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The objective of this study was to provide basic

information on the interaction of the bunt fungi

Tilletia caries and T. controversa with their host,

Triticum aestivum. Studies on the ability of haploid

strains to colonize wheat heads provided the basis for

experiments in which haploid strains were crossed in

planta. Wild-type and genetically-marked haploid

strains of T. caries and T. controversa injected into

boot-stage heads of susceptible and resistant wheat

cultivars were recovered from the mature heads 4 to 6

weeks after introduction. Viable teliospores were

produced following successful matings of sexually

compatible haploid cultures of T.caries and



T.controversa injected into boot-stage heads which were

grown both in intact plants and in an organ culture

system for wheat heads. The organ culture system

adopted here was determined to simulate natural

infection under controlled environmental conditions.

It served as a basis for the production of hybrid

teliospores formed between strains of T. caries and

T. controversa.

The kinetics of teliospore germination of

T. caries, T. controversa and hybrids formed by the

cross of T. caries, and a genetically-marked strain of

T. controversa, were determined. The time required for

germination of the hybrid teliospores at 4C was

intermediate to that of the parents, suggesting that

this trait may be controlled by a single gene which

exhibits incomplete dominance. Teliospores of the Fl

generation failed to germinate at 18C suggesting that

this trait is controlled by a dominant gene present in

the T. controversa parental strain. The genetic marker

was recovered in the Fl generation, indicating that

drug-resistance markers may be used in future crosses.
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THE GROWTH OF WILD-TYPE AND GENETICALLY-MARKED
STRAINS OF TILLETIA CARIES AND T. CONTROVERSA IN

SUSCEPTIBLE AND RESISTANT WHEAT CULTIVARS

I. INTRODUCTION

Tilletia spp. are fungi which cause bunt diseases

of many species of Gramineae. Bunt diseases are

characterized by the replacement of healthy kernels

with teliospore-filled sori. T. caries (D.C.) Tul.,

which causes common bunt of wheat, is almost completely

controlled throughout the world by seed treatment,

while T. controversa Kuhn, which causes dwarf bunt,

continues to be a problem in wheat-growing areas with a

persistent snow cover (Hoffmann, 1982). The disease

cycles of T. caries and T. controversa are similar.

Teliospores are released from the sori formed on

infected heads and either adhere to the normal kernels,

or infest the soil. A single teliospore, which

germinates to form a promycelium, produces a whorl of

basidiospores at its tip. Two sexually-compatible

basidiospores often fuse while in the whorl and

germinate to form an infection hypha. Upon contacting

the epidermal cells of the wheat seedling, the

infection hypha develops a penetration peg and enters
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the plant (Churchward, 1940). Once within the plant,

the mycelium becomes established in the apical meristem

(Hansen, 1958; Swineburne, 1963; Fernandez and Duran,

1978). Hyphal proliferation and differentiation during

head development results in the replacement of wheat

kernels with sori filled with teliospores.

Unfused basidiospores can be isolated and easily

cultured as sporidia and hyphae (Trione, 1964). T.

caries haploid cultures are characterized by the

abundant production of single-celled sporidia, which

will conjugate when paired with sporidia or

basidiospores of the opposite mating type. Haploid

cultures of T. controversa are generally mycelial in

nature. The kinetics of sporidial production of T.

caries haploid strains in liquid culture has been

described by Churchill (1983, 1984a). Teliospore-

producing mycelia of T. caries and T. controversa,

which are characterized by thick, pigmented mycelia,

have been cultured only with difficulty (Trione, 1964).

Wheat cultivars resistant to races of T. caries

and T. controversa are distinguished by the bunt-

resistance genes (Bt genes) which they express. Genes

that confer resistance to T. caries also confer

resistance to T. controversa (Hoffmann, 1976). Several

workers have studied the development of infection in

susceptible and resistant cultivars by inoculating



seedlings with germinating teliospore germinations

(Woolman, 1930; Churchward, 1940; Fernandez et al.,

1978). Hyphae were detected in the tissue of young

plants in both cultivars, but diseased heads were

produced only in susceptible plants.

Flor (1931, 1932) and Silbernagel (1961,1963,1964)

inoculated seedlings with haploid cultures of

Z. caries, T. foetida (Walir.) Liro and T. controversa

as controls in studies of interspecific hybridization.

No attempt was made to recover the haploid strains from

the mature plants. The same haploid lines, when

paired with lines of the opposite mating type caused

diseased plants. Churchill (1983) reported the first

studies on the growth of haploid cultures of Tilletia

in plant tissue. Tissue cultures of a susceptible Red

Bobs cultivar were inoculated with a haploid culture of

T. caries and mycelia were visible as a mantle over the

callus tissue and as intercellularly and

intracellularly penetrating hyphae. In another study,

Churchill (1983) injected sexually-compatible haploid

strains of T. caries, which carried different

auxotrophic markers, into the boot of susceptible

plants. Although these cultures were reisolated from

inoculated plants, smutted heads were never formed.

Churchill (1983) suggested that these strains were able

to grow as haploids in the plant.
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There have been conflicting reports on the nuclear

condition of the infection hyphae of T. caries.

Dastur (1921) found infection hyphae to be uninucleate

or multinucleate, but rarely binucleate. Churchward

(1940) observed nuclear pairing only at the pre-

penetration stage; after initial penetration, the

mycelium became coenocytic, with no nuclear

associations. In several cases, he observed hyphae

from single basidiospores penetrating the stomata, but

no further development occurred and he considered these

to be chance events. More recently, workers have

suggested that the pathogenic hyphae are dikaryotic

during the entire infection period through teliospore

formation (Fischer and Holton, 1957; Trione, 1964).

While most workers are in agreement with respect to the

haploid, uninucleate condition of the basidiospores,

there has been some dispute as to, the nuclear condition

of sporidia. Dastur (1921) considered sporidia to be

uninucleate diploids. Wang (1934) observed both

uninucleate and binucleate sporidia. He considered

both nuclei in a single sporidium to be daughters of a

single haploid nucleus. Buller and Vanderpool (1933)

described the sporidia of T. caries as always having a

single haploid nucleus. Recent studies have shown that

sporidia derived from a single basidiospore are

uninucleate (Goates and Hoffmann, 1979, Churchill



1983),whereas those cells produced by fused sporidia

usually have 2 or 3 (Goates and Hoffmann, 1979).

Tilletia species have been traditionally

delineated on the basis of their morphology and their

symptomatology. Young (1935) first recognized dwarf

bunt as a disease distinct from common bunt. However,

he considered the causal organism of dwarf bunt to be a

strain of T. caries. Fischer (1952) recognized

T. controversa as a new, morphologically distinct

species. Currently, T. controversa is distinguished

from T. caries and other Tilletia species by its wide,

deep reticulated exospore and the presence of a hyaline

sheath. T. caries has shallower reticulations and no

sheath. In addition, T. controversa causes stunting of

the infected culms and an increase in the number of

tillers produced. Another criterion for distinction is

the optimum and maximum temperatures at which

teliospores germinate. Teliospores of the dwarf bunt

fungus will germinate at an optimal temperature of 3-5C

in 3-10 weeks and will not germinate at temperatures

above 15C. While T. caries teliospores will germinate

at lower temperatures, their optimal germination rate

occurs at 18C in 3-10 days. Attempts to distinguish T.

caries from T. controversa using structural appearance

of the spore walls (Laseter et 41., 1968),

immunological comparisons (Banowitz et al. 1984) and



other approaches (Hess et al., 1976; Trione et al.,

1977) have not yielded indisputable results.

Flor (1931, 1932) first demonstrated

heterothallism in the bunt fungi. He found that plants

inoculated with haploid cultures of T. caries and T.

foetida, when paired in certain combinations, would

result in diseased plants. Holton (1957), in an

attempt to simplify the study of incompatibility

relationships, suggested that fusion between sporidia

in culture is an indication of their ability to cause

diseased plants, although fusion and the production of

infection hyphae have not been shown to be genetically

linked. In Ustilaqo maydis, two loci, a and b, govern

mating. Locus a, with two alleles, controls cell

fusion; while locus b, with several alleles, controls

the formation of the dikaryotic infection hyphae (Day

and Anagnostakis, 1971).

T. caries and T. foetida have bipolar,

heterothallic mating systems as indicated by both

inoculation of plants with sexually-compatible strains

to yield diseased heads and fusion of sexually-

compatible sporidia (Holton, 1951; Holton and Kendrick,

1957). Multiple allelic heterothallism in

T. controversa has been demonstrated by matings of

haploid sporidia and basidiospores (Hoffmann and

Kendrick, 1957, 1969; Kendrick and Holton, 1960). More



7

recent studies on Tilletia mating systems have focused

on specific events involved in the mating-type

interactions between sporidia of T. caries (Kollmorgen

et al, 1978) and the morphology and ultrastructure of

basidiospores during ontogeny and mating (Kollmorgen et

al. 1978,1979).

Researchers have taken advantage of the ease with

which Tilletia spp. hybridize to study the segregation

of various traits including morphology of the sori and

teliospores and, stunting and tillering effects on the

host plant. Sibernagel (1961) found inheritance of the

hyaline sheath, characteristic of T. controversa, to be

dominant over sheath absence in T. caries. In

addition, the T. controversa sorus shape was dominant

over that of T. caries in these strains. Evidence of

natural hybridization has also been based on the

presence of intermediate characteristics of other

traits among isolates collected in the field (Holton,

1951, 1954). For example, plant height and tillering

upon infection are not controlled by single genes

(Holton, 1954b). Several workers have speculated that

interspecific hybridization may play a major role in

the species dynamics of Tilletia spp. (Conners, 1954;

Riehm, 1954; Holton, 1954a; Holton, Hoffmann and Duran,

1968) .
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Several characteristics of the bunt fungi allow

them to be manipulated for genetic studies (Holliday,

1961). As basidiomycetes, they have a sexual cycle

that permits the study of meiotic recombination. Both

Tilletia caries and T. controversa have an easily

cultured haplophase (Trione, 1964) and the production

of large quantities of single cells simplifies the

isolation of genetically marked cell lines. Strains of

Tilletia spp. form compact colonies on agar media,

which are easily replica-plated. However, the

heterokaryon is difficult to culture (Trione and

Metzger, 1961; Singh and Trione, 1969; Trione, 1974),

and to complete the life cycle, sexually-compatible

haploid strains must be injected into the plant (this

work) or used to infect seedlings (Flor, 1931, 1932;

Sibernagel 1961, 1963).

Past genetic studies of the bunt fungi have lacked

well-characterized genetic markers, which are

controlled by a single locus. Such markers would

eliminate the possibility that other strains of

Tilletia would contaminate experimental plants in the

field or greenhouse, as well as provide the basis for

classical genetic studies leading to the understanding

of the pathogenicity of these organisms. Recently, a

method for obtaining such marked strains in the bunt

fungi has been described and used to isolate



auxotrophic and drug-resistant strains (Churchill,

1983; 1984b).

Genetic studies in the Ustilaginales have centered

around Ustilago maydis because its life cycle can be

completed in a few days and because much of the

genetics of its host, Zea mays, has been elucidated

(Holliday, 1961). As a result, linkage groups have

been determined for many genetic markers in U. maydis

(Fincham, Day and Radford, 1979). It is unfortunate

that past studies of Tilletia spp. have not kept pace

with those of Ustilago spp. The objective of this

study was to provide basic information on the Tilletia-

Triticum interaction and to develop tools for further

studies of this system. As a preliminary

investigation, the endophytic growth of T. controversa

and T. caries haploid strains in the wheat heads of

susceptible and resistant cultivars was characterized.

A system for organ culture of wheat heads was applied

to facilitate experimental crosses of T. caries and T.

controversa under environmentally controlled

conditions. A hybrid resulting from the cross of a

wild-type strain of T. caries and a genetically-marked

strain of T. controversa was developed in organ culture

and its characteristics were determined. The basic

information acquired during this study on the
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interaction of the bunt fungi with their host should

aid in further studies of the Tilletia-Triticum system.
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II. MATERIALS AND METHODS

Origin of wheat plants.

Chinese Spring, a variety of spring wheat

susceptible to all collections of Tilletia spp. , and a

back-crossed derivative of the Red Bobs cultivar, which

carries the Bt 4 gene conferring resistance to races Ti

and T9 of T. caries (Metzger, personal communication),

were used in these studies. These cultivars were

generously provided by Drs. R. Quatrano and A. Metzger,

respectively.

Wheat seeds were surface sterilized in 0.5% sodium

hypochlorite for 4-6 min, rinsed in sterile distilled

water and planted in a pasteurized soil mix of equal

amounts of sand, soil and peat in 4-inch pots. Plants

were maintained in the greenhouse under day and

nighttime temperatures of 20 +/- 5C, and 17 +/-5C,

respectively, with 18hr high-intensity fluorescent

lighting. They were fertilized weekly with Hoagland's

solution (Hoagland and Arnon, 1950).
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Origin of T. caries and T. controversa strains.

The haploid strains of T. caries and T.

controversa used in these studies were isolated from

race T9 teliospores and teliospores from Bozeman, MT,

respectively. Teliospore collections were generously

provided by Dr. E.J. Trione. The origin and culture of

cycloheximide-resistant T. caries strains 26b-cycr and

24c-cycr have been previously described (Churchill,

1983, 1984b). Strain 66D-cycr, derived from a T.

controversa haploid strain, was isolated during this

study by the same procedure.

Media.

Tilletia cultures were maintained on non-

commercial potato-sucrose agar and subcultured every

three to four months. For plant inoculation

experiments, cultures were grown in Trione's defined T-

19 medium (Trione, 1964) and transferred every 5-7 days

as described by Churchill and Mills (1984a). The

drug-resistant cultures, which grow slowly in liquid

medium, were grown on T-19 medium solidified with 1.5%

agar. Strain 66D-cycr was maintained on T-19 medium

containing 18ug/m1 cycloheximide. Strains 24c-cycr



13

and 26b-cycr (Churchill 1983, 1984b) were maintained

on T-19 with 5Oug /ml cycloheximide. Sporidia used to

characterize mating competence were isolated from

haploid cultures grown on one of three media: T-19,

T-19 with 1% sucrose or oatmeal agar (Kienholz and

Heald, 1930).

Tilletia mycelia were recovered from inoculated

wheat plants on a modified T-19CM (T-19 complete

medium) described by Churchill (1983). This medium

contained no nucleic acid precursors and streptomycin

(10Oug/m1) was added to retard bacterial growth.

Teliospores were germinated on 1.5% agar with

10Oug/m1 streptomycin added as a bacterial growth-

inhibitor. Spores were suspended in a small amount of

sterile water and spread across the surface of plates

with a glass rod. T. controversa spores incubated at

4-6C with continuous fluorescent light, whereas

T. caries spores were germinated at 18C under high

intensity fluorescent lighting.

Isolation and maintenance of Tilletia cultures.

Teliospores of T. caries and T. controversa were

germinated and used as inoculum or as a source of

basidiospores. Two methods were used to isolate

basidiospores of T. caries and T. controversa. The
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first was a modification of a procedure described by

Flor (1932). Liquid T-19 medium (1 ml) was added to

the surface of a plate containing germinating

teliospores and was gently spread with a sterile glass

rod to free spores from the agar surface. A drop of

this spore suspension was removed using a sterile wire

loop and streaked across the surface of a T-19 plate to

separate whorls of basidiospores. The plate was then

allowed to dry for several minutes in a laminar flow

hood. Single basidiospores were located under a

dissecting microscope at 50X and isolated by first

aligning and then depressing the end of a glass pasteur

pipet over each spore to break the agar surface. The

cylinder of agar with the spore was removed with a

sterile needle and transferred to a plate of T-19

medium where individual colonies could develop. An

alternate method was used to isolate entire whorls of

basidiospores (Holton, 1951). A small block of agar

containing germinating teliospores was placed on the

bottom of a petri plate and inverted over a microscope

stage equiped with a micromanipulator. Basidiospores

from a single whorl were separated using a glass needle

and either transferred directly to individual blocks of

agar, or allowed to grow up overnight prior to

transfer. The individual blocks were then placed on
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plates of T-19 or PSA slants, where individual colonies

developed.

The hybrid resulting from the cross between

T. caries wild-type strain A1029 and T. controversa

strain 66D-cycr produced basidiospores that were

extremely sensitive to needle manipulation and

dessication. As a result, the whorls were pulled apart

and the basidiospores were allowed to grow on the agar

block for one to three days at 4C before being

transferred. A modification of the streaking method

was also used to isolate basidiospores from the hybrid

cross. The block of agar with germinating teliospores

was inverted onto a plate of T-19 medium and dragged

across the surface. The basidiospores were dislodged

and sufficiently spread to allow for their removal as

described previously using the streaking method.

Analysis of mating competence of T.caries in culture.

Four T. caries haploid cultures-- two of each

mating type-- were maintained in liquid T-19 and

transferred weekly to T-19 plates to obtain sporidia

for mating. The sporidia from strains of opposite

mating type were mated weekly whereas strains of

identical mating type were mated at monthly intervals
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to verify by the incompatible interactions that the

cultures were not contaminated.

A modification of the procedure described by

Holton (1951) was used to characterize mating

responses. Small agar blocks of T-19 were placed on

the end of a sterile scalpel blade and touched lightly

to the surface of each strain to cause sporidia to

adhere to the surface of the agar blocks. The blocks

were subsequently aligned in a row on the bottom of an

empty petri plate which was then inverted over a

microscope stage equiped with a micromanipulator. Six

sporidia from one culture were placed within 15um of

sporidia of opposite mating type. The paired sporidia

were observed after 3 to 6 hours to ascertain whether

conjugation had occurred.

After approximately four months of continuous

culture in liquid medium, the ability of these strains

to produce sporidia declined and a method to enhance

sporidial production was sought. A low-sugar medium

previously described by Kienholz and Heald (1930) to

enhance sporidial production was used. Although this

medium stimulated sporidial production in some cases,

the sporidia were generally small and extremely

sensitive to needle damage. However, a simple

procedure was identified in this study which enabled

these four strains to sporulate profusely on any agar
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medium. Abundant sporidia were produced when cultures

were transferred from liquid medium to any agar medium

and allowed to grow at 4-6C.

In an effort to determine the cause of the loss of

mating competence, both nutritional and environmental

variations were assayed. Cultures were routinely

maintained on T-19 medium and, since this is a minimal

medium, there was the.possibility that nutritional

deficiency reduced mating efficiency. Therefore, for

several weeks, yeast extract and malt extract (1g/1

each) were added to T-19 liquid medium.

Inoculation of wheat plants with haploid strains.

To determine the feasibility of using haploid

cultures to analyze fungal growth in planta, wild-type

and cycloheximide-resistant haploid strains of T.

caries were used to inoculate Red Bobs and Chinese

Spring wheat. In addition, Chinese Spring was

inoculated with T. controversy wild-type and

cycloheximide-resistant haploid strains. In 3

experiments over a 12 month period, plants were

inoculated during the early boot stage by hypodermic

injection of liquid haploid cultures into the boot as

described by Churchill (1983). Four- to 6-day-old log-

phase cultures were harvested by centrifugation at
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3000rpm for 10 mina The pellet was collected, diluted

to the original volume and used as inoculum. In liquid

culture, many strains produced hyphal balls rather than

individual sporidia. These could not be drawn up into

the inoculation needle. Therefore, to standardize

conditions, all cultures were ground in a sterile glass

tissue grinder after centrifugation. Just before

inoculation, prepared strains were streaked across the

surface of T-19 plates to test for contaminating fungi

and to test the viability of the inoculum.

Cycloheximide-resistant cultures were harvested

from liquid culture as described above, or they were

scraped off agar plates with a sterile loop and ground

in T-19 liquid medium in a tissue grinder as described

by Churchill (1983). In either case, they were

collected by centrifugation, rinsed once and brought

back to volume with liquid T-19 medium.

Inoculum was drawn into a 22 1/2 gauge needle and

about 0.5m1 was injected into the boot of wheat plants

in the region of the developing head. Control plants

were injected in a similar manner using liquid T-19 as

inoculum. In addition, uninoculated plants served as

controls.



19

Isolation of haploid strains from inoculated wheat

heads.

Three to six weeks after inoculation, the heads of

some plants were cut below the uppermost node and

surface sterilized for 5 min in a solution of 0.5%

sodium hypochlorite containing about 100u1/1 of Tween

20 as described by Singh and Trione (1969). The

following one centimeter sections were removed from

heads of inoculated plants and placed on T-19CM for

fungal recovery: the uppermost node; the stem, just

below the head; a section from the lower third of the

rachis; a section from the upper third of the rachis;

the embryo from a seed in the lower third of the head.

Dissected tissues were placed on T-19CM medium and

incubated at 20C in a 12hr light/dark cycle.

Plant sections were examined regularly over a six

week period for fungal growth from the cut ends.

Hyphae recovered from plants inoculated with

cycloheximide-resistant strains were tested on T-19

medium containing an appropriate concentration of the

drug.
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Inoculation of wheat heads with germinating

teliospores.

Fernandez and Duran (1978) determined that bunted

wheat heads could be obtained in three to six weeks by

injecting germinating teliospores directly into the

boot of developing wheat heads. In this study, wheat

heads were inoculated with germinating teliospores for

two reasons. Before any crosses of haploid strains

were attempted in organ culture, susceptible wheat

plants were inoculated with germinating teliospores to

determine if bunted heads would develop. Germinating

teliospores from T. caries race T9 were also injected

into the resistant strain, Red Bobs + Bt4, to determine

if resistance was expressed in the developing head.

For both the organ culture and in planta experiments,

the inocula was prepared as described by Fernandez and

Duran (1978).

Inoculation of wheat plants with sexually-compatible

haploid strains.

To develop new procedures for analyzing the

Tilletia- Triticum interaction, it was first necessary

to determine whether successful crosses of haploid
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cultures could be made both in planta and in organ

culture. Inoculum was prepared from liquid cultures of

wild-type and drug-resistant strains as previously

described. Equal volumes of prepared inoculum from

haploid strains of opposite mating type were combined

and vortexed to obtain a uniform suspension of both

strains. The mixture of cultures was then injected

hypodermically into plants in the greenhouse and in

organ culture as described by Churchill (1983).

Preparation and inoculation of wheat heads for organ

culture.

Organ culture of wheat heads permits the study of

the pathogenicity of Tilletia spp. in confined spaces

under environmentally controlled conditions that reduce

the threat of contamination associated with greenhouse

and field studies. Wheat plants in the early boot

stage were cut about 2.5cm below the uppermost node

with a sterile scalpel. Heads were inoculated as

described above with germinating teliospores and paired

compatible haploid lines. Inoculated heads were

surface disinfected with 70% ethanol and cut ends were

placed in polyurethane testtubes filled with sterile

organ culture medium and placed in testtube racks.
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stem to minimize contamination and evaporation. The

testtube racks were incubated in a growth chamber at

20C and a 12hr light/dark cycle with high intensity

lighting.

Media used for the growth of detached wheat heads

was based on a modification of that described by

Donovan and Lee (1977, 1978). R. Quatrano (personal

communication) suggested the variation described in

Table 1. Mineral stock solutions for this medium are

described in Table 2.

At 7 to 10 day intervals, approximately 0.5cm of

the stem of organ culture plants were removed with a

sterile scalpel to remove vascular tissue which may

have become plugged and to facilitate uptake of medium.

Plants were then transferred to sterile tubes

containing fresh medium. Heads were examined daily

for disease symptoms.

Analysis of hybrid progeny from a cross of

T. caries and T. controversa.

Since single basidiospores from the hybrid cross

of T. controversa strain 66D and wild-types train A1029

of T. caries were difficult to isolate, 67 single

colonies which developed on the plates containing
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Table 1. Chemically defined medium used in growth of

detached wheat heads in organ culture.

Constituents Amount/liter

Mineral solution A 20 ml

Mineral solution B 20 ml

Mineral solution C 5 ml

Mineral solution D 5 all

Mineral solution E 5 ml

Mineral solution F 10 ml

Mineral solution G 5 ml

Sucrose 20 g

Glutamine 200 mg

pH adjusted to 5.6 with 3N Na0H.
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Table 2. Composition of mineral stock solutions used in organ

culture medium.

Mineral

solution Quantity

symbol Constituents (grams/liter)

A N84803 82.5

B 1O3 95.0

C 83803 1.24

12PO4 34.0

0.166KI

Na2Mo04 2H20 0.050

CoC12 6820 0.500

D Cac12 6820 88.0

E MgSO4 7H20 74.0

MnSO4 820 3.38

2nSO4 7H20 1.72

CuSO4 5820 0.005

F Nat EDTA 3.72

FeSO4 7820 2.78

G Thiamine HC1 0.08
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germinating hybrid teliospores were picked and tested

for drug-resistance on T-19 plates containing 18ug/m1

cycloheximide. After two weeks, colonies which showed

growth on the drug-containing plates were retested by

transferring to fresh drug-containing agar and allowed

to grow for 4 days.

Kinetics of germination of T. caries (TCT),

T. controversa (TCK) and TCTxTCK hybrid teliospores.

The kinetics of germination of teliospores

produced by T. caries (TCT), T. controversa (TCK) and a

hybrid formed in the cross of TCTxTCK were determined.

Teliospores were suspended in sterile water and

distributed across the surface of a water agar plate

with a glass rod to a density of 40-120 spores per mm2.

A grid of rectangles 0.5mm x 1.0mm was drawn on the

bottom of each plate and served as a guide to assist in

the analysis of specific complement of teliospores.

The teliospores within randomly selected rectangles

were counted, each were recorded and coded for

subsequent identification until approximately 400

spores per plate were identified. Four plates were

prepared for each strain of teliospores: two were
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incubated at 5C, and two at 20C. The number of

germinating teliospores in each rectangle was recorded

daily. A teliospore was arbitrarily considered

germinated when the length of the emerging promycelium

equaled the diameter of the spore. These experiments

were discontinued after about 50 % of the spores had

germinated because individual spores could not be

distinguished through the hyphal growth of teliospores

which had previously germinated. This experiment was

duplicated.
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III. RESULTS

Analysis of mating competence of Tilletia haploids in

culture.

During the course of these studies, the loss of

the ability of 6 strains of each T. caries and

T. controversa to conjugate on an agar surface was

observed (Table 3). In addition, strains 26b-cycr and

24c-cycr, procured from A. Churchill (1983, 1984b),

were determined to be mating incompetent after four

years in continuous culture. Since many of these

experiments relied on the ability of the haploid

cultures to retain their mating-competence in culture

over extended periods of time, it became important to

determine the duration of mating-competence in isolated

strains. Normally, 3 to 6 hours after being placed

within 15um of each other, compatible mating-competent

sporidia conjugate (Figure 1). Mating-incompetent

sporidia and sporidia of identical mating-type grow in

random directions when juxtaposed (Figure 2). Since

these studies depended on the ability to cross mating-

competent strains in plantar a study was pursued to

observe the mating competence of 5 T. caries cultures

over a period of 7 months (T. caries Series 2, Table
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Figure 1. Successful mating of haploid sporidia from
compatible strains of Tilletia caries.
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Figure 2. Mating of haploid sporidia from incompatible
strains of Tilletia caries.
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Table 3. Loss of mating-competence of haploid strains
controversa (TCK).

of T. caries (TCT) and T.

Strain
Origin of Mating

Parent Teliospores Type
Date

isolated

Date loss of
mating-competence
first detected

TCK Series 12

8166
8171

8173

8174
8175
8178

TCT Series 1
A1018
A1026
A1029
A1036
A1037
A1038

TCT Series 2

Bozeman, MT

Race T9

-

-

Race T9

8/83

10/83

4/84

11/83

2/84

416
417

481

482

483

1

2

Mating type is arbitrarily assigned as + or -, and does not necessarily correspond
between groups.

Each series consists of a group of haploid strains isolated from one race in the same
day.
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3). Every effort was made to keep these cultures

mating competent by frequent transfers to fresh medium.

As an apparent consequence of these attentive measures,

cultures remained competent for over 7 months. Long

term experiments will be continued to determine if they

can be kept mating-competent over a long period of

time.

Recovery of haploid strains of T. caries and T.

controversa from inoculated wheat plants.

These experiments were designed to establish

whether or not haploid strains of T. caries and T.

controversa can grow in susceptible and resistant wheat

cultivars. Drug-resistant strains were used to provide

evidence that strains inoculated into the boot could be

reisolated from mature heads. All drug-resistant

strains used as inoculum had lost their mating-

competence, so wild-type mating-competent haploid

strains were isolated on a routine basis and used as

inoculum to establish their ability to grow

endophytically in these cultivars. Mating-incompetent

wild-type cultures were used as inoculum as preliminary

tests to determine whether or not mating competence can

be recovered as a result of growth in planta.
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Table 4. Recovery of haploid strains of Tilletia caries and T. concroversa from inoculated
susceptible and resistant wheat cultivars.

Haploid Strain

No. (%)
successful

No. (%) heads No. mature isolations
No. heads reaching heads from analyzed
inoculated maturitya analyzedb heads

Chinese Spring (susceptible)
T. caries

wild-typec 175 166 (95) 69 21 (30)
wild-typed 16 4 (25) 3 0 (0)
24c-cycr 60 43 (72) 24 2 (8)

26b-cycr 56 41 (73) 13 2 (15)

T. controversa

36 29 (81) 26 5 (19)wild-typed
66D-cycr 58 35 (60) 16 4 (25)

Controls
T-19 medium 40 35 (88) 24 0 (0)

uninoculated 30 27 (60) 24 0 (0)

Red Bobs (resistant)
T. caries

51 30 (59) 28 3 (11)wild-typec
. wild-typed 32 17 (53) 17 10 (59)
24c-eycr 87 44 (51) 26 0 (0)

26b-eycr 20 3 (15) 3 0 (0)

Controls
T-19 medium 10 10 (100) 10 0 (0)

uninoculated 5 5 (100) 5 0 (0)

a

b

Some plants failed to produce mature heads and were not analyzed.

Mature heads were surface sterilized with .05% sodium hypochlorite before placing them on
fungal growth medium. Fungal contaminants still present after sterilization prevented
analysis of some heads.

These cultures were isolated from teliospores as described in text on a routine basis and
were deternined to be mating-competent.

d
These cultures were determined to have lost their mating competence at the time of
inoculation.
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Hyphae isolated from plants inoculated with

haploid strains grew only from the cut surfaces of

sections of the rachis, the stem and the node (Figure

3). Tilletia mycelia were never recovered from

embryonic tissue. Frequently, the fungus was isolated

from more than one section per plant. No attempt was

made to recover the fungus from heads which did not

reach maturity, those which died shortly after

inoculation, or from areas wounded during the

inoculation procedure. However, on several occasions,

hyphae were observed growing on the surface of heads

which did not reach maturity (Figure 4).

The results of these inoculations are presented in

Table 4. T. caries was isolated from 30% of the

analyzed heads of Chinese Spring plants inoculated with

wild-type, mating-competent haploid strains. Of the

175 plants initially inoculated, 166 produced mature

heads. This loss of 5% of the inoculated heads seems

to be a characteristic of the cultivar, rather than the

inoculation procedure, as 10% uninoculated control

plants also failed to produce mature heads. An

additional 97 heads inoculated with wild-type haploid

strains of T. caries became overrun by fungal

contaminants (especially Aspergillus and Penicillium)

once plated, and were therefore not included in this

analysis. These invading fungi were apparently not
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Figure 3. Recovery of wild-type haploid strains of
Tilletia caries from sections of inoculated
heads of wheat cultivar Chinese Spring.
(a) Haploid mycelium growing from a section
of rachis; (b) haploid mycelium growing from
a stem section.
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Figure 4. Mycelium of a wild-tyope haploid strain of
Tilletia caries growing on the surface of an
inoculated wheat head of Chinese Spring which
failed to produce mature kernels.
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introduced to heads through the inoculum, as cultures

of Tilletia that were streaked across plates of T-19

immediately prior to inoculation remained free of

contaminants.

Cycloheximide-resistant strains of T. caries were

recovered from inoculated heads of Chinese Spring at a

very low frequency: 8% for strain 24c-cycr and 15% for

strain 26b-cycr. The small number of susceptible

plants inoculated with drug-resistant T. caries strains

as compared with wild-type strains may have exaggerated

these results. In addition, these strains may grow

less efficiently in plantar as they are characterized

by slow growth on agar.

A higher percentage of Red Bobs plants failed to

produce mature heads when inoculated with wild-type or

drug-resistant strains of T. caries than Chinese Spring

plants similarly inoculated. All of the Red Bobs

control plants inoculated with medium reached maturity,

thus the loss is probably not due to mechanical injury.

Overall, the Red Bobs cultivar seemed to be more

sensitive than the Chinese Spring to inoculation with

Tilletia strains.
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Production of bunted heads following inoculation of

susceptible and resistant cultivars with germinating

teliospores of T. caries and T. controversa.

Boot-stage heads of Red Bobs and Chinese Spring

were inoculated by hypodermic needle with germinating

teliospores and grown in planta and in organ culture in

an attempt to produce bunted heads. Thirty-two percent

of the Chinese Spring heads and 28 percent of the Red

Bobs heads, inoculated with T. caries germinating

teliospores and grown in planta, formed teliospore-

filled sori in place of healthy kernels (Table 5).

These results concur with those of Fernandez and Duran

(1978), who were able to induce bunting in susceptible

and resistant cultivars inoculated in the same manner.

Chinese Spring wheat heads were also inoculated with T.

caries and T. controversa germinating teliospores to

determine if bunted heads would develop in organ

culture. Of 6 heads, each inoculated with T.

controversa and T. caries germinating teliospores, 2 of

the former and 4 of the latter became bunted (Table 5).
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Table 5. Production of bunted heads on susceptible and resistant wheat cultivars in
plants and in organ culture following inoculation with germinating teliospores
of Tilletia caries (TCT) and T. controversa (TCK).

No. heads
inoculated

No. (%)
heads reaching
maturity+

No. (Z)

bunted
mature heads

IN PLANTA

Chinese Spring (susceptible)
TCT teliospores (germinating) 28 28 (100) 9 (32)

Controls
T-19 medium 7 2 (28) 0 (0)
uninoculated 18 18 (100) 0 (0)

Red sobs (resistant)
TCT teliospores (germinating) 65 64 (98) 18 (28)

Controls
T-19 medium 10 10 (100) 0 (0)

uninoculated 16 16 (100) 0 (0)

IN ORGAN CULTURE

Chinese Spring
TCK teliospores (germinating) 6 (86) 2 (34)
TCT teliospores (germinating) 6 (86) 4 (67)

Controls

T-19 medium 6 6 (100) 0 (0)
uninoculated 4 4 (100) 0 (0)

See Table 4, footnote a.
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Evidence for successful matings of haploid cultures in

planta and in organ culture.

Sexually-compatible haploid cultures of T. caries

and T. controversa were injected into boot-stage heads

of Chinese Spring plants that were then grown in planta

and in organ culture to determine if these inoculations

would produce bunted heads. Sori replaced normal

kernels on 29% and 34% of the heads inoculated with

sexually-compatible T. controversa strains and crosses

of sexually-compatible T. caries and T. controversa

strains, respectively, which were grown in planta

(Table 6). Sori did not develop on heads inoculated

with sexually-compatible T. caries strains; however,

since only 7 plants were inoculated, no conclusions can

be drawn as to the behavior of these T. caries strains

in planta.

In one experiment, a head inoculated with a wild-

type haploid strain of T. caries that was sexually-

compatible with T. controversa strain 66D-cycr produced

teliospores. Heads inoculated with sexually-compatible

haploid strains (Table 6) were not usually sectioned

and placed on T-19CM plates for fungal recovery;

however, the 4 plants inoculated in this cross were

sectioned before they had fully matured because they
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Table 6. Production of bunted heads on a susceptible wheat cultivar grown
in organ culture following inoculation with sexually compatible
of Tilletia caries (TCT) and T. contrOversa (TCK).

in planta,and

haploid strains

Crosses
No. heads
inoculated

No. (X) heads
reaching maturity+

No. (%) bunted
mature heads

IN PLANTA

TCK x TCK 22 21 (95) 6 (29)

TCT x TCK 14 6 (42) 2 (33)

TCT x TCT 7 3 (42) 0 (0)

Controls
T-19 medium 7 2 (29) 0 (0)

uninoculated 18 18 (100) 0 (0)

IN ORGAN CULTURE

TCT x TCK (66D-cycr) 11 4 (36) 1 (25)

Controls
T-I9 medium 6 6 (100) 0 (0)

uninoculated 4 4 (100) 0 (0)

See Table 4, footnote a.
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Figure 5. Teliospores produced by hyphae growing of the
surface of a section of rachis isolated from
wheat cultivar, Chinese Spring. The boot-
stage head was inocualated with Tilletia
controversa strain 66D-cycr and a wild-type
strain of T. caries grown in organ culture.
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had begun to senesce. Teliospores formed on the rachis

of one of the four heads after the section had been

placed on T-19CM (Figure 5).

Recovery of the Fl generation of a cross between

T. caries and T. controversa.

Whorls of basidiospores arising from teliospores

produced by the cross of T. controversa 66D-cycr and

wild-type strain A1029 of T. caries (Table 3), were

dissected in order to recover the Fl progeny of this

interspecific cross. Among 16 whorls dissected, only 5

basidiospores developed into mature colonies. Three

additional colonies were recovered from over 150 single

basidiospores isolated by the streaking method. None

of these colonies exhibited the drug-resistant marker

when tested on T-19 + 18ug/m1 cycloheximide. In

another attempt to isolate the Fl progeny, 67 single

colonies that developed on the plates containing

germinating hybrid teliospores were picked and placed

directly on drug-containing medium to test for drug-

resistance. Sixteen of these colonies showed growth on

the drug-containing medium within two weeks and all

were drug-resistant when retested by transfer to fresh

cycloheximide-containing T-19 and allowed to grow for 4

days.
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Kinetics of germination of T. caries, T. controversa

and TCTxTCK hybrid teliospores

The germination kinetics of teliospores of T.

controversa from Bozeman, MT., T. caries race T9, and

the A1029x66D hybrid at 5 C are shown in Figure 6.

Although there is some variability in the kinetics of

germination of T. caries, germination properties of

hybrid teliospores are different from those of either

parent. Only the T.caries race T9 teliospores

germinated at 18C. Both T. controversa teliospores and

the parent hybrids failed to germinate within 10 weeks

at 18C. A large number of these spores did germinate

when plates were transferred to 4C, indicating that

these spores were viable, but incapable of germinating

at the higher temperature.
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Figure 6. Kinetics of germination of teliospores of
T. controversa (TCK), T. caries (TCT) and a
hybrid formed by a cross of TCKxTCT.
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IV. DISCUSSION

An adequate understanding of host-parasite

interactions should include identification of all forms

of the pathogen that are capable of colonizing the

host. While the capacity of heterokaryons of T. caries

and T. controversy to colonize wheat plants has been

widely accepted (Fischer and Holton, 1957; Trione,

1964), the ability of haploid strains to grow in wheat

plants has, until this time, remained obscure.

Churchill (1983) inoculated plants with sexually-

compatible, wild-type and genetically-marked haploid

strains of T. caries but failed to recover bunted

heads. Although no teliospores were formed, the

haploid parental strains were recovered from the plant,

and the genetic markers identified. Churchill

suggested that these strains were able to grow

primarily as haploids in the susceptible plant. The

validity of this suggestion was not confirmed because

the main objective of her studies studies was to

initiate teliospore formation in planta and examine the

segregation of single gene traits. Consequently, wheat

plants were inoculated with single haploid strains.

The present studies were designed to explore the

growth of haploid strains of T. caries and T.
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controversa in the wheat plant. Wheat heads in the

boot stage were inoculated with wild-type and

genetically-marked haploid strains of T. caries and

T. controversa by a technique developed by Fernandez

and Duran (1978). The results of this study indicate

that haploid strains can grow endophytically in the

wheat head when introduced as inoculum (Table 4).

Recovery of the genetically-marked strains from

inoculated heads of the susceptible cultivar indicates

that contaminants were not the source of inoculum.

Although this inoculation procedure is highly

artificial, these studies provide evidence that haploid

strains of T. caries and T. controversa can grow for

several weeks in susceptible wheat cultivars.

Fernandez and Duran (1978) injected germinating

T. controversa teliospores into the boot of developing

wheat heads and obtained bunted heads within 4 to 6

weeks. Both susceptible and resistant plants developed

bunted heads when inoculated in this manner. The

results indicated in Table 4 support those of Fernandez

and Duran: both Red Bobs and Chinese Spring plants

inoculated with germinating teliospores developed

bunted heads. Flor (1931, 1932) and Sibernagel (1961,

1963) used paired, compatible strains to infect wheat

seedlings. They successfully obtained bunted wheat

heads approximately four months after inoculation.
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Churchill (1983) inoculated susceptible boot-stage

plants with a mixture of sexually-conpatible T. caries

haploid strains but obtained no bunted heads. Among

several reasons postulated was the possibility that

mating-competence of these strains had been lost in

culture. The present studies included the first

demonstration that bunted wheat heads can result from

the inoculation of boot-stage plants with either

germinating teliospores or compatible haploid strains

grown in organ culture (Table 5, Table 6). The

advantage of the boot inoculation method is that it

greatly reduces the length of time to complete the life

cycle of these fungi. Although organ culture does not

accelerate the completion of the Tilletia life cycle

over boot - inoculation of intact plants, it does have

several other advantages. Organ culture inoculations

enable a large number of crosses to be made in a

confined space under environmentally controlled

conditions. In addition, organ culture may facilitate

the use of radioisotopes in nutrient-exchange studies

of this host-parasite system.

Past studies of the genetics of T. caries and T.

controversa have centered around ill-defined genetic

traits such as the morphological characteristics of

teliospores, and disease symptoms (Holton, 1954b;

Silbernagel, 1961, 1964). Recently, a method for
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isolation of genetically-marked strains of T. caries

has been developed and used to isolate auxotrophic and

drug-resistant strains (Churchill, 1983;. Churchill and

Mills, 1984). The present studies employed a drug-

resistant strain of T. controversa isolated during this

study by the methods of Churchill. This genetically-

marked strain was crossed with a wild-type strain of

T. caries and Fl teliospores were produced in organ

culture. However, viable Fl sporidia could not be

isolated. The cause of the apparent sensitivity of

hybrid basidiospores to isolation techniques is

unknown. In previous studies, Holton (1944) was not

able to isolate complete sets of individual Fl sporidia

from a hybrid of T.caries and T. controversa, while

later attempts by Silbernagel (1961) were successful.

It is noteworthy that the techniques which were

successfully used in isolation of wild-type

basidiospores of both T. caries and T. controversa for

this study, could not be employed in the isolation of

hybrid spores.

In another attempt to recover the genetic marker

in the Fl generation, colonies were isolated from

plates of germinating hybrid teliospores. Each of

these colonies appears to have been derived from a

single basidiospore. The colony morphology and the

thin, white mycelium were characteristic of the
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haplophase of Tilletia spp. (Trione, 1964, 1974). It is

possible, however, that they may have been comprised of

haploid mycelia from two or more basidiospores. The

drug-resistance marker carried by the T. controversa

parent was recovered from 16 of 69 colonies placed

directly on drug-containing medium. Although a large

number of viable basidiospores was not isolated,

studies on the mating-type of these 16 colonies may

reveal how mating-type alleles segregate with respect

to the drug-resistance marker. These data indicate

that the genetic marker was carried through meiosis to

the Fl generation and that these techniques may be used

in future crosses.

The kinetics of germination of teliospores

produced in this hybrid cross were monitored at 4C and

18C. The time required for germination of the hybrid

teliospores at 4C was intermediate to that of both

parents, suggesting that this trait may be controlled

by a single gene pair which exhibits incomplete

dominance (Figure 6).

Teliospores produced by the TCKxTCT hybrid and the

T. controversa parent strain failed to germinate at

18C. These results suggest that the inheritance of

the ability to germinate at 18C is controlled by

recessive alleles. If germination at 18C is controlled

by an allele recessive to the inability to germinate at
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18C, homozygosity in the T. caries parent would result

in heterozygosity of all Fl progeny and thus their

inability to germinate at 18C. This possibility can be

tested by a cross of the Fl progeny: if one fourth of

the F2 progeny germinate at 18C, and lethality does not

affect the ratio, then this trait is contolled by a

single gene. However, until F2 progeny can be

characterized, the possibility that multiple genes are

present cannot be ignored.

Many of the results of this project depended on

the ability of compatible haploid strains to mate

successfully. Churchill (1983) suggested that the loss

of mating competence of compatible haploid strains

might explain the apparent inability to produce bunted

heads when paired and injected into boot-stage heads.

In the present study, a haploid strain, 66D-cycr, which

was determined to have lost its mating-competence two

weeks prior, was successfully crossed with mating-

competent wild-type strain A1029, and teliospores were

formed. These results suggest that a low number of

competent cells was present in this culture, or mating-

competence may be restored when haploid cultures are

cycled through wheat plants.

The availability of large numbers of sporidia

facilitates studies of the physiology, biochemistry and

genetics of these fungi. Since T. caries and
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T. controversa haploid cultures are dimorphic,

producing mycelia and sporidia, any cultural technique

which enhances sporidial production should b

exploited. In this study, it was determined that

incubation of cultures at 4C was conducive to abundant

sporidial production. It is possible that liquid

cultures incubated at lower temperatures will eliminate

the necessity of crushing hyphal cultures for use as

inoculum, or for filtering them for use in mutation

experiments (Churchill, 1983,1984); this procedure

should be tested.
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V. CONCLUSIONS

These studies included an analysis of the ability

of haploid strains to colonize the wheat plant, which

provided the basis for efforts to cross haploid strains

in planta. Wild -type and genetically-marked haploid

strains of T. caries and T. controversa can be

recovered from mature heads of susceptible and

resistant wheat plants 3 to 6 weeks after inoculation.

Viable teliospores were produced following successful

intra- and interspecific crosses of sexually-compatible

haploid strains of T. controversa and T. caries. The

kinetics of teliospore germination of T. caries (TCT),

T. controversa (TCK) and hybrids formed by the cross

TCTxTCK were determined. The time required for

germination of the hybrid teliospores at 4C was

intermediate to that of the parents, suggesting that

this trait may be controlled by a single gene which

exhibits incomplete dominance. Neither the T.

controversa parental strain nor the hybrid strain

germinated at 18C, suggesting that this trait may be

controlled by a dominant gene present in the T.

controversa parent. Finally, a system for growing

wheat heads in organ culture has been successfully
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utilized to facilitate crosses of sexually-compatible

haploid strains in planta under environmentally-

controlled conditions.
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