT, Sigma); incubate at room temperature
(RT) for 15 minutes.

4)

Collected cells by centrifugation at 2,000 X g for 10 minutes.

5)

Suspend the pellet in 10 ml of digestion buffer (1 M sorbitol,
25 mM Na2HPO4, 25 mM NaH2PO4, pH 5.8) with 32
bxgU /m1 Novozyme and 4,00011/m1 P-glucuronidase.
Incubate at RT with constant gyration for 2 to 3 hr.

6)

Filter the digestion solution containing the protoplasts
through either a 20 micron nylon membrane or miracloth
(Calbiochem) to remove undigested cell debris from the
protoplasts.

7)

Centrifuge at 1,000 X g for 15 minutes to collect protoplasts.

8)

Rinse the Protoplasts twice in a solution containing 1 M
sorbitol, 25 mM tris-HC1 (pH 8.0), and 25 mM CaC12. Collect
the protoplasts by centrifugation at 1,000 X g for 15 minutes.

Protoplasts were generated from germinating secondary sporidia
collected from a late-log phase culture that produced abundant secondary
sporidia. Secondary sporidia were collected from a 100 ml culture by passing the
culture through either miracloth (Calbiochem) or glass wool. Use all the
collected secondary sporidia to inoculate 100 ml of fresh liquid T-19 medium and

grow the sporidia as above. This will give the sporidia ample time to germinate

and produce many new hyphal tips. Protoplasts obtained from ungerminated
secondary sporidia are presented in Figure VI.2. It should be noted that
protoplasts generated from secondary sporidia was less efficient than from either
mycelia or germinating secondary sporidia. In addition, it was common for
multiple protoplats to emerge from a single sporidium, gernerating many

anucleate protoplast that were evident when stained with the nuclear dye
Mithromycin A (data not shown).

Protoplast regeneration can be inhibited if the cells are not thoroughly

wash free of the wall-digesting enzymes. To enhance regeneration, the
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Figure VI.1. Formation of protoplasts from secondary sporidia of T. caries.

Arrows depict protoplasts.
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protoplasts were first separated from the undigested material, washed twice
with a 1 M sorbitol, 25 mM Tris-HC1 (pH 8.0), 25 mM CaC12 solution, and

suspended in 200 ml of the same solution. Finally, 100 ml of the protoplast
suspension was gently spread onto agar-solidified T-19 medium amended with 1

M sorbitol. Contamination can be a serious problem because the regeneration
time is long. Therefore, it is very important to have sterile solutions throughout.
Hyphae began to emerge from protoplasts 17 days after being plated
(Fig. VI.2A), and well defined colonies were present after approximately one
month (Fig. V 1.2B). Initially the hyphae grew atypically producing areas of

discrete spherical swelling along their length. However, when these colonies
were transferred to T-19 medium without sorbitol, growth appeared normal.
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Figure VI.2. Regeneration of protoplasts on T-19 medium osmotically stabilized

with 1 M sorbitol. A) protoplasts with newly emerging hyphae (arrows). B)
colony with atypical growth formed by the regeneration of a single protoplast on
medium containing 1 M sorbitol.
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Appendix IV

Color photographs of ethidium bromide-stained CHEF gels

Typically, black and white photographs of ethidium bromide-stained
gels are used for publications and posters. At times, a colored photograph of an
ethidium bromide stained CHEF gel could add special effect, because stained
CHEF gels illuminated with ultraviolet light have chromosomes that fluoresce

bright orange, and the agarose appears a light blue making the chromosome

banding pattern more vivid. Presented below is a method of taking color
photographs of ethidium bromide stained CHEF gels.
CHEF gels were electrophoresised to separate the chromosomes and

stained with 3 mg/ml of ethidium bromide. The gels were destained in about
500 ml of 0.5X TBE (Maniatis et a1.,1982) buffer over night with 2 to 3 changes of

buffer. The destained gels were place on a thin piece (4 mm) of hard black
plastic which rested on a support, (eg., a Styrofoam box) (Fig. VII.1). The camera

was positioned overhead on an adjustable mount and transilluminatiors were
positioned upright on each side of the gel but outside the camera's field of view
(Fig. VII.1). Fujicolor (200 ASA) film was used, but other film types and speeds

would have been satisfactory.

To minimize UV exposure, the transillumiators were angled inward and
care was taken to ensure that a full-face shield was used to protect all parts of the
face. The exposure times were varied to compensate for the intensity of the
fluorescing bands. However, exposure times of 2 to 4 seconds with an F-stop of
2.8 were determined to be optimal (Fig. V11.2). It is advisable to bracket this F-

stop setting with at least 5 different exposure times to ensure a proper exposure.
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Figure VIII. Diagram of the apparatus used to take color photographs of
ethidium bromide-stained CHEF gels.
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Figure VII.2. Color photograph of ethidium bromide-stained CHEF gel. The
gel was composed of 0.9% IBI agarose and 0.5X TBE. The run parameters
consisted of 16 hr of 480 sec pulses run at 100 V (3 V/cm), followed by a 23 hr
ramp of 240 sec to 120 sec run at 150 V (4.5 V/cm). Lanes 1, 4, 7, and 10, T.

caries strain tc920; lanes 2, 5, and 8, T. controversa strain isolated from Malcom
wheat; lanes 3, 6, and 9, T. foetida strain L310.

139

Appendix V

Assignment of DNA fragments and genes to specific chromosomes via

Southern hybridization
The analyses of electrophoretic karyotypes have revealed a high degree
of karyotypic variability among fungi which have been shown to be anueploid
(Bakalinsky and Snow, 1990), and it has been suggested that chromosomelength polymorphisms (McCluskey and Mills, 1990; Russell and Mills, 1993) can

result from translocations and deletions (Mills and McCluskey, 1990; McDonald
and Martinez, 1991; Talbot et al., 1992). Classical genetic research with Tilletia

spp. has been slow and arduous (Churchill and Mills, 1985) leaving researchers

wanting for a new approach by which to study these pathogens. Pulsed-field
gel electrophoresis (PFGE) technology allows the chromosomes of Tilletia spp.
to be resolved in an agarose gel matrix (Russell and Mills, 1993) and

subsequently blotted onto nylon membranes for Southern hybridization
analysis. The ability to identify various linkage groups identified by homology
with radiolabelled cloned homologous DNA fragments and heterologous
genes, is critical to obtaining further genetic information (McCluskey, 1991)
among different strains of Tilletia.

Marguet et al. (1988) first demonstrated that yeast chromosomes

separated by PFGE could be isolated from agarose gels and used to construct
chromosome-specific libraries. The cloned fragments then could be used as

homologous hybridization probes to identify homologous chromosomes in
other strains. Heterologous conserved genes can also be used to assign DNA
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fragments or genes to specific linkage groups.

The research performed for this thesis has generated numerous
homologous cloned fragments. The inserts from some clones and two
heterologous genes were used as hybridization probes to establish linkage
groups by Southern hybridization in different strains of T. caries and T.
controversa (for analysis of the hybridization results see the discussion in
chapter 1). The assignment of these fragments and genes will be useful for
analysis of the genome organization and plasticity in other strains of Tilletia

spp., and provides a starting point for further mapping studies. Presented in
Figures VIII.1-4 are the graphical representations of some linkage groups

identified by hybridization of probes with the resolved chromosomes of T.
caries, T. controversa, and 5 F1 hybrids. The insert in clone pSF8 (Table 1.1)

contains the single copy actin gene from Aspergillus nidulans. Clones
pOSU1003, 1006, 1105 (Table I.1) are single copy homologous fragments (Fig.

VIII.1 and 3) cloned from either T. caries or T. controversa. Moderately
repetitive DNAs are represented by the inserts in pOSU1101 (Table I.1),
pOSU1019, and pOSU1020 (Table III.1 and Fig. VIII.1), while highly repetitive

DNAs are represented by the inserts in pOSU1001 and 1004 (Table I.1, and Fig.
VIII.2 and 4).
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Figure VIII.1. Graphical representation of the assignment of a heterologous
gene (pSF8), cloned single copy fragments (pOSU1003, 1006, 1105) and cloned

moderately repetitive fragments (pOSU1019, 1020) to the chromosomes of T.
caries (tc3060, 120, 960, 920) and T. controversa (tk660, 810, 310, 220). The

letters a and b positioned next to rectangles represent the linkage groups
reveal by the inserts cloned into the plasmids pOSU1019 and pOSU1020,
respectively.
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Figure VIII.2. Graphical representation of the assignment of cloned highly
repetitive DNA fragments to the chromosomes of T. caries (tc3060, 120, 960,
920) and T. controversa (tk660, 810, 310, 220).
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Figure VIII.3. Graphical representation of the assignment of a heterologous
gene (pSF8) and cloned single copy DNA fragments (pOSU1003, 1006, 1105) to
the chromosomes of T. caries (tc920), T. controversa (tk660), and their F1
progeny (f30, 40, 80, 120, 1260).
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Figure V111.4. Graphical representation of the assignment of a cloned highly
repetitive DNA fragment to the chromosomes of T. caries (tc920), T. controversa
(tk660), and their F1 progeny (f30, 40, 80, 120, 1260).
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