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Genetic studies of Tilletia spp. have been hampered by the lack

of genetic markers. The work discussed here is a first report of the

isolation of genetically marked strains of T. caries and their use in

wheat plant infection studies. Procedures for the isolation of auxo-

trophic and drug-resistant mutants in haploid strains of T. caries

were developed. Preliminary determination of the nuclear condition of

secondary sporidia showed that spores were typically mononucleate.

Additionally, characterization of the kinetics of secondary sporidial

formation in liquid culture provided essential information concerning

the extent of the logrithmic phase of growth and spore generation

rates.

Log-phase sporidia of two monokaryotic, compatible strains of

race T-1 were mutagenized with nitrosoguanidine. Two "non-leaky"

nutritional mutants were isolated and characterized; one required

adenine, the other uracil. Five "leaky" nutritional mutants were also

isolated. One was identified as a glycine auxotroph, and the other

four had mutations in pathways for general nitrogen metabolism.

Additionally, secondary sporidia of T. caries were tested for their



growth response to twelve different drugs in attempts to isolate drug-

resistant strains. Only mutants resistant to cycloheximide were

detected.

Pairings of compatible auxotrophic strains produced mycelial

growth on a minimal medium whereas unpaired strains typically failed

to grow. Growth in the absence of nutritional supplements was

presumed to be due either to 'forced' heterokaryon formation or

syntrophism (i.e., crossfeeding). Inability to successfully isolate

viable hyphal tips from colonies arising from paired auxotrophic

strains precluded proof of heterokaryosis.

Hypodermic inoculations with compatible auxotrophic, drug-

resistant, and wild type strains failed to result in teliospore

production in wheat plants of the susceptible spring wheat var. 'Red

Bobs'. T. caries was successfully reisolated as four morphologically

distinct colony or sector types from 38 plants that failed to head

normally. It was also isolated from a small number of mature plants

showing no signs of disease. All auxotrophic and drug-resistant

strains were successfully recovered as individual haploid isolates

from outgrown colonies on wheat plant tissue. Inability to success-

fully isolate viable hyphal tips precluded proof of heterokaryosis.

Consequently, the nuclear condition, i.e., heterokaryon or homokaryon,

of the outgrown fungus was not determined.
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GROWTH PROPERTIES OF INDUCED MUTANTS OF THE
COMMON WHEAT-BUNT FUNGUS, TILLETIA CARIES,

IN AXENIC CULTURE AND IN PLANTA--

INTRODUCTION

The smuts of the genus Tilletia have been described as among the

most destructive cereal pathogens in the world. In the northwestern

United States, research efforts on the wheat smuts have been directed

primarily towards control of the common bunt organisms, Tilletia

caries (DC.) Tul. and Tilletia foetida (Wallr.) Liro, and the dwarf

bunt organism, Tilletia controversa Kuhn. It has generally been

recognized that studies on the genetics of pathogenicity of the bunt

fungi have not kept pace with similar studies in other host-parasite

systems (Hoffmann and Metzger, 1976). The slow progress in under-

standing the genetics of T. caries and other bunt fungi can largely be

attributed to the absence of easily distinguishable characters

controlled by single genes. This difficulty can be removed by using

biochemical mutations as genetic markers. Therefore, the main

objective of this study was to develop techniques that would allow the

isolation of biochemical and drug-resistant mutants of T. caries for

subsequent use in plant infection studies. T. caries was selected for

investigation, over other wheat-bunt fungi, primarily because of the

availability of monosporidial strains with favorable laboratory

culture characteristics.

Some of the earliest genetic studies of the common bunt fungi

were those in which the relationships of heterothallism and patho-

genicity were explored. Flor (1931, 1932) demonstrated that

monosporidial cultures of T. caries and T. foetida failed to cause
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infection, i.e., teliospore production, in inoculated plants. When

interspecific and intraspecific paired combinations of these cultures

were used as inoculum, certain combinations resulted in typical bunted

plants. Therefore, Flor was the first to present experimental

evidence of heterothallism in the wheat bunt fungi. Further proof of

the potential for hybridization between species was provided by Holton

(1938). He hybridized sexually compatible monosporidial lines of T.

tritici (Bjerk.) Wint. (T. caries) and T. levis (Kuehn) (T. foetida)

and derived a new pathogenically distinct race that possessed the

morphology of one parent and certain pathogenic properties of both

parents. In a separate study, Hanna (1934) made similar observations.

Since Flors' first demonstration that hybridization could occur

between species and between races within each species, several

investigators have speculated on the role of natural hybridization in

the origin of new physiologic races of the Tilletia spp. (Halisky,

1965; Hoffmann et al., 1962; Metzger and Hoffmann, 1978).

The demonstration of hybridization between related Tilletia spp.

suggested the possibility of studying the inheritance of certain

physiological and morphological properties, such as pathogenicity,

spore ball characters, and chlamydospore (i.e., teliospore) markings.

For example, teliospores of T. caries typically exhibit a reticulate

spore wall whereas those of T. foetida are smooth (Fischer and Holton,

1957). In hybridizations of T. caries and T. foetida, Holton (1944,

1951) showed segregation and recombination of factors for

chlamydospore characters. Spores resembling both parents and spores

distinctly different from both parents were recovered in the F2,

suggesting the effect of more than one gene governing spore wall
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morphology. In further studies of compatibility, Silbernagel (1961,

1963, 1964) crossed three races of T. caries and two races of T.

controversa and obtained 163 Fl hybrids, 82 F2 hybrids, and 34

F3 hybrids. A total of 23 pathogenic types was identified among the

F2 segregants, and nine of these represented known pathogenic lines.

The other fourteen were apparently new pathogenic races. Factors

governing pathogenicity, spore germination, sorus shape, and spore

morphology were reported as being inherited independently without

linkage. Typically, in the segregation analysis of individual traits

from each parent, segregation of factors was continuous rather than

discrete, indicating control by two or more genes. These and other

studies suggest that the opportunity for hybridization to occur

between the common bunts and with the dwarf bunt fungus, T.

controversa, under natural conditions is ample (Holton, 1954a, 1954b;

Holton and Kendrick, 1956; Rodenhiser and Holton, 1953). The variant

types of spore morphologies produced as a result of such hybridiza-

tions have been shown to be extremely wide ranging (Fischer and

Holton, 1957). They exhibit a gradient ranging from the smooth spore

wall with no visible gelatinoid sheath, as in T. foetida, to the

prominently reticulate spore wall encased in a prominent gelatinoid

sheath, as in T. controversa. In examining the variation attendant

with these species, Holton et al. (1968) have recognized the inherent

limitations of categorizing such variants as species solely on the

basis of spore morphology.

The determination of compatibility factors in Tilletia spp. has

typically been based on fusions between the primary sporidia. Holton

(1953), in attempts to develop a more efficient method for determining
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compatibility relationships among monosporidial lines in culture,

observed that fusions between secondary sporidia of T. caries may also

serve as an index of sex compatibility. Holton and Kendrick (1957)

confirmed these observations and showed that all pairs of mono-

sporidial lines in which there was fusion between secondary sporidia

in culture also produced infection in the host. Both studies

indicated that compatibility in T. caries is of the simple plus and

minus type with two factors at the locus for heterothallism (i.e.,

simple bipolar heterothallism). In T. controversa, fusion between

haploid lines is controlled by a single locus with multiple alleles

(Hoffmann and Kendrick, 1965, 1969; Kendrick and Holton, 1960). The

specific events involved in the mating-type interactions of secondary

sporidia and hyphae of T. caries have recently been characterized

(Kollmorgen and Trione, 1980; Kollmorgen et al., 1980). Additionally,

the ultrastructure and morphology of primary sporidia during ontogeny

and mating have been described (Kollmorgen et al., 1978, 1979).

Infection of wheat seedlings by T. caries takes place in the soil

as a result of contamination of the seed coat by teliospores (Fischer

and Holton, 1957). The germination of teliospores results in the

production of a whorl of haploid primary sporidia at the distal end of

the promycelium. Fusion of compatible (+ and -) sporidia initiates

the parasitic stage of the life cycle. Infection hyphae are believed

to penetrate the coleoptile of the germinating seed in the region of

the root node and become established in the terminal meristematic

tissue. At this stage, the pathogen appears to become "quiescent" and

grows very slowly during host development until the wheat plant

approaches the heading stage. Development of kernel tissue causes the
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pathogen to change from a vegetative to a reproductive phase of

growth. Eventually, fungal teliospores replace the entire contents of

the wheat kernel within the seed coat and form the characteristic

"smut", or "bunt", balls (Holton and Heald, 1941; Fischer and Holton,

1957; Trione, 1964).

Early researchers did not agree on the nuclear condition of the

primary and secondary sporidia of T. caries. Dastur (1921) considered

that they were uninucleate diploids. Flor (1932) and Hanna (1934)

stated that they were uninucleate haploids. Buller (1933) suggested

that fused primary sterigmata give rise to binucleate primary basidio-

spores. Most recently, Goates and Hoffmann (1979) have clarified such

observations by showing that the number of nuclei in secondary spor-

idia of Tilletia spp. is variable depending on whether they originate

from monokaryotic hyphae, on fused or unfused primary sporidia, on

other secondary sporidia, or on dikaryotic hyphae.

Additionally, there has not been agreement on the nuclear condi-

tion of the parasitic stage of T. caries prior to penetration and

after ingress into the plant. The major belief is that the pathogenic

stage is binucleate (i.e., dikaryotic) throughout the infection period

up through teliospore formation (Holton and Heald, 1941; Fischer and

Holton, 1957; Trione, 1964). Dastur (1921) found that the infection

hyphae were uninucleate or multinucleate but not consistently

binucleate. Churchward (1940) studied the mode of penetration and the

cytological events associated with the initiation of infection. He

found that fusion of compatible lines, resulting in nuclear pairing,

was necessary prior to penetration, but that after penetration, the

association of nuclei was comparatively short-lived. The pairs of
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nuclei appeared to dissociate after passage from the "subcuticular

vesicle" and were no longer associated in the narrow intercellular

mycelium found within the coleoptile. Consequently, this work

departs from the conventional idea of a dikaryotic internal mycelium.

Additionally, Churchward proposed that "for all practical purposes,

the mycelium of T. caries is a non-septate coenocyte" and suggested

this condition could account for the diversity of opinion concerning

the nuclear condition of the mycelium. Swinburne (1963) and Woolman

(1930) studied the development of infection and colonization of

resistant and susceptible wheat varieties, but no information was

given concerning the nuclear condition of the parasitic stage present.

Recently, Fernandez et al. (1978) have described the histological

aspects of four dwarf-bunt infected susceptible and resistant wheat

varieties. Neither do they make mention of the nuclear condition of

the infecting fungus.

There have been many reports of the growth of Tilletia spp. on

sterile artificial media (Fischer and Holton, 1957). The nutritive

and environmental requirements of T. caries in axenic culture were

examined by Zscheile (1951). Siang (1956) compared the growth of T.

caries and T. controversa on various carbohydrate and nitrogen

substances. Chung and Trione (1967) investigated the organic and

inorganic nutritional requirements of T. controversa for development

of a synthetic medium to support its growth. In all cases previously

mentioned, the haploid, non-teliosporogenic stage of the bunt fungus

was being cultured. Trione and Metzger (1962) and Trione (1964) were

the first to report the production of teliospores of T. caries in

axenic culture from pairs of fused primary sporidia. Additionally,
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Trione (1964) reported the first isolation of T. controversa from

infected wheat tissue with the concomitant production of teliospores

in axenic culture. Since attempts at observing nuclei in hyphae of

teliosporogenic colonies from these isolations were generally

unsuccessful, the number of nuclei per hyphal cell was not determined.

Subsequent studies by Singh and Trione (1969) and Trione (1972, 1974)

showed that T. caries, as well as T. controversa, could be isolated

from stem sections and ovaries of infected wheat plants. In early

studies (Singh and Trione, 1969; Trione, 1972), mycelium that was

teliosporogenic was assumed to be binucleate. Later, Trione (1974)

was successful at staining hyphae of the teliosporogenic colonies with

a Giemsa stain. The teliosporogenic hyphae were generally thick,

bloated, highly branched, and short-celled in appearance. Commonly,

one or two nuclei were observe per cell, but the number varied from

zero to three.

In examining the literature, it is apparent that the nuclear

condition of the pathogenic hyphae of bunt fungi in the wheat plant is

not well understood. The majority of investigators assume teliosporo-

genic mycelium to be dikaryotic yet nuclear staining of hyphae from

these colonies shows the presence of variable nuclear arrangements.

Such conditions are not typical of the strict pairing of nuclei

expected of a dikaryotic stage.

Although a great deal of progress has been made in culturing the

bunt fungi through all phases of their life cycle, it is evident that

there are still many aspects of the basic biology of the Tilletia spp.

that are not well understood. One new approach to such studies

involves the utilization of genetically marked haploid strains. The
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availability of such mutant strains would allow further, more defined,

genetic studies including analysis of Mendelian segregation of traits,

linkage relationships, incompatibility systems, interspecific and

intraspecific hybridizations, and investigations of somatic and

meiotic recombination. A greater understanding of such basic

biological mechanisms would undoubtedly aid in elucidating the more

complex genetic mechanisms controlling virulence in the smut fungi.

The objectives of the present study were two-fold: 1) to

determine the conditions under which auxotrophic and drug-resistant

mutants of T. caries could be isolated, and 2) to examine the growth

characteristics of paired mutant strains in axenic culture and in

planta. Completion of these objectives included: 1) determination of

the nuclear condition and growth characteristics of haploid wild type

strains in axenic culture, 2) chemical and physical mutagenesis of

haploid strains, 3) 'forced' heterokaryon studies with compatible

auxotrophic mutants, and 4) inoculation of susceptible wheat plants

with paired auxotrophic and drug-resistant strains.
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MATERIALS AND METHODS

Origin and maintenance of Tilletia caries cultures

Monosporidial haploid lines of T. caries (race T-1), originating

from single primary sporidia of germinating teliospores, were obtained

from J. F. Kolimorgen, presently located at the Wheat Research

Institute, Victoria, Australia. Stock cultures of isolates #18 (+

mating type) and #24 and #26 (- mating type) were maintained on

potato-sucrose-agar slants (PSA), stored at 4°C, and subcultured every

two months. Abundant filiform and lunate secondary sporidia were

produced at 19°C in liquid T-19 minimal medium (T-19MM) (Trione, 1964)

and on T-19MM solidified with Bacto-agar (1.5%). Liquid cultures of

each strain were initiated by homogenizing a small mycelial plug from

an agar slant in liquid T-19MM in a tissue grinder. This inoculum was

added to 50 ml T-19MM in a 250 ml flask and incubated at 19°C on a

rotary shaker (175 rpm). Abundantly sporulating cultures were

obtained within 1.5-3 weeks. Liquid cultures were maintained by

successive transfers of 0.5 ml inoculum to 50 ml T-19MM every 5-7

days.

Media

Composition of complete and minimal media used in the isolation

of auxotrophic mutants (Table 1) was based upon variations of Trione's

T-19 medium. T-19MMKNO3 differed from T-19MM only in that it con-

tained an inorganic nitrogen source (KNO3) in place of asparagine.

Thiamine HCl and the nucleic acid bases included in T-19CM (T-19

complete medium) were kept as 5% and 1% stock solutions, respectively.

The mineral stock solutions (Table 2) were prepared as suggested by
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Table 1. Chemically defined media used in the isolation
of auxotrophic mutants of T. caries.

T-19MMKNO
3

Constituents Amount/liter

Mineral solution A 10 ml
Mineral solution B 10 ml
Mineral solution C 10 ml
Mineral solution D 10 ml
ThiamineHC1 5 mg
KNO3 4 g
Sucrose 20 g
Noble agar 15 g

pH adjusted to 6.0 with 3N NaOH

T-19CM

Constituents Amount/liter

Mineral solution A 10 ml
Mineral solution B 10 ml
Mineral solution C 10 ml
Mineral solution D 10 ml
ThiamineHC1 5 mg
L-Asparagine 3 g
Sucrose 20 g
Edamin amino acidsa 1 g
Adenine 10 mg
Uracil 10 mg
Cytosine 10 mg
Vitamin solution 10 ml
Bacto-agar 15 g

pH adjusted to 6.0 with 3N NaOH

aEdamin, an enzymatically digested lactalbumin, Sheffield
Chemical Co., Norwich, N.Y.
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Table 2. Composition of mineral stock solutions used
in chemically defined media.

Constituents Amount/liter

Mineral solution A

KH
2
PO

4
61.30 g

K
2
HPO

4
8.71 g

Mineral solution B

MgSO4.7H20 24.65 g

ZnS0
4
.7H

2
0 0.352 g

CuS0
4
.5H

2
0 38.10 mg

MnS0
4
H

2
0 3.10 mg

Mineral solution C

CaC1
2
.2H

2
0

Mineral solution D

Geigy's Sequestrene Iron Chelate

Na
2
Mo0

4
.2H

2
0

7.359

2.00 g

2.54 mg
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Trione (personal communication). The vitamin solution (Table 3)

(modified from Beadle and Tatum, 1945; Kafer, 1977) was filter-

sterilized and added to cooled media after autoclaving.

For the characterization of auxotrophic mutants, individual

growth factors were pooled and added to T-19MMKNO3. All supple-

ments to the minimal medium were kept in stock solutions as shown in

Table 4. Supplements were solubilized in distilled water, with the

addition of 3N NaOH, if necessary, and stock solutions were autoclaved

or filter-sterilized following the recommendation of Davis et al.

(1980).

Harvest of secondary sporidia

Separation of secondary sporidia from mycelium in liquid cultures

was necessary to obtain a large, homogeneous population of single

cells for use in mutagenesis experiments. A five to seven day old

culture of T. caries was filtered through 20 1.4m nylon mesh in a funnel

and rinsed with sterile distilled water to dislodge spores from the

mycelium. The filtrate, containing single asynchronous sporidia, was

collected in a 250 ml centrifuge bottle. Estimates of cell concen-

tration were made with a Neubauer hemocytometer. After centrifugation

at 6,000 xg for 10 min, cells were suspended in T-19MM and centrifuged

as before. The pellet was resuspended in an appropriate amount of

T-19MM to obtain the desired cell concentration.

Nuclear condition of monosporidial strains

Nuclear staining of T. caries secondary sporidia was undertaken

for the purpose of determining the number of nuclei per cell in

strains #18, #24, and #26. Two nuclear stains were utilized in
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Table 3. Composition of the vitamin solution used
in T-19CM.

Constituents Amount (g/liter)

Riboflavin 0.05

PyridoxineHC1 0.05

Calcium pantothenate 0.20

p-Amino benzoic acid (PABA) 0.05

Nicotinic acid 0.20

CholineC1 0.20

Inositol 0.40

Biotin 0.0026
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Table 4. Growth factors included in T-19MM-KNO
3

for characterization
of auxotrophic mutants.

Supplement
Stock Solution

(%)

Addition (ml) to
1 liter medium

Final

Concentration
(pg/m1)

Nucleic acid bases 1.0 1.0 10.0

Amino acids 1.0 5.0 50.0

Riboflavine 0.005 10.0 0.5

Pyridoxine-HC1 0.005 10.0 0.5

Calcium pantothenate 0.02 10.0 2.0

p-Amino benzoic acid 0.005 10.0 0.5

Nicotinic acid 0.02 10.0 2.0

CholineC1 0.02 10.0 2.0

Inositol 0.04 10.0 4.0

Biotin 0.00025 10.4 0.026
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separate procedures. 4'6-Diamidino-2-phenylindole (DAPI; Sigma

Chemical Co.), a DNA-specific fluorochrome, binds to areas of high

adenine-thymine content in double-stranded DNA (Lin et al., 1977).

Fluorescence of nuclear DNA can easily be seen in situ with UV

excitation from a mercury lamp source. Nuclei were also stained with

iron hemotoxylin to verify results obtained with DAPI.

The staining procedure for the use of DAPI is a modification of

one used for algal chloroplast DNA (Coleman, 1979). A spore

suspension from a liquid culture was affixed to coverslips by air

drying overnight. After fixation in absolute ethanol:glacial acetic

acid (3:1) for approximately 1 hr, the coverslips were rinsed in

distilled water for 5 min, stained in DAPI (0.5 pg/m1) for 10 min, and

rinsed with 3-4 changes of cold distilled water (4°C) for at least 45

min. After a 5 min rinse in Mcllvain's citrate-phosphate buffer, pH

5.5, coverslips were mounted in glycerol on slides. The slides were

examined immediately or stored in the dark at 4°C. Observations of

stained nuclei were made with a Zeiss photomicroscope equipped with a

50W mercury lamp providing epi-illumination and a Zeiss 48 77 02

filter combination for fluorescence microscopy.

Sporidia from liquid cultures were also stained using Delafield's

hematoxylin (Johansen, 1940). The staining procedure of Jensen (1962)

was used, except that 4% ferric chloride (20 min) functioned as a

mordant and 2% ferric chloride (15 sec) served as a destainer. Slides

were mounted in Kleermount (Carolina Biological Supply) and observed

under brightfield illumination.
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Kinetics of sporulation of secondary sporidia

To better understand the characteristics of sporulation of

haploid cultures of T. caries in liquid medium, growth studies were

undertaken with strains #18, #24, and #26. Spores from five-day-old

liquid cultures were harvested, and the concentration of ungerminated

sporidia was adjusted to obtain an initial concentration of approx-

imately 2 x 105 spores/ml in 50 ml fresh T-19MM. Flasks were

incubated on a rotary shaker (175 rpm) at 19°C. Aliquots (0.3 ml)

were removed at 8 hr. (strains #18 and #26) or 24 hr (strain #24)

intervals over a period of 12 (strains #18 and #26) or 8 (strain #24)

days and stored in sterile vials at 4°C. Sample spore concentrations

were estimated with a hemocytometer within 24 hr of collection.

Induction of mutations for auxotrophy

Several methods were used in attempts to induce mutations in

nuclear genes of secondary sporidia of T. caries and to isolate

resulting auxotrophs. These included exposure of sporidia to 1) ethyl

methanesulfonate (EMS), 2) N-methyl-N'-nitro-N-nitrosoguanidine (NTG),

and 3) ultraviolet (UV) light. The chemical mutagen NTG (Aldrich

Chemical Co.) and the procedure developed for its use in this study

(Fig. 1) were found to be the most effective for obtaining auxotrophs

of T. caries.

Log-phase secondary sporidia were harvested from liquid cultures,

and the cell concentration was adjusted to 2 x 108 spores/ml by

resuspending the pellet in the appropriate amount of T-19MM. The

reaction mixture for mutagenesis included 8.9 ml 0.2 M acetate buffer,

pH 5.6, 1.0 ml sporidial suspension (2 x 108 spores/ml), and 0.1 ml
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Figure 1. Flow chart illustrating procedures for NTG mutagenesis of
secondary sporidia of T. caries and isolation of auxotrophic
mutants.
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of NTG stock solution (10 mg/ml). The NTG crystals were solubilized

in 0.2 M acetate buffer, pH 5.6, with slight heating. Upon addition

of NTG to the reaction mixture, the flask was agitated on a shaker

(175 rpm) at 19°C for 20 min-3 hr. After the incubation period, five

2 ml aliquots were removed and transferred to centrifuge tubes

containing 30 ml liquid T-19CM. The suspension was centrifuged at

6,000 xg for 10 min. The pellet of sporidia was rinsed by resuspending

in T-19CM, and the spores were collected by centrifugation. The

supernatant containing dilute NTG was degraded to dilute nitrous acid

by mixing with excess 1 mM HC1 and discarded.

Selection of auxotrophic mutants

After mutagenesis, the cell pellets were resuspended in 5 ml

liquid T-19CM and transferred to flasks containing 50 ml liquid

T-19CM. Flasks were incubated on a shaker at 19°C for five days after

which sporidia from each flask were harvested and rinsed twice in

T-19MMKNO3. Outgrowth of mutagenized cells in a complete medium

was allowed to permit cells to recover from the mutagenic treatment.

A sufficient time of growth is required for DNA strand separation

after replication and for cell amplification so that the mutations

(i.e., auxotrophy) can be expressed (Snow, 1966; Littlewood, 1975).

Several selection methods were attempted in order to isolate

mutants of T. caries. These included: 1) total isolation, 2)

filtration enrichment (Woodward et al., 1954), 3) layer plating

technique (Fincham et al., 1979), and 4) selective elimination of

prototrophs with an antifungal antibiotic (Fincham et al., 1979)

(Appendix I).



20

The total isolation procedure involved inoculating T-19CM plates

with mutagenized spores that had previously undergone outgrowth in

T-19CM liquid. Incubation at 19°C for 1.5-2 weeks allowed colonies to

grow to ca. 3 mm in diameter.

Filtration enrichment of mutagenized cells is a technique that

takes advantage of the differential germination of prototrophs and

auxotrophs in a liquid minimal medium. Wild type spores, able to grow

in a minimal medium, produce mycelium which can be filtered away from

the remaining culture liquid containing ungerminated presumptive

auxotrophs. Consequently, the procedure results in the enrichment of

auxotrophs within a spore population.

Flasks of T-19MMKNO3 were inoculated with mutagenized sporidia

of T. caries after harvest from outgrowth medium and incubated at 19°C

for 24 hr on a rotary shaker (175 rpm). Germinated spores were

separated from ungerminated spores by passing each culture through a

sterile 20 um nylon mesh, and the filtrate was centrifuged to collect

the ungerminated spores. The spores were washed with T-19MMKNO3,

collected by centrifugation at 6,000 xg, and transferred to flasks

containing fresh minimal medium. Flasks were incubated on a shaker at

19°C for 24 hr, and the spores were harvested as before. The ungermi-

nated spores from the harvest filtrate were collected on a sterile

polycarbonate filter (1 um pore size, Nuclepore Swin-Lok Membrane

Holder, 25 mm, attached to a 50 ml syringe) and rinsed once with

liquid T-19MMKNO3. The filter was submersed in a small amount of

liquid T-19CM and vortexed to resuspend spores in the medium. After

appropriate dilution, the suspensions were used to inoculate T-19CM
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agar plates with 50-75 spores/plate. Plates were incubated at 19°C

for 1.5-2 weeks to allow colony diameter to reach ca. 3 mm.

The third method utilized in attempts at auxotroph isolation was

the layer plating technique. Mutagenized sporidia were transferred to

T-19MMKNO3 plates (ca. 100 cells/plate), spread over the surface

with a sterile glass rod, and incubated at 19°C for four days. The

plates were examined, and the position of prototrophic survivors was

marked with a felt pen. An aliquot (5-7 ml) of melted T-19CM (47°C)

was dispensed over the agar surface and allowed to solidify. After

incubation at 19°C for four days, individual colonies that had grown

in response to the T-19CM "overlay" agar were isolated onto fresh

complete medium and incubated for 1-2 weeks.

Isolation of auxotrophic mutants

Colonies growing on T-19CM plates were replica-plated to T-19MM

KNO3 plates which were incubated at 19°C. Replica-plated colonies

failing to grow on T-19MMKNO3 after 1-1.5 weeks were scored as

putative auxotrophs and retested by streaking inoculum with a sterile

toothpick, first onto T-19MMKNO3 and then onto T-19CM plates.

These plates were incubated at 19°C for 4-7 days, and colonies that

again failed to grow on the minimal medium were retested at least two

additional times on T-19MMNO3 and T-19CM. Presumptive auxotrophs

were isolated onto PSA stock slants.

Characterization of auxotrophic mutants

Nutritional requirements of mutants were characterized by testing

each auxotrophic strain on a series of plates supplemented with

specific 'pools' of amino acids, vitamins, and nucleic acid bases.
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T-19MMKNO3 was supplemented with twelve separate pools of nutrients

as shown in Table 5. Generally, a colony will respond on a plate

containing one of the pools from #1-#5 and on another plate containing

one of the pools from #6-#12, thus allowing for direct identification

of a single growth factor requirement. For example, an auxotroph

growing only on plates #1 and #6 has a requirement for adenine.

Inocula for these tests were prepared by homogenizing a plug of each

culture in sterile distilled water in a tissue grinder. Each test

plate was inoculated with 5 pl of inoculum, and the plates were

incubated at 19°C for 1-2 weeks.

Test for complementation of auxotrophic mutations

The inocula for complementation tests were prepared using one of

two procedures. In the first, agar culture plugs of each mutant

strain were homogenized in sterile distilled water. Aliquots (5 pl)

of two compatible strains were superimposed on the surface of a

T-19MMKNO3 plate, incubated at 19°C, and monitored daily for colony

growth. Unpaired strains were placed on the same plate as controls to

determine the extent of growth, if any, by each individual auxotroph.

In the second procedure, an aliquot (0.3 ml) of homogenized agar

culture of each strain was transferred to T-19MMI-KNO3 plates supple-

mented with the required nutrient of the particular auxotroph. The

inoculum was spread over the surface of each plate, and the plates

were incubated at 19°C for approximately 2 weeks. Spores and mycelial

fragments were displaced from the resulting lawn of growth by adding

1.0 ml sterile distilled water and rubbing the plate surface with a

sterile glass rod. Aliquots (5 pl) of the spore/hyphal suspension of



Table 5. Nutrient 'pools' used in supplementing T-19MMKNO3 for characterization of auxotrophic
mutants.

Pools #1 #2 #3 #4 #5

#6 adenine cytosine cysteine methionine PABA

#7 histidine leucine isoleucine lysine valine

#8 phenylalanine tyrosine tryptophan threonine proline

#9 glutamine asparagine uracil aspartic acid arginine

#10 cholineC1 serine glutamic acid alanine glycine

#11 pyridoxine nicotinic acid biotin Capantothenate riboflavin

#12 - inositol - -
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two compatible strains were transferred to T-19MMKNO3 plates as

previously described.

Nutrient diffusion experiments

Auxotrophic strains #78 and #577 were each tested for growth in

response to the presence of another auxotrophic mutant having a

different nutritional requirement. This was done to determine whether

a growing culture could leak sufficient nutrients across a membrane

filter to allow growth of the auxotroph being tested. An agar block

(3 mm2) of an auxotrophic strain was placed face down on a sterile

nitrocellulose filter (0.2 pm pore size) on the agar surface of T-19CM

and T-19MMKNO3 plates and on growing cultures of other auxotrophic

strains. Mutant #577 was tested for growth on cultures of #78 and

#430; #78 was tested for its growth response on cultures of #577 and

#430. All auxotrophic cultures used in the experiment were grown on

T-19MMKNO3 supplemented with a single nutrient (i.e., only adenine,

uracil, or glycine added). When cutting agar blocks, attempts were

made to remove as much of the accompanying agar medium as possible to

prevent a false growth response due to nutrient transfer with the

culture itself. Plates were incubated at 19°C for six days before

recording each growth response.

Isolation of drug-resistant mutants

T. caries isolates #18, #24, and #26 were tested for their growth

response to twelve drugs in attempts to isolate spontaneous drug-

resistant mutants. Typically, secondary sporidia approaching station-

ary growth phase were harvested from liquid cultures and suspended in

T-19MM. T-19MM plates containing varying concentrations of growth



25

inhibitors (0.01-300.00 lig/m1) were inoculated with 107-108

spores/plate. Plates were incubated at 19°C for 2 weeks. In order to

allow growth in the absence of the drug, presumptive drug-resistant

mutants were transferred to T-19MM plates by streaking inoculum onto

the plate surface with sterile toothpicks. Plates were incubated at

19°C for 2 weeks, and putative mutants were then retested on fresh

drug-containing plates. Those colonies exhibiting growth on the drug-

containing medium within four days were assumed to be spontaneous

drug-resistant mutants and were later transferred to drug-containing

PSA slants. In one experiment, drug-resistant strains were isolated

after exposure of secondary sporidia to the chemical mutagen EMS. The

procedure used was that of Sherman et al. (1974) except that the incu-

bation period in EMS was for 5-15 min, and the plates were incubated

at 17°C.

Inoculation of wheat plants with compatible auxotrophic, drug-
resistant,and wild type strains

Seeds of the susceptible spring wheat variety 'Red Bobs'

(Triticum aestivum L.) were surface-sterilized by soaking for 2 min in

a 0.5% solution of sodium hypochlorite and then washed in sterile

distilled water. Seeds were germinated in vermiculite in a growth

chamber at 20°C. After 7-10 days, seedlings were transplanted to a

potting soil mixture and fertilized weekly with Hoagland's solution

(Hoagland and Arnon, 1950). Plants were maintained in the greenhouse

at 18 + 1°C during the daytime and 15.5 + 1°C during the nighttime

with high-intensity fluorescent lighting for 18 hr per day.

The procedure for inoculating plants was similar to that used by

Fernandez and Duran (1978) except that secondary sporidia and mycelium
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from monosporidial isolates of T. caries were used as inoculum instead

of the germinative products of teliospores (fused and unfused primary

sporidia, secondary sporidia, and hyphal fragments). The inoculum for

each treatment was prepared in the following manner. When liquid

cultures were used as inoculum, an aliquot (0.5 ml) of mycelial or

mixed sporidial/mycelial suspension (late log-phase) from each of two

compatible strains was added to 9 ml liquid T-19MM or T-19CM and

vortexed to mix thoroughly. Inocula from plate cultures were prepared

by homogenizing a 7 mm2 plug from each of two compatible cultures in

2 ml liquid T-19MM or T-19CM and suspending the mixture in 8 ml liquid

medium.

Wheat plants were inoculated as the plants approached the flag

leaf stage, i.e., when the flag leaf was still in the boot, as the

flag leaf was emerging from the boot, or just after flag leaf

emergence (Zodoks et al., 1974). An aliquot (0.5 ml) containing two

compatible strains was injected into each plant in the immediate

region of the developing head using a 1 ml syringe fitted with a 22

gauge needle. To insure contact of the inoculum with the developing

head and meristematic region, the inoculum was injected at several

different locations above the uppermost node, as suggested by J.

Gardner (personal communication). In three separate inoculation

experiments, a total of 228 plants were inoculated with compatible

strains, and 30 plants were inoculated with liquid T-19MM or T-19CM

to serve as controls. Other uninoculated plants were also included as

controls. Plants were examined for the presence of smutted kernels

within three to four weeks after inoculation and periodically

thereafter for the next two months.
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Fungal isolations from inoculated wheat plants

Wheat plants were harvested from each treatment group 3-10 weeks

after inoculation. Various portions of each plant were sampled for

the presence of T. caries including 1) the stem region at the point of

inoculation, 2) the immature wheat head inside the boot, 3) the flag

leaf surrounding the immature head, 4) portions of the mature wheat

head, 5) the stem region immediately below the immature or mature

head, and 6) the uppermost node of the plant. Surface sterilization

of host tissue was not necessary for those portions of the plant

enclosed by leaf sheaths, as the sheaths are effective at providing

protection from atmospheric contamination (Singh and Trione, 1969).

Stem and head tissue not enclosed by leaf sheaths were surface

sterilized in 0.5% sodium hypochlorite for 3-5 min and rinsed

thoroughly in sterile distilled water.

After cutting the stem just below the point of inoculation, the

head-bearing stem and the surrounding flag leaf were carefully pulled

away from the enclosing leaf sheaths. The freshly exposed tissue was

placed on a surface-sterilized glass plate, and 3-5 mm sections of the

head, stem, flag leaf, and node were cut obliquely with a sterile

knife. Sections were placed on T-19MMKNO3 and T-19CM plates

containing 100 pg/ml streptomycin sulfate and 10 pg/m1 tetracyline to

retard bacterial growth. Plates were incubated at 19°C under contin-

uous fluorescent lighting and examined periodically to record the

presence or absence of fungal growth from host tissue.
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Characterization of fungal isolates from wheat

Individual auxotrophic strains were reisolated from colonies of

paired strains (e.g., #577 x #430, #577 x #78) using a modification of

the layer plating technique previously described. A small plug of

inoculum was transferred from the colony margin to sterile distilled

water and vortexed to displace hyphal fragments and secondary

sporidia. Aliquots (0.3 ml) were transferred to T-19MMKNO3 plates,

and the plates were incubated at 19°C for 4-5 days. The prototrophic

colonies, when present, were noted by marking their location on the

plate with a felt pen. An aliquot (5-7 ml) of melted nutrient medium

(T-19MMKNO3 supplemented with adenine, uracil, or glycine) was

dispensed over the agar surface and allowed to solidify. After

incubation at 19°C for approximately 2 weeks, individual colonies that

had grown in response to the supplemented "overlay" agar were tested

for auxotrophy. The inoculum was removed with a sterile toothpick and

transferred to supplemented and unsupplemented T-19MMKNO3 to

determine the nutrient requirement for each colony.
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RESULTS

Nuclear condition of monosporidial strains

When secondary sporidia of strains #18, #24, and #26 were stained

with DAPI, typically, one fluorescent light-blue nucleus was observed

per spore (Fig. 2). In senescent spores, i.e., septate spore shells

lacking cytoplasm, the nucleus, when present, was often observed in

the parent cell from which the daughter bud cell arose. In actively

growing cells, e.g., those that were being budded off of a parent

cell, germinating spores, and ungerminated spores, a bright yellow

fluorescence could also be observed in the cytoplasm. Treatment of

senescent and actively growing sporidia with RNase to enhance clarity

of the DAPI-stained cell preparations (Coleman, 1979) had no effect

upon removal of either the blue or the yellow fluorescent bodies.

Additionally, when sporidia were stained with DNA-specific iron

hematoxylin, one densely stained body was typically observed per cell

(Fig. 3). Therefore, these results verified that the single

fluorescent-blue bodies present in the DAPI-stained spores were indeed

nuclei.

Kinetics of sporulation of secondary sporidia

The isolation of mutants is most easily accomplished with the

availability of large numbers of haploid, mononucleate cells. There-

fore, determination of cell concentration as a function of time was

necessary to obtain the maximum number of spores in the logrithmic

phase of the life cycle. Designation of spore types was based upon

their morphological growth state at the time of sampling. Four

classes of spores were identified (Fig. 4): class I = ungerminated
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Figure 2. DAPI-stained fluorescent blue nuclei of T. caries secondary
sporidia.
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Figure 3. Nuclei of T. caries secondary sporidia stained with iron

hematoxylin.
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Figure 4. Classes of secondary sporidia produced by T. caries in

liquid medium. (a) class I = ungerminated sporidia;
(b) class II = sporidium with new sporidium attached;
(c) class III = sporidium germinating into hyphae;
(d) class IV = spore shells lacking cytoplasm and
atypical cells with granular cytoplasm.
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sporidia; class II = sporidia with new sporidium attached; class III =

sporidia germinating into hyphae; class IV = spore shells lacking

cytoplasm and atypical cells with granular cytoplasm. No attempt was

made to quantify mycelial production and growth rate as this study was

concerned only with the kinetics of spore production.

Variability among sample replicates was analyzed using one of two

statistical measures. For the logrithmic portion of each curve,

linear regression with analysis of variance was used to analyze

variability and to compute the equation for the line (Sokal and Rohlf,

1969). From this equation, the spore generation time for each spore

class was determined. Note that for the regression analysis, the

independent variable, time, was described as "number of 8 hr periods"

to prevent rounding error that would occur with the use of fractions

of days (e.g., 1/3, 2/3, 1 1/3 days, etc.). For clarity of presen-

tation of each growth curve (Fig. 5 and Fig. 6), time is represented

by "days" such that 2, 4, 6, 8, and 10 days corresponds to 6, 12, 18,

24, and 30 8 hr periods, respectively.

Variability among sample replicates of the lag and stationary

phases of each curve was analyzed by computing the coefficient of

variation (CV) for each point. The CV is defined as the sample

standard deviation expressed as a percentage of the sample mean (Steel

and Torrie, 1980) and is a relative measure of variation independent

of the unit of measurement.

Growth curves were successfully determined for strains #24 and

#26; strain #18 produced excessive amounts of mycelium during the

mid-log phase of growth preventing an accurate estimation of spore

concentration. The growth kinetics for each of four spore classes of
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Figure 5. Kinetics of sporulation of strain #26 of T. caries in
T-19MM. ClAss I = ungerminated sporidia TO) (9 = 4.44
+ 0.136x, r4 = 0.98, P = 0.001, CU1.3%); class II =
sporidia with new sporidium attached (&) (2 = 3.22 +
0.158x, r2 = 0.96, P = 0.001, M.7.0%); class III =
sporidia germinating into hyphae (1) (2 = 3.95 + 0.152x,
rz = 0.96, P = 0.001, CVI-7.3%); class IV = spore shells
lacking cytoplasm and atypical cells with granular cyto-
plasm (4) (y = 3.95 + 0.152x, r2 = 0.96, P = 0.001,
CV:S10.1%).
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Figure 6. Comparative growth curves of sporulating strains #24 and
#26 of T. caries in T-19MM. Spore classes I (ungerminated
sporidfi),7TTiporidia with new sporidium attached), and
III (sporidia germinating into hyphae) poolel for each
point. Strain #24 (D), y = 3.92 + 0.252x, r = 0.98,
P = 0.05, CVi2.1%; strain #26 (0), 9 = 4.62 + 0.156x,
r2 = 0.99, P = 0.001, Cl/4.7%.
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strain #26 are presented in Figure 5. Each point represents the

average of three replicates. Class II spores exhibited a typical lag

phase of approximately 1.5 days in duration, whereas class I, III, and

IV showed a decrease in spore concentration during the lag phase. The

generation times for classes I, II, III, and IV were determined to be

17.7, 15.2, 13.1, and 15.8 hr, respectively. Germinating sporidia

budding off a new sporidium (class II) and those forming hyphae (class

III) reached stationary phase of growth after six days in culture,

whereas ungerminated spores (class I) continued to double in number

for two additional days.

A comparison of the growth characteristics of strains #24 and #26

is shown in Figure 6. Each point represents the average of pooled

data (classes I, II, and III) for two (strain #24) or three (strain

#26) replicates. Spores appearing to be senescent or atypical in

morphology (class IV spores) were not included in the analysis. The

generation time was determined to be 9.5 and 15.4 hr for strain #24

and strain #26, respectively. Logrithmic growth was initiated for

both strains approximately 24 hr after transfer of spores to fresh

medium, and it continued over a period of four and five days for

strains #24 and #26, respectively.

NTG mutagenesis and mutant isolation

NTG is an extremely potent alkylating agent and is well known for

inducing mutations with high frequency at or close to DNA replication

points (Fincham et al., 1979). A survival curve was determined in

response to exposure of secondary sporidia to NTG (final concentration

100 pg/m1) during a 12 hr period (Fig. 7). Although the efficacy of
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Figure 7. Survival curve for secondary sporidia of T. caries after
exposure to NTG (100 mg/m1).
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exposure of cells to NTG at specific time points was not determined,

auxotrophic mutants were successfully obtained using a range of

exposures from 20 min (approximately 15% kill) to 3 hr (approximately

85% kill) (Table 6). Both filtration-enrichment and total isolation

proved to be effective selection methods for isolating auxotrophs

although the rate of mutant isolation was very low in all cases (0.04 -

0.16 %). No mutants were isolated using the layer plating technique in

a single experiment. Since auxotrophic mutants had already been

obtained with the previously mentioned selection methods, the layer

plating technique was not further utilized.

Characterization of auxotrophic mutants

Two nucleic acid-requiring mutants, one glycine auxotroph, and

four organic nitrogen-requiring (N) mutants were obtained as a result

of NTG mutagenesis (Table 7). No vitamin requiring mutants were

isolated. Mutant strains #78 (ura-), #577 (ade-), and #430

(gly-) were most easily characterized since each had a single

nutritional requirement. Mutant strains #280, #112, #441, and #369

grew very poorly compared with the wild type parent strain on

T-19MMKNO3. When T-19MMKNO3 was supplemented with one or more

of several different amino acids as a nitrogen source, growth was

comparable to the wild type strain. Asparagine and glutamine provided

the best source of organic nitrogen for each of the mutants, although

enhanced growth was observed in the presence of proline, arginine,

phenylalanine, and tyrosine. All N-metabolism mutants were leaky in

growth habit and, therefore, failed to be useful in subsequent comple-

menation studies. Mutant strain #430, although slightly leaky, was



Table 6. Summary of NTG mutagenesis experiments.

Experiment
Number

Strain
Mutagenized

Exposure
Time

Selection
Method

Number of
Colonies Tested
(replica-plated)

Number of
Colonies Retested

(toothpick-streaked)

Number of
Auxotrophs
Isolated

Mutant
Isolation
Rate (%)

NTG la 18 1 hr total isolation 267 11 0 0

3 hr total isolation 59 1 0 0

6 hr total isolation 10 2 0 0

1 hr
b

total isolation 693 99 0 0

3 hrc total isolation 620 102 1 0.16

NTG II 18 30 min filtration
enrichment

3990 464 5 0.13

NTG III 24 20 min filtration
enrichment

2613 578 1 0.04

8252 1257 7 0.09

a
Mutagenized sporidia were not allowed a typical outgrowth period in T-19CM.

b
Mutagenized sporidia stored in liquid T-19CM at 4°C for 8 days before transferring to T-19CM plates.

c
Mutagenized sporidia stored in liquid T-19CM at 4°C for 12 days before transferring to T-19CM plates.



Table 7. Characteristics of auxotrophic mutants of T. caries

Mutant
Strain

Parent
Strain

Mating
Type Mutation

Growth Habit
on T-19MMKNO

3

Sporulation
Properties Experiment

78 18 + uracil non-leaky poor NTG I

577 24 - adenine non-leaky profuse NTG III

430 18 + glycine slightly leaky good NTG II

280 18 + organic N leaky good NTG II

112 18 + organic N leaky good NTG II

441 18 + organic N leaky good NTG II

369 18 + organic N leaky good NTG II
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readily identifiable since it had a single nutrient requirement.

Strain #577, in addition to being an adenine auxotroph, sporulated

profusely as compared with wild type strains. In some cases, such

areas of high sporulation were tan or light amber colored. All

auxotrophic mutants grew slower than the wild type strains on T-19CM

plates.

Test for complementation of auxotrophic mutations

The pairing of two compatible auxotrophs (e.g., #577 x #78; #577

x #430) on T-19MMKNO3 typically produced colonial growth that

continued for up to three months (Fig. 8). Individual auxotrophs

placed on the same plate to serve as controls typically failed to

grow. Sometimes a small amount of initial growth occurred in unpaired

cultures due to carry over of nutrients from the stock culture, but

growth was arrested within a few days after nutrient depletion. After

a few weeks, isolated mycelial growth occasionally occurred and

continued at a rate slower than the wild type (Fig. 8, compare growth

of #577 and #78).

In the pairing of #577 x #78, gross colony morphology was similar

to that of individual wild type strains which exhibit an irregular

colony margin. The pairing of #577 x #430 resulted in a slightly

altered colony morphology characterized by a well-defined colony

margin. When a portion of the colony margin of either pairing was

removed and stained with DAPI, mononucleate secondary sporidia, as

well as hyphae, were present although the #577 x #430 pairing

typically contained fewer sporidia. Paired nuclei typical of a

dikaryotic growth stage were not observed in a consistent pattern



45

Figure 8. Growth of paired compatible auxotrophic strains and
individual auxotrophs on T-19MMKNO3.
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throughout the mycelium. Occasionally, two or more nuclei were

observed either in close proximity or at a distance from one another

in what appeared to be a single cell (Fig. 9). Since individual

hyphal cells could not be delimited in most cases, an accurate

estimation of the number of nuclei per cell could not be determined.

It appeared, therefore, that a variety of nuclear conditions were

present throughout the mycelial mat, ranging from zero to three nuclei

per cell.

Nutrient diffusion experiments

To determine whether the outgrowth of mycelium on T-19MMKNO3

from paired auxotrophic strains could have simply resulted from

syntrophic growth of the haploid strains through cross-feeding of

nutrients, nutrient diffusion experiments were carried out. Growth of

strains #577 and #78 continued across the surface of a membrane filter

when the filter containing a plug of the auxotrophic culture was

placed on T-19CM plates. No growth was observed when the filters were

placed either on T-19MM-KNO3 or onto the mycelial mat of a culture

that could theoretically restore growth through cross-feeding.

Isolation of drug-resistant mutants

The growth response of T. caries secondary sporidia to several

concentrations of various antibiotics and amino acid or base analogues

is listed in Table 8. Only mutants resistant to cycloheximide were

detected. Antimycin A and oligomycin initially appeared useful for

selecting spontaneous drug-resistant mutants. However, colonies that

were detected within two weeks subsequently failed to grow when

retested on fresh drug-containing medium or similar medium that had
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(a) (b)

Figure 9. DAPI-stained mycelium from a pairing of #577 (ade-) and
#430 (gly-) on T-19MMKNO3. (a) Hyphal cells containing
a single nucleus (single arrow) or multiple nuclei (three
arrows). (b) Hyphal cell with two unequal-sized nuclei.
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Table 8. Growth response
presence of

of T. caries secondary sporidia in the
compounds.various growth-inhibiting

Drug

Range of
Concentrations
Tested (pg/m1)

No. Cells
per plate

Growth response
(average no.

colonies/plate)

Actinomycin D 5.00-15.00 4 x 10
7

lawna

AcriflavinHC1 10.00-300.0 3-4 x 10
7

lawn

Antimycin A 0.01-0.05 1 x 10
8

lawn

0.10 1 x 10
8

4

0.50-50.00 4-13 x 10
7

no growth

Amphotericin B 10.00-50.00 1.3 x 10
8

lawn

5-Bromouracil 10.00-300.00 2 x 10
7

lawn

Canavanine
sulfate

10.00-100.00 1-2 x 10
8

lawn

Chloramphenicol 10.00-300.00 2.4 x 10
7

lawn

Cycloheximide 0.30-5.00 1 x 10
8

lawn

7.00 1 x 10
8

379

10.00 1 x 10
8

196

15.00 1 x 10
8

38

20.00 2 x 10
8

2

Ethionine 10.00-300.00 2 x 107
lawn

p-Fluorophenylalanine 10.00-300.00 3-4 x 10
7

lawn

Oligomycin 0.10-0.50 1 x 10
8

lawn

1.00 1.3 x 10
7

135

5.00-35.00 2-13 x 10
7

no growth

Proflavine 10.00-300.00 2.4 x 10
7

lawn
Hemisulfate

a
lawn of growth on agar surface
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been stored for two weeks either at 4°C or 17°C. All other drugs

tested showed either no effect on inhibition of growth or caused a

delayed growth response.

Cycloheximide-resistant strains cyc-24c (a spontaneous mutant of

strain #24) and cyc-26b (an isolate of strain #26 recovered from a

single EMS mutagenesis experiment) were isolated at drug concentra-

tions of 20 and 10 ug /ml, respectively. Both strains grew equally

well on liquid or agar medium containing 50 pg/ml cycloheximide.

Additionally, they exhibited more restricted growth than wild type

strains and failed to produce secondary sporidia in the presence of

cycloheximide. In the absence of the drug, sporulation was initiated

but never reached concentrations observed in wild type cultures.

Cycloheximide-resistant strains typically produced a dark brown or

rust colored pigment in T-19MM liquid and agar plate cultures. This

characteristic subsequently proved to be a selective marker for

identifying these haploid strains in pairings of #78 x cyc-26b and

#78 x cyc-24c.

Response of wheat plants to inoculation with paired haploid strains

Examination of the kernels of mature wheat heads revealed that

none were smutted with teliospores of T. caries. In three inoculation

experiments, only 38.2% to 51.7% of the plants inoculated with

compatible auxotrophic, drug-resistant, or wild type strains developed

mature heads (Table 9). Inoculated and uninoculated control plants

headed normally except in the initial experiment were only 50% of the

inoculated control plants reached maturity. Dissection and visual

examination of representative plants failing to head normally after
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Table 9. Percentage of headed wheat plants obtained after
inoculation with compatible strains of T. caries

Experiment Inoculuma

No.

Plants
% Headed
Plants

% Headed Plants
(pooled data)

1 Uninoculated 6 100.0 100.0

Inoculated with MM
b

10 50.0 50.0

Inoculated with:
18 x 24 21 33.3

18 x 26 13 15.4

577 x 78
577 x 430

10

12

40.0
58.3

38.2

78 x cyc-26b 11 45.5

78 x cyc-24c 9 44.4
92

2 Uninoculated 11 100.0 100.0

Inoculated with CM
b

10 100.0 100.0

Inoculated with:
18 x 24 17 70.6

18 x 26 16 43.8

577 x 78
577 x 430

15

16

66.7
68.8

51.7

78 x cyc-26b 12 16.8

78 x cyc-24c 13 30.8

3 Uninoculated , 5 100.0 100.0

Inoculated with CM 10 100.0 100.0

Inoculated with:
18 x 24 20 60.0

18 x 26 20 40.0 44.3

577 x 78 21 33.3
7q-

a
18, 24, 26 = wild type haploid strains
577 = adenine auxotroph
78 = uracil auxotroph
430 = glycine auxotroph
cyc-26b, cyc-24c = cycloheximide-resistant mutants

bMM = minimal medium
CM = complete medium
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inoculation with T. caries revealed the presence of white mycelial

growth on the surface of both living and dead plant tissue excised

from the boot (Fig. 10). When mycelium was removed from this plant

material and observed under a light microscope, hyphae and secondary

sporidia typical of T. caries were present. When stained with DAPI,

secondary sporidia were usually mononucleate, and the hyphae typically

lacked the consistently paired nuclei characteristic of a dikaryotic

nuclear condition.

Characterization of fungal isolates from wheat

T. caries was isolated from each of 38 inoculated plants that had

.failed to mature to heading stage after inoculation. The fungus was

not isolated from five uninoculated control plants having normal

immature heads (Table 10). Isolations were made from living and dead

immature heads and stem sections, living uppermost node tissue, and

flag leaves that had failed to emerge from the boot. The fungus was

isolated from three weeks to ten weeks after inoculation; no attempt

was made to isolate at earlier or later dates. Additionally, T.

caries was isolated from stem sections in three of seven inoculated

plants that had headed normally and showed no visible signs of

infection. The fungus was not isolated from stem sections of five

control plants that had matured normally to the heading stage.

The rate of outgrowth of T. caries from the plant material varied

with the type of inoculum and the growth medium. Additionally, four

types of colony morphology were observed (Fig. 11). They were

identified as: 1) "sporulation" type--light rust or brown colored

colonies or sectors with few aerial hyphae and prolific sporulation
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Figure 10. Outgrowth mycelium of T. caries from living tissue on an
immature head dissected from the boot of a wheat plant
inoculated with paired auxotrophic strains #577 (ade-)
and #430 (gly-).



Table 10. Isolation of T. caries from plants failing to mature to heading
stage after inoculation.

No. No. No. weeks
plants successful from inoculation

Experiment Inoculuma sampled isolations to harvest

1 18 x 24 2 2 10
78 x cyc-26b 2 2 10
78 x cyc-24c 2 2 10

2 18 x 24 1 1 3
18 x 26 3 3 8
577 x 78 2 2 8
577 x 430 3 3 8
78 x cyc-26b 2 2 7
78 x cyc-24c 2 2 7

3 18 x 24 2 2 5
18 x 26 7 7 5
577 x 78 10 10 5
Uninoculated 5 0 5

43 38

a
18, 24, 26 = wild type haploid strains
577 = adenine auxotroph
78 = uracil auxotroph
430 = glycine auxotroph
cyc-26b, cyc-24c = cycloheximide-resistant mutants
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(a)

(b)

Figure 11. Morphological variants obtained from wheat plants which had
been inoculated with compatible auxotrophic strains of T.

caries. (a) "sporulation" type, (b) "flat" type.
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( c )

(d)

Figure 11 (continued). (c) "fluffy" type, (d) "compact" type.
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that were isolated from pairings of #577 x #78 and #577 x #430, 2)

"flat" type--white flattened colonies isolated from pairings of #577 x

#78, 3) "fluffy" type--white fluffy colonies with aerial hyphae that

were isolated from pairings of #577 x #78, and 4) "compact" type--

white raised colonies with a well-defined margin that were isolated

from pairings of #577 x #430.

The growth rate and colony morphology of paired wild type strains

(#18 x #24 and #18 x #26) were the same on T-19CM and T-19MMKNO3

(Fig. 12). The rate of colonial growth of the #577 x #430 pairing was

approximately the same on complete and minimal media although two

types of colony morphology were evident. "Compact" colonies and

"sporulation" sectors were both present on T-19CM and T-19MMKNO3,

although "sporulation" sectors often developed later near the margin

of the "compact" colony (Fig. 13). During outgrowth of the pairing of

#577 x #78, "sporulation", "flat", and "fluffy" colonies were

identified both on complete and minimal media. However, the initial

outgrowth of mycelium from plant material was typically much slower on

T-19MMKNO3 than on T-19CM. Colony outgrowth and the morphological

characteristics of #78 x cyc-24c and #78 x cyc-26b were similar on

T-19CM and T-19MMKNO3, but the production of pigment in the medium,

a characteristic of the cycloheximide-resistant mutant, was often

greater on T-19MMKNO3. Using the layer-plating technique pre-

viously described, all auxotrophic strains were successfully recovered

from colonies of paired strains as individual haploid isolates.

Strain #78 generally appeared to be present in mixed cultures at a

much lower concentration than strain #577 since it was much harder to

recover than #577.
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Figure 12. Morphology of colonies isolated from wheat plant tissue
after inoculation with paired wild type strains (#18 x #24
and #18 x #26).
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Figure 13. "Sporulation" sector emerging from a "compact" colony
isolated from wheat plant tissue after inoculation with
paired auxotrophic strains #577 (ade-) and #430 (gly-).
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When mycelium from pairings of #577 x #430 and #577 x #78 was

removed from T-19MMKNO3 and stained with DAPI, secondary sporidia

were typically mononucleate, and the hyphae lacked the consistently

paired nuclei characteristic of a dikaryotic nuclear condition. When

more than one fluorescent blue body was observed per secondary

sporidium or hyphal strand, they were typically unequal in size (Fig.

9b) and sometimes appeared to be connected by a thin strand of nuclear

material.

Samples from the four morphologically distinct colonies and

sectors growing from wheat tissue on T-19CM and T-19MMKNO3 were

retested for their growth response on both types of media (Table 11).

The majority of colonies or sectors identified as the "sporulation"

type grew well on T-19CM but showed no visible growth on T-19MMKNO3

within one to two weeks after inoculation. This was the case even

when inoculum for the test was from a colony originally growing on

T-19MMKNO3. Upon microscopic examination of the inoculum on

minimal medium, very slow growing mycelium was typically observed.

Within three to four weeks after plating, a small tuft of mycelium

could be seen growing from the original inoculum plug on T-19MMNO3.

"Flat" colonies typically grew well on T-19MMKNO3 but at a slower

rate than on T-19CM. "Fluffy" colonies grew as well or only slightly

slower on T-19MMKNO3 as on T-19CM. All colonies identified as

"compact" grew equally well on both complete and minimal media.

When "sporulation" sectors or colonies that initially showed no

visible growth on T-19MMKNO3 were tested for their growth require-

ment on unsupplemented and supplemented T-19MMKNO3, all isolates

grew very well on the minimal medium supplemented with adenine. They



Table 11. Growth of four morphological variants obtained from wheat plant tissue that
had been inoculated with paired auxotrophic strains of T. caries.

Colony/sector
Type

Strain Paired
with #577

Growth
a

on:

T-19CM T-19MMKNO
3

No. samples with
indicated growth

response

"Sporulation" colonies #78 or #430 ++++ + 20
and sectors ++++ ++ 8

++++ +++ 3

31

"Flat" colonies #78 ++++ +++ 13
++++ ++ 5

18

"Fluffy" colonies #78 ++++ ++++ 7
++++ +++ 8

15

"Compact" colonies #430 ++++ ++++ 4

a
++++ = good growth

+++ = good growth on T-19MMKNO3 but noticeably slower than that on T-19CM
++ = growth on T-19MMKNO1 very slow compared with growth on T-19CM
+ = no visible growth but upon microscopic examination, very slow growing

mycelium typically present
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grew poorly or not at all on T-19MMKNO3 plates with uracil or

glycine added. These results indicated that "sporulation" sectors or

colonies were composed primarily of the #577 nuclear component.

Similar results were obtained when "sporulation" sectors from colonies

initially isolated from plant tissue (Fig. 11a) were tested for their

nutritional requirement. The white tufts of mycelium growing directly

from the plant tissue were shown to contain both nuclear types (e.g.,

#577 and #78).
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DISCUSSION

Nuclear condition and growth kinetics of wild type strains

The development of techniques for the generation of mutant

strains of T. caries was aided by examining procedures used in the

genetic studies of other fungi such as Ustilago spp. (Holiday, 1961;

Cummins and Day, 1977), Saccharomyces cerevisiae (Littlewood, 1975),

Neurospora spp. (Woodward et al., 1954), Aspergillus spp. (Kafer,

1977), and Schizophyllum commune (Frankel and Ellingboe, 1977). In

general, mutant isolation is most easily accomplished in those

organisms having a haploid stage which is single-celled and

uninucleate. When mononucleate spores are unavailable for experimen-

tation, mutagenesis procedures are typically more laborious since the

presence of a wild type nucleus can mask expression of a mutation in

another nucleus in the same cell.

The availability of haploid strains of T. caries that produced

large numbers of secondary sporidia in liquid culture simplified the

mutagenesis procedures utilized in this study even though it was

necessary to first separate ungerminated sporidia (class I spores)

from mycelium and germinated spores (class II and III spores). Goates

and Hoffmann (1979) reported that the number of nuclei in secondary

sporidia of Tilletia spp. is variable although sporidia from mono-

karyotic cultures usually contain a single nucleus. The results

reported here, using DAPI and iron hematoxylin as nuclear stains,

confirmed their observations of a single nucleus per sporidium.

Consequently, the assumption was made that inability to isolate

auxotrophic strains after initial mutagenesis experiments was a
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function of the selection procedure itself and not due to the masking

of mutations as a result of a multinucleate condition.

Examination of the growth characteristics of haploid strains of

T. caries in liquid culture provided essential information for the

successful isolation of mutant strains of the fungus. The chemical

mutagen, NTG, acts most effectively at or close to the DNA replication

points of actively growing cells (Fincham et al., 1979). Therefore,

determination of the extent of the logrithmic phase of growth insured

that cells utilized in independent mutagenesis experiments could be

consistently harvested during the same growth phase. Since class I

sporidia (ungerminated spores) reached stationary phase in T-19MM at a

very high cell density (approximately 7-8 x 107 sporidia/ml) (Fig.

5), large numbers of ungerminated log phase sporidia could easily be

separated from a mixed spore culture (class I, II, and III) for use in

subsequent mutagenesis experiments.

In examining the kinetics of sporulation of strain #26 in liquid

culture (Fig. 5), it was interesting to note that both spore class II

(sporidia with new sporidium attached) and spore class III (sporidia

germinating into hyphae) reached stationary phase at approximately the

same time but earlier than spore class I (ungerminated sporidia).

That spores in class I continued to double in number for two

additional days can be explained by the propensity of spore class II

cells, and the mycelium produced from class III spores, to contribute

ungerminated sporidia to the class I population (Fig. 14). Upon

maturation, the class II spores released ungerminated sporidia

(daughter cells) whereas class III spores produced mycelium which

subsequently generated additional sporidia that became part of the
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Figure 14. Diagram illustrating the four spore classes generated
by growth of T. caries in liquid medium. Class I =
ungerminated spaidTP: class II = sporidium with new
sporidium attached; class III = sporidium germinating
into hyphae; class IV = senescent and atypical spores.
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class I population. Thus, class I spores (ungerminated sporidia) were

the major viable spore class present in late log-phase haploid

cultures of T. caries. Although mycelial production was not measured

quantitatively, it was evident upon visual examination of cultures

that less mycelium was present in late log-phase cultures (days 7-8)

than in earlier stages. Therefore, separation and harvest of

mononucleate sporidia (class I spores) for use in mutagenesis

experiments was most efficient in the late log-phase of growth when

spore concentration was high and mycelium concentration was low.

The decrease in spore concentration observed during the lag phase

of growth of spore classes I and III probably occurred as a result of

spore germination upon inoculation into a fresh growth medium. Within

a short period of time in T-19MM, the majority of spores germinated

and formed extensively branched mycelium. Consequently, these

germinated spores could no longer be recognized as sporidia because

they had essentially become totally mycelial in form. Class II

spores, having budded off new sporidia, apparently failed to germinate

further to produce mycelial growth and, therefore, exhibited a typical

lag phase of growth. The initial decrease in number of class IV

spores (senescent and atypical spores) was probably due to their

continued senescence and disintegration in the fresh medium.

The growth curves for two sporulating strains (#24 and #26) of T.

caries (Fig. 6) revealed a noticeable difference in their generation

times. Cells of strain #24 doubled in number in 9.5 hr whereas strain

#26 had a generation time of 15.4 hr. Although growth rates of only

two strains were analyzed, it is not surprising to observe such

variability between strains. Similar variability in generation time
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is present between strains of the smut fungus, Ustilago violacea

(Cummins and Day, 1977). Typically, liquid cultures initiated from

agar plugs required 1.5-3 or more weeks for vigorously sporulating

cultures to develop. The optimum conditions, other than temperature,

growth medium, and shaker speed, required for initiation and mainte-

nance of profusely sporulating stable cultures were not determined,

but generally once a vigorous culture was obtained, it continued to

sporulate profusely for an indefinite period of time as long as weekly

transfers were made to fresh medium. The techniques used in this

study for monitoring sporulation rate of T. caries were developed with

vigorously sporulating cultures. Once the spore generation rate was

known, an accurate estimation of the time at which cells arrived at

the late log phase of growth in T-19MM could easily be determined.

Mutant isolation procedures

The procedure developed for the use of NTG as a mutagenic agent

for T. caries included several steps of which 'outgrowth in T-19CM'

was probably the most critical for successful mutant isolations. No

mutants were isolated in those experiments where outgrowth or a

similar recovery period was not included in the isolation procedure.

Completion of DNA strand separation during cell recovery from the

mutagenic treatment resulted in the ability of individual mutations to

be experssed. Expression occurs only after the mutated DNA strand is

replicated and packaged into a cell separate from that of the wild

type complementary strand. Subsequently, individual mutants can be

isolated given the availability of efficient selection procedures.
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In the absence of a period of outgrowth, mutant nuclei may be

present, but the mutant phenotype may never be recognized on the agar

medium. If a cell is unable to complete strand separation and

subsequent cytokinesis before being transferred to a complete agar

medium, the colony that arises will actually be a 'mosaic' of two

nuclear types, i.e., wild type and mutant. If the mutation fails to

induce a morphological or other phenotypic alteration (e.g., spore

color) that allows direct identification of the mutant nucleus, the

mutant may never be isolated due to the absence of any identifiable

characteristic that would allow physical separation from the wild type

strain (e.g., sectoring).

In the first NTG mutagenesis experiment, the typical outgrowth

period in T-19CM was omitted from the isolation procedure, and no

mutants were obtained, except within the group of cells receiving the

3 hr NTG treatment. These mutagenized sporidia were stored at 4°C in

liquid T-19CM for 12 days. Previous observations revealed that spores

stored in the refrigerator continued to grow slowly for a period of up

to two weeks. Therefore, it appears that storage of mutagenized

spores at 4°C in T-19CM simulated the outgrowth period subsequently

included in NTG experiments II and III.

All auxotrophic strains isolated after NTG mutagenesis typically

grew at a reduced rate compared with that of the wild type strains.

The slow growth rate of auxotrophs such as these could be due to a

mutation effecting permease activity and the efficiency of nutrient

uptake (Pall, 1970). In general, filtration enrichment, which was

used as a selection method, yields many colonies which grow slowly on

any medium (Fincham et al., 1979) because it tends to selectively
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enrich for populations of slow-growing cells as well as auxotrophs.

Wild type sporidia are readily separated away from auxotrophs and

other slow-growing cells by a series of filtrations that remove

prototrophic growth.

Although no auxotrophs were isolated in a single experiment in

which the layer-plating technique was used as the selection procedure,

this method should be explored further in future mutagenesis

experiments with T. caries. After transferring outgrown sporidia to

T-19MMKNO3 plates, the procedure requires a total of 2-3 weeks to

enrich for putative auxotrophs instead of the 3-6 week period required

for filtration enrichment. Putative auxotrophs can then be tested for

auxotrophy by streaking inoculum with sterile toothpicks onto complete

and minimal media. The procedure should be more effective at

screening out large numbers of prototrophs without the use of the

replica-plating procedure which is time-consuming and somewhat

inefficient.

Attempts at selective elimination of prototrophs with aculeacin

A, as a method for auxotroph enrichment, were unsuccessful because the

antibiotic failed to lyse growing sporidia (Appendix I). Secondary

sporidia of T. caries were very tolerant to concentrations of the drug

that completely inhibit growth of Saccharomyces cerevisiae (Mizoguchi

et al., 1977). These results are not at all surprising after

examining the growth response of T. caries in the presence of various

antibiotics and amino acid or baSe analogues (Table 8). The majority

of drugs tested for use in isolation of spontaneous drug-resistant

mutants showed either no effect on inhibition of growth, or they

caused a delayed growth response. Although secondary sporidia of T.
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caries were shown to be naturally tolerant to high concentrations (up

to 300 pg/m1) of several different growth-inhibiting compounds,

cycloheximide-resistant mutants were successfully obtained in strains

of the 1-2 mating type (strains #24 and #26). No attempt was made

to obtain cycloheximide-resistant mutants in the opposite mating type

although such mutants could be useful in pathogenicity studies if the

mutations for resistance were recessive and non-allelic. The fungus

isolated from plant tissue could be tested on drug-containing medium,

and a negative growth response would indicate drug susceptibility as a

result of heterokaryon formation. A positive growth response would

suggest presence of the homokaryotic strains. In any case, since

drug-resistance may develop by different mutations and mechanisms, the

effective use of drug-resistant mutants first requires the determi-

nation of dominant/recessive relationships. Additionally, the effects

of fungicide resistant mutations on pathogenicity are not well-known

(Georgopoulous and Zaracovitis, 1967) and would need to be examined

for each drug/pathogen system.

The growth response of T. caries secondary sporidia to antimycin

A (0.1 pg/ml) and oligomycin (1.0 pg/m1) appeared to be due to a

non-genetic adaptation and not as a result of drug breakdown over

time. Since neither drug was completely soluble when incorporated

into the growth medium, this may also have had an effect on the growth

response observed. Fairly low concentrations of either drug (0.5-5.0

ug/m1) completely inhibited growth of wild type strains. Therefore,

mutant strains with resistance to antimycin A or oligomycin might be

induced with the use of chemical or physical mutagenic agents. Leben
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et al. (1955) obtained well-defined resistance to antimycin A in

Venturia inaequalis after ultraviolet irradiation of conidia.

Test for complementation of auxotrophic mutations

An auxotrophic mutant exhibiting a requirement for a nutritional

supplement will fail to grow on a minimal medium in the absence of

that substance. Growth will occur when the supplement is added to the

minimal medium or if the mutant can obtain the nutrient via complemen-

tation. Complementation occurs as a result of the presence of more

than one nucleus in the same cell, each of which is wild type for a

mutational locus in another nucleus. Consequently, the nutrient

requirement of a cell, occurring as the result of a mutation at a

specific locus, can be complemented by the presence of another nucleus

in the same cell lacking the identical mutation. Growth, in the

absence of complementation, can also occur as a result of cross-

feeding of nutrients between two different auxotrophs (i.e.,

syntrophism) or as a result of a reverse mutation. In the case of

some fungi, e.g., Neurospora spp. and Aspergillus nidulans, two

haploid auxotrophs with non-allelic mutations can be 'forced' to form

a heterokaryon when placed together on a minimal medium (Fincham et

al., 1979). Similar attempts were made with compatible auxotrophic

strains of T. caries in order to 'force' heterokaryon formation on

T-19MM KNO3.

The appearance of prototrophic colonies from mixtures of auxo-

trophic spores and mycelia of T. caries is suggestive of heterokaryon

formation although it does not constitute proof of heterokaryosis.

Parmeter et al. (1963) have discussed the criteria necessary for
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demonstration of heterokaryosis in fungi and clearly outline the

methods that should be used to demonstrate heterokaryosis in cultures

of compatible isolates. They suggest that "demonstration of hetero-

karyosis involves proof that dissimilar nuclei are present in single

vegetative cells or cells that give rise directly to vegetative

cells." Thus, such a demonstration of heterokaryosis requires the

isolation of single cells, e.g., hyphal tips, intercalary mycelial

cells, asexual spores, or sexual spores, from which the component

nuclear types can be obtained. Isolation of individual nuclear types

from a thallus arising from a single cell is facilitated in those

fungi in which heterokaryons regularly dissociate the nuclear types

into homokaryotic hyphae or conidia. Alternatively, sexual repro-

duction may provide proof of heterokaryosis as long as development is

from thalli of single-cell origin.

All initial attempts to isolate hyphal tips of T. caries were

unsuccessful due to non-viability of the hyphal cells that were

transferred. Several difficulties were encountered in these attempts.

Typically, hyphae of T. caries strains examined in these studies were

very narrow (approximately 1-3 um in width) and grew as an inter-

mingled mass of mycelium. Therefore, isolated hyphal strands were

generally hard to locate. In some instances, unbranched hyphal

filaments could be found growing outside of the immediate region of

the colony margin. When such isolated hyphal strands were available,

attempts at dissociating the hyphal tips from the proximal chain of

evacuated cells were unsuccessful. Additionally, hyphal tips were

easily damaged upon contact with a metal probe or knife. Conse-

quently, the inability to isolate viable tips was a major problem
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which will need to be overcome before conclusive evidence of hetero-

karyosis can be obtained.

Preliminary tests suggested that hyphal fragments can be disso-

ciated from a culture by vortexing a portion of the colony in sterile

distilled water. After spreading a very dilute suspension of hyphae

and spores on T-19MM.KNO3, hyphal fragments and spores growing on

the minimal medium within 2-4 days could be isolated and transferred

to a complete medium. Component nuclear types might then be isolated

using the layer plating technique previously described.

Although conclusive evidence of heterokaryosis was not demon-

strated by single cell isolations, results from initial nutrient

diffusion experiments suggested that nutrient leakage between strains

played a minor role, if any, in allowing the prototrophic growth of

two auxotrophs on a minimal medium. The failure of strain #577 or #78

to grow on a membrane filter in the presence of another growing auxo-

troph (#78, #577, or #430) showed that sufficient nutrient diffusion

failed to occur between the two strains, thereby preventing growth of

the membrane-bound mutant. Since there is little information

available concerning cross-feeding among auxotrophic hyphae, it is not

known whether intimate contact and intermingling of hyphae are

necessary for cross-feeding. In these experiments, the two

auxotrophic strains were placed in close contact with one another, but

intermingled growth was prevented by the presence of the membrane

filter. Therefore; the negative growth response observed may, or may

not, accurately reflect the intimate contact present in mixed cultures

of auxotrophs.
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Additionally, observations were made of changes in colony

morphology after pairing of compatible auxotrophs on a minimal medium.

The isolated colonies that formed after pairing auxotrophic strains

#577 (ade-) and #430 (gly-) exhibited a slightly altered colony

morphology which was characterized by a well-defined margin and the

production of few secondary sporidia. Strains #577 and #430, grown

separately on supplemented T-19MMKNO3, typically exhibited a colony

morphology with loose, aerial hyphae. Additionally, both had the

propensity to sporulate as well, or more profusely, as wild type

strains. Therefore, if the two auxotrophic strains were merely

growing synergistically as a result of nutrient cross-feeding, it

would seem that the developing colonies should reflect the growth

characteristics of each of the individual strains, i.e., loose, aerial

hyphae with profuse sporulation. Dimorphism would be expected if one

assumes that heterokaryon formation results in a change in colony

morphology. This is indeed the case with many species of Ustilago,

Sphacelotheca, and Sorosporium, where compatible haploid yeast-like

colonies become mycelial upon formation of the dikaryon (Fischer and

Holton, 1957).

Conversely, the pairing of #577 and #78 resulted in the

formation of colonies morphologically indistinct from the individual

monokaryotic strains. Whether this is due to failure of heterokaryon

formation or an unchanged colony morphology after heterokaryon

formation is unknown. In species of fungi where heterokaryons lack

the rigid nuclear organization of a dikaryon, there is actually no

compelling genetic reason for homokaryotic strains and heterokaryons

to appear morphologically distinct.
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Wheat plant inoculations

The absence of smutting in heads of wheat plants of the suscep-

tible var. 'Red Bobs' after inoculation with compatible strains of T.

caries may have resulted from one of several factors. Since environ-

mental conditions for plant growth and disease development were

considered to be optimum (Robert Metzger, personal communication), the

inoculation technique, itself, may have been ineffective. Fernandez

and Duran (1978) obtained 78% bunted heads using a similar hypodermic

inoculation procedure with T. controversa. One of the main

differences between the two studies was the type of inoculum used.

Fernandez and Duran injected teliospore germinative products (fused

and unfused primary sporidia, secondary sporidia, and hyphal

fragments) into wheat plants. Consequently, a portion of the inoculum

injected into the boot of the plant consisted of previously formed

heterokaryotic infection hyphae. In the study presented here, the

inoculum consisted of a mixture of secondary sporidia and hyphae of

compatible strains. It is not known whether anastomosis occurred, but

if mating did take place, it is likely that it happened endogenously

and not prior to injection, since the time interval between pairing

and injection of inoculum was limited. If anastomosis between

compatible strains failed to occur either before or after inoculation

into the host plant, this could explain the absence of teliospore

production in kernels of mature wheat heads. Since there have been no

previous reports in the literature of successful infections with T.

caries using this inoculation technique, the optimum conditions and

the many factors that may effect disease expression are largely

unknown.
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Additionally, a large proportion of the plants inoculated with

paired compatible strains failed to reach maturity. The specific

effects of the fungus in preventing normal head maturation, in the

absence of teliospore formation, are unknown. In nature, infection by

T. caries is initiated when the infection hyphae penetrate the

coleoptile of the young seedling (Fischer and Holton, 1957). Since

the inoculation technique used in this study is quite different from

the normal mode of infection, disease progression and expression may

have been effected considerably.

Several questions were raised in response to the observation of

actively growing T. caries on living and dead plant tissue. First,

what proportion of the plants failing to show the typical symptoms of

disease were infected with T. caries? Secondly, what growth stage(s)

(i.e., homokaryon or heterokaryon) was present? Thirdly, if the

fungus could be successfully isolated from plant tissue, would

teliospore production be observed in culture as was seen by Trione

(1964, 1974)?

Although the fungus was isolated from a large majority of the

inoculated plants sampled, there was no evidence of teliospore

formation in axenic culture or in planta. If absence of teliospore

formation occurred as a result of failure of heterokaryon formation

within the plant tissue, the results would suggest that paired

auxotrophic, drug-resistant, and wild type haploid strains were

growing syntrophically in living and dead plant tissue for up to ten

weeks. Although the mycelium and sporidia observed on the surface of

plant tissue dissected from the boot looked morphologically similar to

the haploid stage of T. caries, there have been no previous reports in
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the literature of this stage being parasitic. The haploid stage has

been described as non-pathogenic and, therefore, is assumed to be

solely saprophytic. Such conclusions are based on the observations

that unpaired monosporidial cultures fail to cause infection, as

measured by teliospore production in mature wheat heads (Flor, 1931,

1932; Silbernagel, 1963, 1964). Since the organism is heterothallic

(Flor, 1931, 1932; Holton, 1951), these results are to be expected,

but it is also important to realize that they do not preclude growth

of the haploid stage in the plant in the absence of teliospore

formation. Since the main objective of the wheat inoculation studies

was to initiate teliospore formation in planta, the treatments did not

include inoculation with single haploid lines. However, the growth of

unpaired monosporidial strains of T. caries on 'Red Bobs' tissue

culture callus (Appendix II) may be indicative of their growth

potential on living tissue in the absence of heterokaryon formation.

The ability of haploid non-leaky auxotrophic strains (e.g., #577

and #78) to grow as homokaryons in the absence of anastomosis and

complementation would require nutrient leakage between strains or from

the surrounding plant tissue itself. Boone (1971) found that

nutritional mutants of Venturia inaequalis having certain vitamin

requirements could acquire these substances from the host. On the

contrary, mutants requiring nitrogen bases or amino acids were unable

to obtain these substances from the host in sufficient quantity to

grow and incite disease. Additionally, Boone showed that non-

identical nutritional mutants were able to grow syntrophically when

paired on a minimal medium and when inoculated together on apple

leaves. It is unclear how it was determined that growth was due to
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syntrophism and not 'forced' heterokaryon formation. Since very

little is known about the utilization of plant nutrients by pathogens

during their interaction with a host, it is difficult to make any

further conclusions about the specific relationships present in the

T. caries-wheat system. The potential to examine these types of

relationships more closely is greater with the availability of

drug-resistant and auxotrophic haploid strains.

The differences in rate of outgrowth of T. caries from plant

tissue sections generally depended on the paired strains used for

inoculation. The pairing of #577 x #430 resulted in approximately

equal rates of outgrowth on complete and minimal media. Since both

nuclear components could be isolated as individual strains from a

"compact" colony, reverse mutation does not explain the growth rate

observed on the minimal medium. Therefore, syntrophic growth or

heterokaryosis are the other plausible alternatives. Sectoring of

strain #577 would not necessarily occur under conditions of

syntrophism but could be explained if one assumes heterokaryon

formation. In many Ascomycetes and imperfect fungi, dissociation of

heterokaryons into homokaryons is not unusual (Parmeter et al., 1963).

In Basidiomycetes, the capacity to dissociate into homokaryotic

components is less common although dissociation does occur (Fernandez

and Duran, 1975; Nielsen, 1968; Miles and Raper, 1956). In fact,

there have been several reports in the literature of "reversion" of

the heterokaryotic stage of T. caries to the homokaryon (Trione, 1964,

1972, 1974; Trione and Metzger, 1962; Singh and Trione, 1969). Since

genetically marked strains were unavailable for use in these studies,

observations were based on changes in colony and mycelium morphology,
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pathogenicity, and ability to produce teliospores and secondary

sporidia.

When "sporulation" sectors growing from "compact" or "fluffy"

colonies on minimal medium were retested for their growth response on

T-19CM and T-19MM-KNO3, the majority of isolates showed no visible

growth on the minimal medium within 1-2 weeks after transfer (Table

11). Microscopic examination of the inoculum revealed the presence of

very slow-growing mycelium on the agar surface which later developed

into a small tuft of growth. Initially, this would suggest that the

"sporulation" sector was comprised of a single, slightly leaky,

auxotrophic strain. When sporidia from "sporulation" sectors were

tested for their growth requirement on T-19MM-KNO3 supplemented with

adenine, uracil, or glycine, they were non-leaky and grew only in the

presence of adenine, indicating the presence of strain #577. These

observations suggest that the "sporulation" sectors may occur as a

result of nuclear dissociation from the parent heterokaryon. If this

is indeed the case, strain #577 should fail to grow as a sector on the

minimal medium in the first place, unless it is deriving nutrients, by

leakage, from the parent colony from which it arose. Alternatively, a

change in nuclear ratio of the heterokaryon which favored the #577

nuclear component could result in a change in colony morphology and

growth rate and would explain the observed results.

Previous studies of the stability of heterokaryons in culture

indicate that heterokaryons of some fungi become unstable on certain

substrates, and the proportion of conidia carrying one or the other

component nuclear type can change substantially (Parmeter et al.,

1963). Therefore, outgrowth of a heterokaryon of T. caries from wheat
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tissue onto a defined medium may, in some way, initiate a change in

the ratio of component nuclei resulting in sectoring or other

variations in colony morphology. Whether such changes result from

different rates of nuclear division of heterokaryotic cells (Rees and

Jinks, 1952), differential growth of dissociated heterokaryons (Beadle

and Coonradt, 1944; Jinks, 1952), or suppression of sporulation of one

of the nuclear types has not been determined.

Since the sporidial generation time of haploid wild type strains

of T. caries is variable (Fig. 6), it would be reasonable to expect

different growth rates of mutant strains, as well. It was noted that

strain #78 (ura-) grew substantially slower and sporulated poorly

relative to the other auxotrophic strains. Additionally, #78 was much

harder to recover from the pairing of #577 x #78. Therefore, it may

be that asynchronous division of the nuclei of strains #577 and #78

resulted in the generation of unequal nuclear ratios within the

heterokaryon. Consequently, dissociation of the component nuclear

types into secondary sporidia would result in production of a greater

proportion of mononucleate sporidia of the #577 strain. Additionally,

if unequal nuclear ratios were present in the heterokaryon, patho-

genesis and the processes involved in teliosporogenesis could easily

have been affected. Long and Keen (1977) constructed heterokaryons

from drug-resistant and auxotrophic strains of Phytophthora megasperma

var. sojae and showed, by isolation of single zoospores, that they

could be degraded to the respective monokaryons. Dissociation of the

nuclear components of these heterokaryons resulted in recovery of

unequal proportions of the constituent nuclear types. All
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heterokaryons were pathogenic on soybeans, but those with an observed

nuclear ratio of about 1:1 were more aggressive.

The growth response of the four morphological variants on

complete and minimal media could be explained by heterokaryotic growth

and subsequent unequal nuclear ratios leading to heterokaryon

dissociation. Alternatively, the cultural characteristics observed

may have merely been a result of syntrophism. Whether growth of the

heterokaryon and its dissociated components (i.e., the haploid

strains) could occur simultaneously within wheat tissue is unknown.

Unfortunately, the unsuccessful isolation of hyphal tips, from which

component nuclear types could be identified, precluded proof of

heterokaryon formation and dissociation. Therefore, determination of

the nuclear condition of strains of T. caries isolated from inoculated

wheat plants first requires the development of techniques which allow

the successful isolation and characterization of hyphal tips. Until

this can be accomplished, the interpretation of results from studies

such as these is difficult and must rely solely on criteria that

supply only indications of nuclear condition rather than actual proof.

In any case, the availability of genetically marked strains of T.

caries will now allow more definitive studies to be undertaken

concerning the nature and significance of nuclear associations of the

fungus in culture and in susceptible and resistant wheat varieties.
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CONCLUSIONS

Procedures have been developed for the successful isolation of

auxotrophic and drug-resistant strains of T. caries. The availability

of such genetically marked strains should prove advantageous in many

different kinds of studies on the basic biology and genetics of the

organism. Furthermore, the procedures for mutant isolation outlined

here may prove useful for the isolation of mutant strains in other

Tilletia spp. with similar growth characteristics.

Although attempts at inducing paired auxotrophic and drug-

resistant mutants to complete their life cycle in axenic culture or in

planta were unsuccessful, preliminary studies such as these have

provided valuable descriptive information concerning the biology of

such mutants under these growth conditions. Of primary emphasis in

future studies should be the development of efficient methods for the

isolation of viable hyphal tips of T. caries. With the availability

of this technique, more definitive answers concerning nuclear behavior

of compatible mutant strains in axenic culture and in susceptible and

resistant wheat varieties can be obtained.
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Appendix I

Selective elimination of prototrophs with aculeacin A

The selective enrichment of auxotrophic mutants through the use

of antibiotics that kill only growing cells has been utilized in both

bacterial and fungal systems (Fincham et al., 1979). Typically, incu-

bation of a mutagenized cell population containing small proportions

of auxotrophs in a minimal medium plus an antibiotic results in the

selective killing of prototrophic survivors. Auxotrophs, unable to

grow in the minimal medium, are isolated by spreading the cells on

antibiotic-free complete medium.

The antifungal antibiotic, aculeacin A, causes cell lysis in

Saccharomyces cerevisiae due to the inhibition of cell wall glucan

synthesis at the tip of growing cells (Mizoguchi et al., 1977; Miyata

et al., 1980). Secondary sporidia of T. caries were tested for their

growth response in the presence of aculeacin A to determine whether

the drug would lyse germinating prototrophic sporidia. If lysis of

growing cells could be shown to occur in the presence of aculeacin A,

the drug might subsequently prove useful for auxotroph enrichment

following mutagenesis of wild type cells.

Log-phase secondary sporidia of T. caries strain #24 were

harvested and transferred to 50 ml T-19MM containing aculeacin A (5,

25, 75 pg/m1 final concentration) at a spore concentration of approxi-

mately 6-8 x 105 spores/ml. Each treatment was replicated twice.

Flasks were incubated on a shaker (175 rpm) for 8 days at 17°C.

Aliquots (0.3 ml) were transferred to sterile vials every 24 hr and
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stored at 4°C. Spore concentration (Classes I, II, and III pooled)

was determined with a hemocytometer within 24 hr after sampling.

The growth curves for T. caries prototrophic sporidia exposed to

aculeacin A are shown in Figure 15. The lines were fit by determining

regression equations for each logrithmic growth phase. It was shown

that increasing concentrations of aculeacin A have no significant

effect on culture growth other than to increase the length of the lag

phase. Initiation of logrithmic growth was delayed by 0.5-1 day with

increasing concentrations of aculeacin A, but final spore concen-

tration after 8 days was approximately the same for all cultures.

Subsequent spore germination tests on plates of T-19MM containing

aculeacin A at various concentrations (0-150 pg/ml) showed no evidence

of cell lysis and no statistically significant effect of the drug on

spore viability (P > 0.10).
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Figure 15. Effect of increasing concentrations of aculeacin A on
sporulation of T. caries strain #24 in liquid T-19MM.
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Appendix II

Growth of haploid wild type strains of T. caries, on 'Red Bobs' wheat
tissue culture callus

The inability to induce teliospore formation in axenic culture

by pairing compatible haploid secondary sporidia and mycelium of T.

caries has limited progress in studies of the genetics of this

organism. Trione (1964) successfully induced in vitro teliospore

formation in 10% of the attempts with fused primary sporidia, but

there has been no report of teliospore production after fusion of

secondary sporidia in axenic culture. In general, teliospore

formation is most easily initiated in host plants, from which the

fungus can be reisolated and cultured in the teliosporogenic phase for

over two years (Trione, 1974). Therefore, attempts were made to

initiate teliospore formation by inoculating tissue culture callus of

the susceptible spring wheat variety 'Red Bobs' with paired haploid

secondary sporidia and mycelium of T. caries.

'Red Bobs' tissue culture callus was obtained from R. Quatrano,

Oregon State University, Corvallis, and cultured on tobacco tissue

culture medium, RM-1965 (Linsmaier and Skoog, 1965; Murashige and

Skoog, 1962). Wheat callus tissue growing on RM-1965 plates was

inoculated with paired haploid strains (#18 x #24; #18 x #26) and

individual strains (#18, #24, or #26) of T. caries by transferring a

loop of inoculum from log-phase cultures to the callus surface.

Uninoculated controls were also included. Plates were incubated at

24 + 1°C with 16 hr light. Two weeks after inoculation, the wheat

callus tissue was fixed, embedded in paraffin, sectioned at 8-12 pm,
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and stained with 1% safranin followed by 0.5% malachite green

(Johansen, 1940). Slides were mounted in Kleermount (Carolina Bio-

logical Supply) and observed under bright field illumination.

Examination of sectioned inoculated wheat callus tissue revealed

the growth of both paired and unpaired haploid strains as a thick

mantle on the surface of the callus tissue (Fig. 16). Additionally,

hyphae were observed both intercellularly and intracellularly in

tissue inoculated with paired or unpaired strains (Fig. 17).

Secondary sporidia and teliospores were absent in all samples

examined.
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(a)

(b)

Figure 16. The thick mantle of fungal growth present on 'Red Bobs'
tissue culture callus after inoculation with paired and
unpaired strains of T. caries. (a) paired strains #18
x #24, (b) strain #27r a one.
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(a)

(b)

Figure 17. Intercellular and intracellular growth of paired and
unpaired strains of T. caries on 'Red Bobs' tissue culture

callus. (a) paireditr51n7318 x #24, (b) strain #24
alone.


