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Abstract:

Ustilago hordei is a pathogenic basidiomycete that causes covered smut of barley. Mating in U. hordei,
which is controlled by a single locus with two alleles, results in the conversion of haploid,
non-pathogenic yeast-like sporidia to dikaryotic, pathogenic mycelium. Mating is one of the most
important steps in the U. hordei life cycle, initiating the sexual phase of this fungus. An improved
medium to test the mating reaction and genetic complementation was developed. The addition of
activated charcoal to a variety of media enhanced the stability and intensity of the mating reaction.
Complementation assays using minimal media containing activated charcoal demonstrated allelism of
auxotrophic mutations. The ease and reliability of the mating test allowed for rapid identification of the
mating type of unknown isolates and progeny of crosses, and also provided a dependable procedure for
performing complementation assays. A comprehensive morphological analysis of the mating process
was performed. Evidence of mating-type specific, diffusible, small molecular weight factors was found
when sporidia separated by a dialysis membrane were capable of inducing conjugation tube formation
by cells of the opposite mating-type. This indicates that these compounds were necessary for
recognition of opposite mating-type cells. Genetic control of the mating process was analyzed by the
use of mating defective mutants, which were isolated using charcoal-containing media. These mutants
were phenotypically characterized and arranged into several classes. These classes indicate the
complexity of the genetic control of mating in U. hordei. Molecular analysis of the mating process is
also described. DNA fragments from U. maydis which encode pheromones (mfal and mfa2) and
pheromone receptor (pral and pra2) hybridize with U. hordei DNA. Infal, mfa2, and pra2-like
fragments were cloned from a U. hordei A (MAT-1) mating-type strain. Mating-type of U. hordei is
proposed to be determined by specific sequences that encode a pheromone and a pheromone receptor,
which serve as mechanisms of cell-to-cell recognition in the initial stages of the mating process.
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ABSTRACT

i

Ustilago hordei is a pathogenic basidiomycete that causes covered
smut of barley. Mating in U. hordei, which is controlled by a single
locus with two alleles, results in the conversion of haploid,
non-pathogenic yeast-like sporidia to dikaryotic, pathogenic mycelium.
Mating is one of the most important steps in the U. hordei life cycle, -
initiating the sexual phase of this fungus. An improved medium to test
the mating reaction and genetic complementation was developed. The
addition of activated charcoal to a variety of media enhanced the
stability and intensity of the mating reaction. Complementation assays
using minimal media containing activated charcoal demonstrated allelism
of auxotrophi¢ mutations. The ease and reliability of the mating test
allowed for rapid identification of the mating type of unknown isolates
and progeny of crosses, and also provided a dependable procedure for
performing complementation assayé. A comprehensive morphological
analysis of the mating procéss was performed. Evidence of mating-type
specific, diffusible, small molecular weight factors was found when
sporidia separated by a dialysis membrane were capable of inducing
conjugation tube formation by cells of the opposite mating-type. This
indicates that these compounds were necessary for recognition of
' opposite mating-type cells. Genetic control of thé mating process was
. analyzed by the use of mating defective mutants, which were isolated
using charcoal-containing media. These mutants were phenotypically
characterized and arranged into several classes. These classes )
indicate the complexity of the genetic control of mating in U. hordei.
Molecular analysis of the mating process is also described. DNA
fragments from U. maydis which encode pheromones (mfa, and mfa,) and
pheromone receptor (pfal and pra,) hybridize with U. hordei DNA. mfa,, .
mfa,, and pra,-like fragments were cloned from a U. hordei A (MAT-1)
‘mating-type strain. Mating-type of U. hordei is proposed to be
determined by specific sequences that encode a pheromone and a
pheromone receptor, which serve as mechanisms of cell-to-cell
recognition in the initial stages of the mating process.




CHAPTER 1

LITERATURE REVIEW

The Pathogen

<

Economic Importance of the Pathosen

Covered smut 6f barley,.caused by Ustilégo hordei, 1is distributed
worldwide and seems to be more’ extensively dispersed than .either true
loose smut or semi-loose smué (Mathre, 1982). Losses froﬁ the disease
in areas where seed.treatment is not practiced are economically
important (Mathre, 1982). Grain quality and yieid reduction represent
the main monetary loéses. Barley with more than a small percentage of
headé infected with covéred‘smut is not acceptable:according té federal
grain standards (Mathre, 1982; Zillinsky, 1983).

In areas.of the Middle East énd Africé wﬂere'growers sow untreated
seed, covered smut continues to cause eqoﬁqmic losses (Mathre, 1982).
VIn the prairie provinces of Canada, inciuding Manitoba, Saskatchewan
and Alberta, overali yield lbsées from'barléy smuts were calculated to
range from 0.7%¥1LA% during the years 1978-1932, répresenting
cpnsiderable monetary losses.” The lépgest économical loss on the -
prairies of Canada was $i7.6 million in 1981. Other. major losses in
those provinces incliude $1.1 million in 1980, §10.9 million in 1978 and
$5.8 millioq in 1979L The maximum'incidence of U. hordei was in 1980

at 0:.9%. In addition, up to 25% of the plants were infected with
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U. hordei in several fields in 1980 and 1982 (Thomas, 1984). Iﬂ
1983-1988, again in the pfairie provinces of Canada, annual losses were
be;wegn 0.7%2 to 1.6% representing economic losses of $8.8 to $13.2
million. U. hordei Waé the most significant smut in Canada in 1987,
hgving the highest lével of infection ir that year compared to other
smuts. In addition, gp to 40% covered smut iﬁfeqtion was observed in a ~
field in 1987 in Manitoba' and 36% infection in a field iq‘Alberta in
1988 (Thomas, 1989a) being ;he'most'important smut in that.year in
Alberta (Krehm and Beauchamp, 1989). U. hordei was present in the-
provinces of Saskafchewan and Manitoba in 1989 (Weller and Rassnell,‘
1990) with an average of 70% of the fields infectgd and an average

incidence of infection of 0.8Y% (Thom;s, 1990). It is thought'that
ecgnomic losses occur throﬁghout the world due to smuts, and’
particularly to covered smut. However, strict surveys like.those

carried out in Canada have not been widely implemented.

Taxonomy and Description of the Pathogen

The causal organism of covefed’smut is Ustiiago hordei, 'a fungus
classifigd in the division Eumycota, and the subdivision
Basidiomycotina. It belongs in the ciass Hemibasidiomycetes in which
the prbmycelium usually has crosswalls, the order Ustilaginales where
the promycelium has lateral sporidia at septa, and the genus Ustilago
(Webster, 1989). | A

The'telioépores or resting structures of tﬂe fungus are globose,
subspherical to spherical, 5-8 um in diameter, brown to.dark brownf

-

with a smooth surface and a lighter colored side which is presumably
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where germination takes ﬁlace (Tapke, 1937). The teliosporeé germinate
forming a fOur-éeliédsb;sidium called the pfomycelium from which four
oblong to ovate hyaline bgsidiospores termed spofidia grow. Spori@ia
are 9-11 pm long and 4-6 pm wide, and represent the haploid phase of
the disease (Dinoor and Person, 1969).: They bud in a yeast-like |
fashion to produce numerous secondary sporidia (Fisher -and Holton,
1957); fusion of sporidia of opposite mating-type results in the
iﬁfectious dikaryotic mycelium (Dinoor and Person, 1969; Mathre,‘i982).

Teliqspores'gérminate'on standard mycological media (Vogel,'1956;
Lade, 1967; Holiiday, 1974, Hellmanp and\Christ; 1991), including -water
agar (Henry e£ al., 1988, personal observation). Some.¥epor£s state
that peptoﬁe plays a fole in growth,of the fungus (Fisher and Holton,
1957). Maltose, sucrose and glucose seem to be the best carboﬁ sources
.(Fisher and Holton, 1957), and nitrate is the best nitrogen source.
The pH of the medium does not appear £o have a strong influeﬁce on
teliospore germination or growth of tﬁe fungus (Fisher and Holton,
1957).' Telioépores germinate to produce the promycelium in which
meiosis occurs and results in four haploid époridia which continuously
produce haploid, uninucleate spéridia.‘ Althoﬁgh garly studies reported
teliospére formation on artificial media (Fisher and.Holton, 1957);
formation of.diploid.teliospofés occurs éxclusivgly in the plant

(Thomas, 1988).

Host Range.

U. hordei has been reported to occur naturally on rye in Siberia,

and on several grasses including Agropyron cristatum and Elymus glaucus




4
in the USA (Aisworth and Sampson, 1950). Artificial inoculations uéing
pairéd sporidial cultures of coverea smut from these hosts prodﬁced
infection on the following grasses: Agropyron caninum, élymus;
canadiénsis, Elymus glaucus, Elymus sibiriéus, Hordeum. nodosum and
Sitanion jabatum (Fisher, 19395,- Other,hosts reported include
Agropyron semiconstatum, Avena by%antina; Avena fatua, Avena
orientalis, Avena sativa, Elymus canadiensi;, Elymus éxcelsus, Elymus
glaucus, Hordeum bulbésum, Hordeum Qulgare, Hordeum vulgare var.

trifurcatum, several Hordeum spp. and Secale .cereale (Zundel, 1953):

[

Symptoms of Covered Smut

The characteristic symptom of the disease is a purplé- black
fungal mass of téliospores (sorus) of about 6-10 mm in length. The
teliospores are contained within a rather persistent membrane that
sqrrounds the seeds on the entire head of the host (Dickson, 1956).

The sorus is enclosed in the floral bracté‘of the spikélet which
freduently appears at maturatign of‘the host (Fisher and Holton, 1957).T
Smutted heads tend to emerge later than healthy heads or in many cases
are trapped in the sheath of the flag leaf. Occasionally, deéending‘on
eﬂvironmengal conditions and physiolAgical races, smut teliospores also
develop in leaf blades,as long streaks or_iﬁ nodal tissue (Mafhre,

1982; Gaudet and Kiesling, 1991).

Disease Cycle

The smutted heads are broken and crushed during harvest,
depositing inoculum in the soil and on the surface of healthy seeds.

Teliospores are the resting stage and survive in this form between
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growing seasons. Teliospores germinate at the same time that éeeds
germinate (Matﬁre,.1982). Germination of teliéspores in the soil is
enhanced by moderate moisturel(SO%) and cool soil temperatufes
(10-15°C) (Tapke, 1945). U. hordei sporidia were found on hulls éf
germinating seeds and the infective dikaryotic mycelium.colonized the
seeds and gérminating tissue (Kozar, 1969b). Infeétion occurred through
the éoleoptile, and the mycelium a@vanced through the host tissue and
became established 5ehihd the“growing ﬁoiﬁt where a profuse, thick,
branched mycelium was observed. Plants developed more infectgd tillers
when the pathogen penetrated the entire length of the coleoptile
(Thomas, 1976; quar, 1979b). As the plant grows, the mycelium'
maintains its position within the growing poinf until flowering time.
Then the fuhgus permeates the tissue of the évary and teliospore |
formation begins by segmentation and rounding of iﬁtercellular ﬁycelium
that forms the mass of teliospofes that replace the seed. - The
teliospores are contained within-a persistent membraﬁe that surrounds

the entire head and are released at harvest (Mathre, 1982).

" Physiological Sgeciélization :

Physiological speéialization describes the traits of
‘morphologically similar species that differ from each other in one or
more physioloéic charadtefs.. Specialized races of U. hordei, based'én
_pathogeﬁiciéy,.were first indicated in 1924 when 5 different
"biological" forms were.identified pﬁ)A barley cultivars, Nepal,

Hannchen, Texas winter, and Summit (Faris, 1924). Two distinct

physiological races were subsequently found in Canada which were
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readily distinguished by their reaction on Eufgka and Hannchen (Aamodt®
and Johnston, 1935). From 200 collections of Ustilago hordei from
26 states, 8 races were determined based on the differential reaction -
to 5 barley cultivars. Race 6 was found in 21 of 26 states and in 114
of the 200 collect;ons. Later; in Cangda, evidence of 4 new raées was
reported (Fisher and Holton, 1957). However, fhree of them proved to
be the s;me when tested on more cultivars.

Thirteen physiological races were identified in 1945A(Tépke,
1945), 5 ffom a collection of 244 isglates'and 8 from previous studies
from a total of 444 éollections from 33 states. Race é was widespread
and cdmprised 61.3% of total colle;tions. The most prevalent races
were 1, .5 and 6. In Caiiférnia and Wééhington,.réce 6 was the most
prevalent. Not infrequently, minor differences in size, teliospore
color, spore wall smoothness, compactnesé of the smutted heads and
spére mass, degree oflawn destruction énd degree bf smutted head
emergence from the boot have’béen associated with the different
physiologicgl racés‘of’U. hordei. |

Fourteen races are now fecognized for U. hordei after a new race
with a unique pathogenicity pattern was obt;ined'in an inbreeding study

of\race 8 (Pedersen and.Kiésling, 1979).'

Control’~

U. hordei haé been adequatel& controlled by c¢hemical seed
treatments. In the early 1900'5; formaldehyde was used as a seed
disinfectant which gave complete control. However, formaldehyde,

besides being a health hazard, causes injury to the seed if not

«
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-properly applied (Fisher and Holton, 1957). Later, organic mercuric
compounds such as Cefesan (ethyl mercury chloride) weré used
effectively to control covered smut. However, these compounds were not
widely accepted due to health hazards and high cost (Fishe% and Holton,
1957). To date, effective control of covered smut can be achieved with
several fungicides, including benomyl (Alcqck, 1980) and cérboxin
(Ballinger, 1980).- Formulations céntaining Carboxiﬁ and triad£menoll
also gave complete control (Johnston and Mathre, 1980; Sheridan, 1980).
‘Because of the success of chemical seed treatment,'littlé effort
hgs.been placed on the development of resistant‘cultiQars. However,
there are many cultivars that have resistance to some of the 14 |
physiological races including Excelsior, Hannchen; Himalaya; Lion,
Nepal, Panniér, a;d Trebi (Tapke, 1945),. Othér resistant cultivars
include the six-rowed hulled types Atlas, Saéraméhto, Velvet, Shaw, Sol
and Success, the two-rowed hulled types Spartaﬁ, Golden, Pheasant and
Horn and the hulless types Himalaya, Néw Era, Russian and Burbank
~2Aamodt and Johnston, 1935). Other cultivars_resiséant to several
races of the fungus include BJ28, and C163 (Bedi and Singh, 1972),
BHD22, EB582, EB570, EB905, EB 2100, EB 2505, EB‘2507, EC24882 and
K572211 all of which seem to be immune to 5 races of U. hordei
(Shrivastava and Shrivastava, l9i6). |
Major gene resistance is conditioned by a single dominant gene in
some lines, while in others £wo or three independent factors are known
(Fullerton and.Nielsen, 1974; Thomés, 1988). Minor geneg influencing
partial resistance are élso known (Emara and éidhu, 1974) . ‘Partial

<

resistance is expressed as partial infection in which not all heads of
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thg plants become infected (Gr;th et al.,.1976; Mathre, 1982).
However, depth of sowing, soil type and temperature at which inoculated
plants are'gro&n can also influence the occu?fenqe of'paftial sﬁgtting
~ (Groth et al., 1976; Mathre, 1982).
Genetic mechanisms of host resistance will be described in detail

in the following sections.

Genetics of Ustilago hordei

Mutation and Genetic Compiémentation

The Ustilago_hordei'life cydle is particularly wgll suited for
genetic studies. In the asexual cycle of U. hordei,‘haploid, yeast-
like, non-pathogenic cells, which are the result of meiosis from the
resting sexual spofes'(teiiospoxes), arg.produced. Daughter sporidia
are produced by budding. Mutation of U. hordei has proven to be
performed with relative ease. -MutatiOn rate, lethality and interactive
influences affecting mutation were determined by Hood (1968), including
the effect of the stage of the cell cyéle,and repair processes.

Hood (1968)'isolat;d three hundred and twenty thrge auxotrophic
mutants using UV irradiation and selecfién on minimal media. Three
hundred weré identified with respect to their special nutritional
réquiréments. Genetic analyses of ninety of these mutants were made
using cpoéseé between mutants and wild-type strains. This analysis
showed that haploid segregénts had the same nutritional requirement as
the parents, indicatiﬁg staBility of the mutation (Hood, 1968).

ﬁutation using UV irradiation combin;d‘with inositol starvation

seemed to increase the mutation frequency, compared with irradiation
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alone (Thomas, 1972): 1.9% of the survivors using UV irradiation
followed by inositél starvation were found to carry a nutritional
fequirement.in addition to inositol, whereas 0.11% ana'd.l7% were
recovered usiné UV irradiation by itself and Q.27% by inositol
sfarvation alone. From thése mutants, 118 required an exogenous équrce
of amino acid including serine,_leuciﬁe, isoieucine and valine,
methionine, arginige, 1ysine,‘pheny1a1anine, histidineﬂ and tryptophan.
Tﬁirty-six muténts'requireg adenine and 58 required vitamins including
niacin, pyridoﬁin,-pantothehi; écia and biotin. Interestingly, 1140
mutants required proline in éddition to ino;itol (Thomas, 1972).

Fifty-twq.auxotrophic, morphological aﬁd'teﬁpératﬁre sensitive- ’
mutants were isolated followihg UV irradiation, N-methyl-N-nitro-N-
nitrosoguanidine (MNNG) and ethyl methane sulfonate (EMS) (Hepry
et al., 1988). ‘Auxotrophic strains included-3ladenine (ade) mutants _
and 9 vitamin_requiring strains 'including niéotinic acid, pantothenic
acid, inositol and pyridoxine. iwénty-three amino‘acid-requiring
strains were auxotrophic for arginine, phenylalanine, proline,
tryftophanef lysine, histidine, valine, arginine/valine,
methionine/lysine, iysine/nicotinic acid, and valine/inositol. In this
study 10 morphological (morph) ﬁutants were identified by their
cauliflower-like appearance rather. than the wet yeést-like colony
typical of the ﬁild type.’ These mutants had greatly reduced numbérs of
sporidia, Whicﬁ were distributed_in chains rather than solitary
sporidia. ' Four témperature-sensifive mﬁtants were also obtained: Two
mutants were shown to be heat sensitive and two were cold sensitive

(Henry et al., 1988).
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Fungicide resistant strains have also been obtained. Benomyl,
chloroneb, thiabendazole and triadimenol resistantlstrains were
_isdlatgd using UV irradiation and MNNG treatments. The inheritance of
fungicide resistance was determine& (Henry et al., 1985a; Henry et al.,
1985b;"Henry et al., 1987).

* Complementation studies in U. hordei have been used to determine
allelism of auxotrophic mutations. GenetiC‘comﬁlementation tests wiﬁh
58 arginine requiring mutants were performed (Diﬁoor and Person, 1969).
Dikaryotic hyphae formed when haploid lines of the opposite méting-type
. containing complementary.mutationé were mixed on minimal media. Ten
different complementation groups were identified, indicéting that
mutations in 10. different loci which contfol arginine‘biosynfhesis were
obtained (Dinoor and Person, 1969). Henry et al. (1988) performed
genetic complementation, tests.on U. hordei auxotrépﬁic mutants, and of
twenty one'cémpatible pairs.with different biochemipal requirements,
seven did not complemen; (i.e., form dikaryotic mycelium). quever;
some did form mycelium when tested with the standard mating types,
indicating some inéerference with heterokaryon formation between thoée
mutaﬁts. However, of thé 15 coﬁpatible pairs with similar biqchemical
requirement;, four did not complement, indicating allelism (Henry

et al, 1988).

Interspecific Hybridization .and Echinulation

The fact that several smuts parasitize the same host, e.g.
U. nigra, U. hordei and U. nuda on barley'aﬁd U. kolleri and U. avenea

on oats, and the probability that these fungal’ species coexist in
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nature leads to ample opportunity for cross-hybridiéatioﬁ‘in nature.
‘Interspecific hybridization can result in tHe development of new
phjsiological (pathogenic) racee or species. Intra- and inter-specific
hybridization‘have been repeatedly demonstrated (Ho;ton, 1931; Fieher,
1951).

U. hordei seems to hybridize readily with other species includihg
U. nigré (Fisher, 1951) Spore cell wall morphology or ornamentatlon,
i.e., smooth echlnulated or wart-like characteristics, has been used
as‘a genetic marker to measure interspecifie hybridization. The first
hybrids reported were between U. hordei and U. medians,(U. nigra) using
monosporidial lines of each fungus (Aliison,'1935). Heed'type was
intermediate with sori ehclosed in aldurable but rather ioose membrane,
and all telioshores were echinulated. Faetors for mating-type,
pathoéenicity, head type and spore cell morphology segregated
independentiy (Allison, 1935),

U. hordei ahd U. bullata rhich infect both Agropyron and Elymhs'
spp. also‘hybridized'under experimental conditions (Fisher, 1951).
Nine hybrids were recovered; the F; spores were echinulated and lighter
colored on two sides (U. hordei has small, 5~8~pm 1ohg-smooth
teliospores which are lighter colored on one side while U. bullata has
longer, 8-12 um, echinulated, dark spores). Teliospore progeny were
characterized, and oné F, hybrid yielded the same spore wall morphology'
as the F,, but several F, hybrlds ylelded diverse spore wall morphology
1nclud1ng (L) small echinulated spores which were lightly colored on
one side, (2) small smooth spores which were lighter on.two eides,

(3) small smooth spores which were-lightly colored on one side,
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&4) large echinulated spores with one side lightly éoLoréd, (5) large
spores with uniformly colored walls, and (6) large smooth sporeé with
uniforme colored walls. Pathogenicity was the ;ame as in the parents
(Fisher, 1951). |

Hybrids between U. hordei, U. nigra, U. avenea and U. kolleri have
been obtained using a common host Agropyron tsukushiense var.
transciens (Huang_and-Nielsen,.1984).' Genetic relationships of these
species were based on their ability to cross and the distriBution of.
genes for spore morphology. .U. hordei strains frbm 10 collections from
10 countries on 5 continents had an echinulation genotype E,e,
resulting in smooth spores. All hybrids between U. hordei (smooth
spores, Eje;) and U. kolleri genotype éIEé (smooth spores) had
echinulatéd teliospores; E, and E, acted as dominant and complementary
genes., T;liospore-hybrids bgtweeﬁ’U. nigra (in which echinulatién is
conditioned_by two dominant, cqmplementary,genes E, and E,) and
U. hordei- (E,ey), segregatea as 1f echinulation was controlled by a
sing;e dominant gené, where E, from~ﬁ. nigra was complementing e,.
Huang and Niélsen, (1984) concluded that a diploid teliospore is
echinulated only‘if it carries both dominant E, and E, genes. Size of
echinulations among hybrids between U. hordei and U. ﬁigra seems to be
affécted by a recéssive‘gene(s) found in U. hqrdei that modifies the
expression of the méjor genes (EE;) rgquired’to proéuce echinulation
when backcrossed to the smooth-spored parent (d. hordei). Echinulation
is not affected by the microenvironmenf. Sorus type seems to be
associated with teliospore ornamentation. The least prominent

echinulation had a ‘sorus tyﬁe like that of U. hordei while more
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prominent echinulation had a sorus type iike U. higfé (Thomas, 1989b).
Recently, hybrids between U. kolleri (echinulated spores) and U. hordei
(smooth spores) wére found to pogsess surface ornamentation which was
oﬁly 30% of the diameter of normal échinulations and only visible:using

scénning electron microscopy (Thomas; 1991).

Somatic_Recombination

Evidence for parasexual recombination in U. Hordei has been
described (Kozar, 1969a; Megginson and Person, 1974). qupatible
combinatiqné of mutant sporidia requiring isoleucine arid valine were
used in one experiment. Isolation of mononucleated sporidia from
exgisédlinfectea plant tissue grew in minimal media, suggesting that
the novel éenot&pes recovered arose via somatic recombinationfl
Evidence of diploidizatign was found as tested by DNA.content; abilityu
to grow in minimal media an&\results from the‘Bauch test (Kozar,
1969a). |

‘Somatic .recombination was probably responsible for the genotypes
of teliospores‘after inoculation with a mixture of three different
haploid sporidia (Megginson and Person, 1974). The teliospores
-contained the genetic markers (érg-; 1eu-'an§ mating type) from all
three parents. . Somatic recqmbinaéion was assumed, since inqculations
were arranged in a way that'the parasitic'phasé Qould be.complefed only
if an unusual event had taken place. In addition, parase#uai
recombination was.assumea responsible for the'spontaneous appearance of

niacin deficiency in sporidial progeny (Megginson and Person, 1974).
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Virulence

Genetic analyses of virulence of U. hordei on barley supported a
geng-for-genelrelationship in the Ustilago-Hordéum system (Persén
et'al., 1986). Early experiments using tetrad analysis to follow
segregation of virulence in U. hordei suggested that a single recessive
allele for virulence was responsible.fof a'level of infection of 5% in’
two cultivars of barley. Later it was demonstrated that virulence was
due to recessive alleleé at different loci for each of the cultivars
Excelsior, Lion, Pannier, Trebi, while‘tﬂe gene for virulence on
Hanncheﬁ was dominaﬁt (Thomas, 1985). |

Specific genes for virulence of U. hordei, Uhvl through Uhvé, have
been identified. Uhvl aﬁd Uhv2 are effective against resistance genes
in bérley‘oﬁ a gene-for-gene basis, Uhvi against UhRI in Hannchen and
Vantage and Uhv2 égainst Uth in Excelsio?._ Uhv3 is a recessive gene,
apparently'liﬁked to Uhv2 for virulence on Nepal and Pannier. .Uhv4 and
Uhv5 are duplicate recessive genes at_twoldifferent'loci that control.
.virulénééfon Lion and Plush (Thomas, 1976).

Despite the pélygenic effects that moQify avirulence genes (Emara
and‘éidhu, 1976), eﬁvironmental'influences (Ebba and Person, 1969;
Thomas, 1988), and presencé of genes influenéing yirulgnce (ChristAand
Person, '1986), the gene-for-gene hypotheéis is still the mos£ viable
explanation for the basic compatibility or‘incompafibility of the

barley-U. hordei interaction (Ghrist and Person, 1986).
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Aggressiveness

The term aggressiveness has been used to describe the Vafiationgin
degree of infection of susceptible cultivars by the pathogen. Tﬁe
genetic determinants of.aggressiveness:in U. hordei have been and still
are the sﬁbjéct of intense study (Thomas{ 1988).

Several c?mpatiblé sporidial 1ine§ of U. hordei have been found to
infeét barle&icultivéis at rates ranging from 1.7% to 41.92 infection
(Christ and Person, 1986). This variability was due primarilijto
additive genetic effects and, to a lesser degree, to genetic
interactions sucﬁ as dominance and epistasis (Christ and Persoh, 1986).
Genetic modification of the expression of Uhvl on the cultivar‘Vantage
was studied using two teliospore types. Teliospores homozygous for
Uhvl were selfed in ail possible combinations. Forty-three percént'of
the infection variability was caused by additive genes and 22% by
ﬁdn-additive genes. . Alleles for greater aggressivéness Wére dominant .
and heterosis was.evident (ﬁmara and Sidhu, 1974). Infection ranging'
from 15%hto 90% oﬁ the variety Hannchen due to the effect of Uhﬁl was
reported (Thomas, 1988). Twenty-eight percent of this variation was
foupd,to be due to Uhvl.. The rest of the variation &as due to the
environment (Thomas, 1988). Aggressiveness was also examined on the
cultivar.Odéssa (Tﬁomas, 1988). Race 10 apbeared to be homozygous for
genes affecting aggressiveness, another dikaryon from unrelated '
sporidia was heterozygous for polygenic factors affecting
aggréssiveness. Sixty percent of the genetic effect was additive and
~40% was non-additive.. One factor affeétipg'aggfessiVenesg appeared to

\?

be linked to the mating type locus {Thomas, 1988).
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All the studies mentioned above used pereentage of infection as
the‘only criterion for aggressiveness. However variation in
aggressiveness among and w1th1n races of U. horde1 was recently
‘reperted (Gaudet and K1esl1ng, 1991) using other components than
percent of infection. Aggressiveness was measured according to several
components including peduncle compactation, extent of sorus formation
~ in heads, leaves and nodes and plant dwarfing. Aggressiveness should
be determined using several'criterra besides percentage of infection

(Gaudet.and'Kiesling, 1991):

Molecular Genetics

Two dlmen51onal lsoelectrlc focusing/SDS polyacrylamlde gel
electrophore51s was used to compare polypeptide extracts from
teliospores of several Ustilago spp, including U. hordei (Kim et al.,
1984). The same technique was applied to U. hordei isolates with known
genes for virulence. An initial correlation of a doninant~allele for
avirulence with a polypeptide\was later modified when tetrads from a

“heterozygote were backerossed to the‘virulent parent. Tne polypeptide
segregated independently from avlrulenee (Thomas, 1991).

Isozyme variation has also been used to try to deflne races using
starch gel electrophoresis (Hellman and Christ, 1991) Isozymes from
different races were obtained and slngle bands (alleles) were eetected
for aconitase, adenylate kinase, glucose-6-phosphate dehydrogenase,
phosphoglucose isomerase, 6-phosphdgluconate dehydrogenase and
peptidase; Two alleles were found for isocitrate dehydrogenase and

malate dehydrogenase and 3 alleles for phbspheglucomutase. However,
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races Qould not be separated solely by means of this isoéyme anélysis
(Hellmann and Christ, 1991).

One apprqaéh toward moleéula; isolation of fungal genes is to
develop a transformation system that élloWs’cloned DNA seduencgs to be -
introducéd and expressed in fungal cells. A genetic transforﬁatioﬂ
systém for Ustilago horaei has bgeﬂ-réported (Holden et ai., 1988).
This method consists of the preparation of spheroplasts of U; hordei by
the use of Novozyme 234~utilizing early log phase cultures,
tfansforming with the plasmid pHLl linearized at the XhoI site. Th;
transformatioﬁ was confirmed.by Southern blots of DNA extracted from
the transformants. Transformation frequencies of 10 to 50 resistant
colonies per microgram of DNA per 2 x 107'spheroﬁlasts wefe obtainéd.
The majority of the transformed cells retained‘fesistance to hygromycin
B through many mitotic divisions (Holden et al., 1988). An impro§e¢
transformation procedure has also been described (Duncan and Pope,
1990). Protoplasts were recovered after treatment with KCl buffer
solution and Novozyme 234, Stabilizéd protoplasts were treated with
the plasmid pCM54 which contains the hygéomycyn‘resistant gene and an
autonomously replicating sequence (ARS) from U. ﬁaydis. The réported
transformation rate was 3 to lﬁitimes higher than that préviously
reported. However, no Southern blot hybridization was done to
conclusively demonstrate transformation.

Electrophoretic karyotypes have been determined for monosporiaial
strains of the 14 races df Ustilago hordei. Chromosomal DNA of
sporidia was separated by contour-clamped homogeneous electric-field

gel electrophoresis (CHEF) (McCluskey and Mills, 1990). A unique
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karyotype was observed for each strain. The number of bands for each
.race varied frém a minimum of 15 to a méximum\bf 19 with approximate
length distributions from 170 to 3150 kﬁ. Karyotypes were conservéd
among membe?s of individual tetrads and between‘teérads rgpresenting
the same race. Southern hybridization was used to map genomic
fragments and heterologous conserved genes to chromosomes (McCluskey
and Miils, 1990). Eléctrophoretic karyotyping has. also been reported
Withodt the ﬁééd of making-proﬁoplasté (McCluékey et al., 1990).
Genome plasticity uéing probes from chromosome-specific DNA libraries
was also determined. The demonstration that most single copy probes
hybridized with chromosomes'of similar size suggests that the
variability in karyotype is not genergted by translocation (ﬁcCluskey
and ﬁills, 1991). Karyotype analysis has led to new approaches to
study‘fuﬁgi whose cytogeneticé can not bevstudied by conventional
meané. In U. hordei karyotyping hés helped to improve the knowledge of
the cytology of this fungus, i.e., number and sizes of chromosomes

(Thomas, 1991).

Mating-Type Genetics

Sexualify ér mating in fungi ha§ been recognized as one of the
most interesging aspects of thé biology of this group of organisms.
Mating has been found to be very diverse in a wide variety of fungi
(Raper, 1966). Different mechanisms have evolved in various groups of
fung; to favor cross-mating which enhances outbreeding or promotes

inbreeding to preserve the most fit genotypes (Fincham et al., 1979).
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Sexual Qimorph&sm is one of these mechanisms of séxﬁality and.it
occurs in a number of forms. Most of these cases occur in the
Phycomycetes. However, this feature is relatively uncommon in fungi.as
a group_(Raper,ll966). ' |

Incompatibility systems érerfar more prevalent as a means of
determining mycelial interactions. There are two basic types of
incompatibility among fungi, heterothallism (homogenic incompatibiiity)
and homotﬂallism (heterogenic incompétibility). Hegerothallism
prevents self-fertilization;'thus restricting iﬁbreeding and promoéing
outbreeding, while homothallism favors inbreeding and self-fertility
(Raper, 1966; Fincﬁam et al., 1979).

There are a number of important differences between
incompqtibility systems. These s&stems can be distinguished by two
major criterié; number of loci and number of alleles at each locus.
Bipolar and tetrapolar are terms that fefer to systemé with either one
or twg loci and describe the number of mating types possible ‘among the
progeny of a single cross. A bipolar cross yields 2 mating types,
while a tetrapolar cross yields 4 mating types. Biallelic and
multiailglic are terms used.to distinguish systems with twoAallelés per
locus or those with an large number of alleles.

The types of incompatibility systems that occur in various groups
of fungi may be generaiized. Phycomycetes, especially those belonging
to the order Mﬁcorales, have a-bipolar, biallelic mating system. The
Ascom}cete yeasts haye a bipolér bialleiic syéfem while the
Euascomycetes have a similar bipolaf, biallelic‘system_but.each ceil

" has the capability. of acting as either male or female. Basidiomycetes -
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in the Uredinaleé also have a bipolar biallelic system with each cell
having the capability of acfing_as éither male or female. In the
Ustilaginales, some species (i.e., U. hordéi) have a.bipolar, biallelic
system while other species (i.e., U. maydis) have a tetrapolar system
which is Biallélic for one locus and multialielic for the other locus.
In either case, mating types are morphologically identical.
'Basidiomycetes in the Hymenomycetes and Gasteromycetes have either a
bipolar or tetrapolar ﬁultiéllelic mating;typé system (Rapgr,\1966?ﬂ ’
There are extensive literature reviews on the control of
heterothalliém or sexuality in fungi (Whitehouse, 1949; Burnett, 1§56;
Olive: 1958; Raper, 1959; Rapér, 1960;'Raper, 1966;.N§smyth, 1982)
‘which cover mechanisms of regulation, characteristics of the systems,
hypotheses; terminology and biological gignificénce of the mating
process. In additiqn; there’are several mating s&stems that_haye been
well characterized and the ﬁolecular.mechanisms have béen described. A
brief re&iew of these systems will be discussed here to givé a better
understanding of mating. Thg mating pfocgss for several smuts will be
algo described. | | |
Saccharomyces cerevisiae, an ascogenous yeast, has a bipolar

mating system, Mating.iS‘determined By the MAT locus. .Cells with MATa
are referfed to as a cellg While a cells carry'tﬁe MATailobus. Cells
of the opposite mating type can mate while cells of the same matiﬁg
type cannot. Recognition of cells of the opposite mating type is
accomplished by secretioﬁ of a and o pheromones.which_bind‘to recepéors
on the surface 'of ofposite mating-type cells. Cells fuse to produce an

a/a diploid which carries the MATa and the MATa alleles (Herskowitz,
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. 1988). ' Switching from oné allele to other at the MAT loéus can occur
in haploid ceils; thus a colony whicﬁ beginé from a singlé cell of one
mating type can quickly become a mixture of both mating types. This is
due to two silent loci designated HMLa and HMRa in which copies of o
agd a ?eside regardless ‘of the information contained at the MAT locus
(Hicks et‘gl., 1979; Herékowitz, 1988). Switching ié induced by a°
dominant allelelHO wﬂich encodes an endonuclease thﬁt acts on these
loci. 1In the switching ﬁrocess, a copy of HML or- HMR replaces the MAT
allele which changes the mating-type. The "cassette" model has been
suggested for this process in which MAT is thg ;ctive{"cassette" or
locus carrying the information Which_iaentifies the mating-type of the
cell. -HML.aﬁdﬂHMR are silent "cassettes". Swifching occurs when.the
active "cassette" is replaced by information from the opposite mating-
type silent "cassette" (Nasmyth, 1982; Herskowitz, 1988);

The structure of the mating-type loéus has been elucidated for
S. cerevisiae (Nasmyth et al., 1981; Diééinié, 1996). MATa and MATe
contain unique DNA sequeﬁces Ya and Ye, bu£ also contain similgr
régions common to beth mating-typés called W and X. The Y fegion is
flapked by a Z1 and a 22 region wﬁich_are common to bo#h mating types.
Unique transcripts from Ya and Ya, called al.and a2 and al and a2, code
for DNA binding proteins that control several target genes (Nasmyth et
al, 198i). a-specific genes are expreésed in a cells but are repressed
in @ cells. a-specific genes also include struc;ural genes which are
induced by exposure to a factor. a-specific genes, which include the
a-faétor_receptor géne,‘are-indﬁcéd by al and expressed on & célls

(Draginis, 1990). Other molecular mechanisms of regﬁlation of the
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"active” and "silent" cassettes have been descpibed, inciuding the SIR
{Silent Infofmation ﬁegulator) iocus, which represses the silént "
cassette (Draginis, 1990), and regulation of the HO gene which
initiates the switéhing. Similarities to the "qéssette" model of S.
cereviceae have bgen found in the fission yeast Schizosacéharomyces
pombe (Kelly et al., 1988), Molécular techniques of restriction
analysis, Sohthern blot hybridization and hetero&uplex analysis |
revealed that‘mating switching occurs by tfanqusition (Beach, 1983).
" Nucleotide sequences and the mechanism of regulation have been
described (Kelly et al., 1988).

The Ascomycete heterothallic fungus, Neurospora crassa, has two
mating types designated A and a. The mating  type alleles A and a
céntrol,mating in the sexual cycle and also function in heterokaryon
incompatibility in the vegetative cycle. The molecular mechanisms of
mating type control have been elucidated ana the mating-t&pe locus has
been cloned. The mating-type clones.éontéin unique DNA segments that
are flankedvby common DNA sequences (Glass-eé al., 1983).'

In the Hymenomycetgs and‘Ggsteromycetes, which belong in the .
Basidiomycetes,_tﬁo loci systems are prevalent. >CompaFibility:is
controlled by the action of two independent loci A and B~(Raper et al.,
1958; Day, 1960). In the Hymenomycetes each mating-type locus has a
-large nuﬁber_of_aileles. In Schizophyllum commune_éé 4 alleles and 56
‘B alleles wére found in a worldwide survey (R;per et al., 1958). These
loci actually consist of four multialielic genes, Aa, AB, Ba, and Bﬂ.
with 9, 32, 9 and 9 alleles reépectively esfimatéd to exist world&ide

_(Raper, 1959; Raper, 1966, Ullrich, 1978). The foﬁr mating type genes
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are iinked in two pairs, AaBf and ABBa, on two separate ¢hromosomes.
Coﬁplgté‘sexual development occurs only when two sgrains_with allelic
differences at Ac and AB and Ba and' BB mate. A series.of distinct
developmental events is initiated to convert the two haploid strains.
into a fertile heterokaryon, with A and B alleles controlling pgit of
the‘development'(Giassan et al, 1989). A alleles regulafe nuclear .
pairing, nuclééf conjugation, ceilulaf division, and hook cell
formationi B alleles regulate septal dissolution and nuclear migration.
(Rape;,“1966). Two Aax mating-type alleles have been cloned (Aal and
Aat) from.Schizophyllum using chromosome walking with a cosmid library.
Tfansforming DNA is éctive in the trans configuration, suggesting that
Aa encodes ' a diffusibie“produat: Rgstriétion mapping analysis has
shq&n that Ael and Aa4 are located in the same physical regién%of this
ch;omosome but within a subregiAn that contains extensive sequence
divergence (Giasson et al., 1989).

Invthe Ustilaginales iﬁcoﬁ%atibility‘systems are defined as being
either bipola;, one locus Wiﬁh two élleleg, or tetrapolar, biallelic
fo; one locus and multiallelic for the other locus. |

Ustilago Violacéa, the éﬁther smut fungus which systemically
infects many species of the Caryophyllaceae family, has a bipolar'
mating-éype lﬁcus termed a; and a, , which act as a "deVelqpmentai
master switch" controlling the entry into several pathways including"
vegetative budding, conjugatiop, dikaryotic hyphae and sporulation (Day
and Garbe;, 1988) . Matiﬁg-type alleles.al and a, remain inactive at -
high temﬁeréﬁufes‘(20-30°C)‘or in the‘p;esence of cationé; such that

cells continue to bud vegetatively under these conditions (Day, 1979).
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Wﬁen cells containigg the two mating-type alleles are brought together,
developmental chgnges occur, going from a saprophytic, yeast-like form
to a m&celial:form which is characteristic of the parasitic. phase
(Castle and Day; 1989). Host products can écti?ate or induce mating
and mycelium fofmétion (Castle and Day, 1984). Qne of these products
has -been isolated and characterized using HLPC, UV‘absorPtion
spectroscopy and mass spectrometry. The compound has been identified
as «-tocopherol (vitamin E). Natural d-tocopherol, synthéticia;
tocopherbl énd oﬁher tocophéroles'(ﬂ, gamma, ¢) dre very active at iow
concentrations. It appeérs that'a-tocopherol acts 6n the mating-type
locus affecting gene regﬁlation (Castle &and Day, 19845, ihducing~
‘mycelial formation only in compafibIe mixtures of haploid sporidia.
During conjugation-of U. violacea, cells of the oppoéite mating type
first pair tightly and then develop a conjugatién tube or bridge
between tﬁem. Recogﬁition of opposité mating-type cells seems té be
‘estaglished~by long fine hairs or fimbriae. Fimbriae éré not’ essential
for cell pairing but may be’involved‘in latef stages of conjugation
fncluding devélopment and direction of cqnjﬁgation tube growth toward
opposite hatipg-type cells; This suggests that fimbriae serve as
communication structures between cells or in transporting inducer’
molecules for the initiation of éonjugationAtube develbpment (Da& and
Poon, 1975; Day, 1976;:Day and Garber, 1988).

Ustilago maydis or corn smut is a heterothéllic»fungus with.
tetrapolar mating-type loci and is anotﬁer e#ample where the mating-
type genetics have been well characterized. T&o distinct forms

characterize the U. maydis life cycle, a unicellular haploid form which




25

is non- pathogenlc and divides as yeast-like cells (sporidia) and the
dlkaryotlc fllamentous form which is pathogenic and whose growth is
dependent on the living corn plant where it causes tumors on -the
leaves, tassels and ears (Christensen, 1963). The transitions between
forms are governed by two separated loci, the a locus and the b locus.
Formation of the filamentous dikaryon is only possible When‘haploid
cellelheterozygous for both the a end b loci are preeent. If either
identical a or identioal b alleles are present, the filamentous
dikaryon form is not developed. The a locus has two alleles, a; and
;2, and has been‘proposed to control ohe fusion of haploid cells
(Rowell and DeVay, 1954; Rowell, 1955; Holliday, 1961). Recently, the
two alleles of the a locus have been cloned (Froelinger and Leong;
1991; Bolker et al., 1992). a; and a, mating-type clones contain
non-homologous DNA segments which are flanked by similar nucleotide
sequences. There is a single copy of elther the a, or a, mating- type
sequence within each haploid genome Each allele is composed of a set
of two genes, one encoding the precursor of a polypeptide which appears
to be a mating faqtor (pheromone) and the other which is thought to
code for the receptor of the pheromone secreted by cells of the -
opp031te mating-type. The a mating-type alleles are proposeo to
provide the components involved in cell-to-cell signalling (Bolker
et al., 1992).

The b locus is more complicated, with at 1eest 25 naturally
oceurring alleles having been described (Rowell and DeVay, 1954;
Puhalla, 1968). The b locus regulates hypnal growth and pafhogenicity

of the dikaryon formed by the fusion of two haploid sporidia. The b




26
alleles have to be heterozygoﬁs to form ﬁyphae and to induce symptoms
in the host;

A variety of molecular mechanisms have been proposed to explain
recognition of identical versus h@n-ideﬁtical alleles of Basidiomycetes
incompatibility loci (Kuhn and Parég, 1972; Ullricﬁ, 1978), One
hypothesis is that tﬁe functional products of the b alleles are nucleic
acids, either DNA or-RNA, and recognition involves information found in
th; heteroduplex stfuctures'(Ullrich, 1978). According to another |
scheme the b lécus codes for muitiméric proteins (Parag, 1972).
Recently four alleles from the b locus of U. méydiS‘have been clonéd
(by, by, bz and b,) (Kronstad and Leong, 1950; S;hulz-etiall, i990):
They were found to contain a single open reading frame (ORF) which
would encode a protein of 410 amino acids. The protein would‘havé a
va?iable N-terminal region and é highly conserved G-terminal region
(60% and 937% identity respectively’. fhe polypeptide‘appears-tOvbe'a
DNA binding protein containing.a motif related to a,homeodomain'in
their constant region (Schulz etial., 1990). It is suggested that
U. maydis b alleles code for polypeptides whose association yields a.
fegulatory'protein that goverrns the develoémental program and
pathogenicity of this.organism (Kronstad and Leong, 1990;-§cﬁulz
et al.; 1990).

In thelresf of the Ustilaginales, including those that infect
small-grgin cereals, the mating-type loci arelstill én'énigma in regard
to their structure and mechanisms of control. However,‘it can be .
_generalized that most éf the small-grain infecting Ustilago species

have a bipolar mating-type system (Thomas, 1991). Ustilago nigra
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.(Thomas, 1988), Ustilago avenea, Ustilago kolleri (Nielsén, 1988),
Ustilago nuda, Ustilago tritici,‘Ustilago bullata, Ustil%go aegilopsis,
Ustilago phragica and‘Ustilago turcomanica‘all have a bipolér mating
system, with one locus with two alleles, A and a (Nielééﬁ,»l988;
Thomas, 1991). In Tilletia spp. a single maéingetype locus (bipolar‘
system) has been reported. Multiple alleles apparently occur within
Tilletig controversa (Hoffmann and Kendrick, 1969) and Tilletia indica
(Duran and Cromarty, 1§77; Royer. and Rytter, L985);' |

Ustilago hordei has one mating-type locus with two alleles which
have been.arbitrarily assigned the symbols A and a or "ﬁlus" and
"minus". Fusion of compatible.quridia can beJdetermined by the.
"Bauch" test which rgsults in the production of aerial hyphae. Fusion .
between A and a gporidia results in the production of the dikaryotic
hyphae that can infect the host (Fisher and Holtoﬁ, 1957; Dinoor and
Person, 1969; Thomas, 1988).

Recenfly, a survey of sevéral cereal smut fungi was performed.
using the cloned a and b mating-type loci from U. maydis as probes
(Bakkerén et al, 1992). Homology to thése loci was found in U. hordei,

indicating the presence of these loci in this fungus (Bakkeren et -al., -

1992).
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CHAPTER 2

IMPROVED MEDIA FOR TESTINQ THE MATING REACTION AND

GENETIC COMPLEMENTATION OF USTILAGO HORDET
Introduction

Ustilégo hordei is a basidiomycete which éauses covered smut in
Barley (Hordeum vulgare L.) (Matﬁré, 1982). U. hordei grows asexually
as'budding, yeast-1like sbéridia on a variéty:of £ich and minimgl media.
It is-ﬂeterothallic,'with mating controlled by a single mating-type
locus with two alleles designated A and a (Thomas, 1988). When ‘
sporidia of opposite mating type.are mixed, they aré joined by a
conjugation bridge. Conjugation initiates a number of developmental .
changes, including the ﬁrénsition from non-pathogenic, uninucleate
sporidia to pathogenic, dikaryotic myceliﬁm, While the asexual cycle
can‘be'complgted on artifi;ial media, . the sexuai cycle must be :
cémpleped én‘the host. Infection occurs' through the coleoptile after
which the dikaryotic hyphae advance through the hést tissue and become
established.in the plant meristem (Kozar, 1969b). During flowering,
- U. horaei ramifies throughout the ovarian tissue, forming a fungal mass
which differentiétes into sexual teliospbrés in place of the seed
(Kozar, 1969b).

While teliosbore formation and other late stages of the sexual

cycle require growth on the host, the early stages can be monitored °
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" ex planta (Thomas, 1988, and references cited therein). The ability to
detect mating of'U. hordei on artificial media is important for several
reasons. First, the mating type of an unknown isolate can be
determined without infécting the host and waiting several months until
an infected head émerges. Secondly, as previously shown by Dinoor and
Person (1969), complemeﬁtation tests can be performed to determine
. allelism of mutations in cells of the opposite mating type; non-ailelic
mutations.will complement each other and férm dikaryotic mycelium.
Finally, as shown with U. maydis,'thé ability éo induce and detect
dikaryotic mycelium on artificial media can be used to select mating-
type mutants‘(Banuett and Herskowitz, 1988), and for cloning mating-.
type genes (Kronstad'and Leong, i9§9; Scﬁulz et al.} 1990).

Investigators studying U. hordgi have long expressed
dissatisfaction with the eduivocal mating reaction which forms on a
variety oflagar media (Thomas and Person,-1965; Lade, 1967; Person
et al., 1986; Henry et al., 1988;.Thomas, 1988). Media containing
activated charcoal have been used successfully to enhance the mating
reaction of U. maydis kDay and Anagnostakis, 1971). I have evaluated
th; benefit of addiqg activated charcoal to several complete and
minimal media and tested Aiffefent incﬁbation conditions in an attempt
to enhance the ex planta métihg reaction 6f U. hordei. The suitability

of charcoal-supplemented minimal medium for genetic complementation

studies is also described.
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Materials and Methods

Ustilago hordei Strains

Ustilago hordei (Pers;) L;gerh. strains I4, mating-type A (ATCC
#34037) and Eé,.mating-type ?;‘(ATCC‘#34038) were both obfained ‘
independently from Dr. Barbara Christ, Pennsylvania State University
and Dr. David Pope, University.of Georgia. In keeping with guiéelines
proposed by Yoder et a;. (1988), I am proposing that the mating-type
locus of U. hordei be designated MATI, and that the 4 allele be MATI-I
and the a allele be MAT1-2. Since U. hordei has only one. known mating-
type locus (Thomas, 1988), the allele designations can be abbreviated
as MAT-1 for the A allele and MAT-2 for the a allele. Thus, I4 has theA
_MAT-1 allele and E3 has the MAT-2 allele. Four sporidial cultures,
‘MSU-1 through MSU-4, were used throughout this‘study. Thgse were
isolated as an unordered tetrad ffdm a feliospore taken from a
naturally infected barley head in Montana. In addition, random
sporidial isolates of both mating types were isolated from teliospoéés
of races 8 (strains 8A gﬂd 8a) aﬁd 14 (strains 14A'and 14a).
|

Teliospores of races 8 and 14 were Rindly supplied by Dr. W. Pedersen, -

University of Illinois.

Auxotrophic Mutants

Sporidial stfaigs 8A and l4a were grown in‘liquidlﬂblliday's
complete medium kHCM) (Holliday,‘1974)-to early log phase (Hood, 1968).
The sporidia were adjus;éd to 1 x 10% cells/ml in sterile distiligd
water énd plated on ﬁCM.agar. .Uncovered petri plates were irradiatéd

' with UV light (234 nm ﬁavelength, lamp "A" GE) 30 cm from the v




31
source.  Irradiation for 40 s (strain 8A) and 35 s (strain l4a)
resulted 'in éOZ killing of the cells. Following irradiation; the
.Plates were covered and incubated for 24 h in complete darkness at
20°C, after which they were transferred to a 12 h cycie of .
" light/darkness at 20°C.‘ After 5-6 days of incubaéion, colonies were
reblica plated onto Vogél's minimal medium kVMM) (Vogel, 1956)Iand HCM
;gar. These plates Were‘incubaéed at 20°C for two da&s. Cells that
~gfew on HCM but not on VMM Qere picked from the master plate, |
tranSférred td HCM agar, and_incubated as above. This plate was used
to replica plate the colonies onto VMM supplemented with amino écids,
vifamins, and ﬂucleotides divided int6 12 pools as described by
Holliday (1956). Putative auxotrophs were purified‘and,retested for
auxotrophy and.reversion rates.

In ofder to obtain sporidia of different mating type with a known
allelic mutation,  strains 8A-1 (MAT-1 hié) and l4a-2 (MAT-2 cjs) wére
crossed. To perform the éross, the sporidia were suspended in sterile
distilled water, mixed, and inoculated onto susceptiblé barley seeds
(Odessa, C.I. 934) using the partiélavacuum method described by Tapke |

and Bever (1942). All U. hordei strains and mutants used in this study

are described in Table 1.

Media

Several medié were tésted for suitability in~d§tecting myceliél
dikaryons ag an indication of successfully mated cultureé., fhese
included HCM; Hélliday's minimai medium (HMM),'double strength

Holliday's complete mediuim (2xHCM) (Holliday, 1974), and VMM.

.
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' Table 1. Ustilégo hordei strains used in this study.

Strain Genotype Source

14 MAT-1% B: Christ and D. Pope

E3 MAT-2 B. Christ and D. Pope

MSU-1 MAT-1 M. Bjarko®

MSU-2 MAT-2 M. Bjarko

MSU-3 MAT-1 M. Bjarko

MSU-4 MAT-2 M. Bjarko

8A MAT-1 Random isolate from a race 8 tellospore
l4a - MAT-2 Random isolate from a race 14 teliospore
8A-1 MAT-1 his  UV-induced His- auxotroph of 8A

l4a-2 MAT-2 cys  UV-induced  Cys- auxotroph of l4a

814-11 MAT-2 his  Segregant from 8A-1 x l4a-2

8A-6 MAT-1 arg  EMS-induced Arg- auxotroph of 8A; K. Dugan
1l4a-1 MAT-2 arg UV-induced Arg- auxotroph of 1l4a
8A-3 . MAT-1 ilv  UV-induced Ilv- auxotroph of 8A

l4a-4 MAT-2 ilv  UV-induced Ilv- auxotroph of l4a

8A-2 MAT-1 pro  UV-induced Pro- auxotroph of 8A

14a-10 MAT-2 pro  EMS- induced Pro- auxotroph of l4a; K. Dugan

® MAT-1 and MAT-2 are the proposed gene designations for mating types A
and a, respectively.

b MSU- l, -2, -3, and -4 were obtained as an unordered tetrad from a
single teliospore isolate from Montana.

Activatedvéharcoal (Sigma Chemical Co., St. Louis, MO, USA) was added
to each medium at 1% or 5% (w/v). Mating reactions were ;ested on each
medium at 6°C, 16°C, 20°C, and 25°C, using precision incﬁba;ors (Sherer
Dual Jet, Nor-Lake Iﬁc.} Hudson, WI, USAS with a fixed light/darkness
cycle of 12 h. | )

The effe;t of éH on the mating re;c££on was tested on HMM and HCM
with and without 1% activated charcoal. The pH.éf the media was
adjusted to 5.5, 6.5, or 7.5 with 1 M NaOH or 1 M HCl. Duplicate

- plates were incubated at either 6°C or 20°C. An additional experiment

was performed to evaluate the effect of thewC:N’ratio of the medisa.
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The,carbon level of'HMM with 1% activated charcoal was adjusted by
adding O.lxj 1x, and 2x the normai concentration of dextrose (1x = 10
g/1l). The same was done for tﬁe N source, ammonium nit?atg (ix =1.5
g/l). The C:N ratios used were 2xC:2xN, 2xC:1xN, 2xC:0.1xN, 1xC:2xN,
1xC:1xN, 1xG:0.1xN, 0.1xC:2xN, 0.1xC:1xN, 0.1xC:0.1xN. Duplicate

plates of each medium were incubated ‘at 6°C and 20°C.

Mating Reaction

Sporidial colqnies from fresh cultures grown on HCM agar were
suspended in 0.5 ml sterile dis£illed Water.at'a concentration of 1x10’
ceils/ml, For each "cross" (Thomas and Person, 1965), the mating
reaction was initiated by piacing 5 pl of the cell suspension4of one
stréin onto the medium to be tested an& then inoculating theAsame
volume'of a'suspension of the second strain directly onto the first.
Mating reactions were evaluated under a Wild MSA dissecting microscope
at 18X magnificatioﬁ from day 1 to day 13 after inoculation. Five
mating reaction scores, from 0 to 4, were aésigned based on the amount
of mycelium formed on the sporidial "button". The reaétions were O,
with a complete 1a¢k of mycelium;\l, indicating a few aerial hyphae;‘
2, where the colony sufface was covered with less than 50% mycelium;
3, where the colony surface was more than 50% mycelium but not
completely covered; 4,:where the surface wa; combletely covered‘with
mycelium. Mating of auxotrophic strains grown on minimal media
containing Fhe appropriate supplement yas performed exactly as with the
~wild typé strains. Conjugation bridges'were observed by mixing

sporidia of opposite mating-type on a flat square of 1.5% iwater agar
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placed on a glass microscope slide. The slide was supported by glass
rods in a petri plate containing a moist piece of filtér paper and

incubated at 16°C for 24 h (Henry et él., 1988).

Fluorescence ﬁicroscopz'

The number of'nuclei in spofidia and hyphée éhaﬁ developed on
charcoal agar plates was determined in 6rder to confir; that the hyphal
cells were dikaryotic. Cells were placed on a glass microscope slide,
_fixéd Withl25% ethanol, and air dried. ' Five pl.df asb yg/mliDAPI (4,6-
diamidino-2-phenylindole) solution were added and allowéd toydry.
Calcofluor [disodium salt of 4,4,~bis(4-anilébisdiethylamino-S-tfiazin-
2-ylaminol)2,2-stilbenedisulfonic acid] was then added at a

concentration of 0.0125 to 0.1 pg/ml to stain the cell wall.

Preparations were examined using a Zeiss fluorescence microscope.
Results and Discussion

Sporidial isolates MSU-1 thrqugh MSU-4, I4 and E3 (Table 1)‘were

- tested for mating genotype alone and in all possible combinations on
each medium at.each_different temperature. The results of
representative matings are shown in Table 2. Crosges of Q;rainé having
opposite ma;iné t&pe resulted in the formation of white, aerial
mycelium (Figure 1); This is distinct from the diffuse mycelium which
forms on the agar surface around the periphery of‘sporidial éqlonies of
some strains (e.g., l4a). However, no aerial mycelium was observed
when any of the éultureé were inoculated alone or when éo-inoculated

with a like-mating-type strain (i.e., MSU-1, MSU-2, MSU-3, or MSU-4
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Table 2. Effect of medium and incubation temperature on the matlng
reactlon observed with U. hordei crosses.

MediaP

Cross T°C HCM HCM-1% HCM-5% 2xHCM 2xHCM-1% HMM HMM-1% VMM = VMM-1%

MSU-1 25 3 4 4 2-3 4 1 4 2-3 3-4
x . 20 3 4 4 2-3 4 2 4 2 3-4
MSU-2 16 3 4 4 2-4 4 . 2-3 4 1-3 3-4
6 3-4 4 4 3 4 . 3-4 4 2-3 4
MSU-3 25 3 4 4 2 4 1-2 3-4  2-3 3-4
x 20 3 4 4 2’ 4 4 2-3 3-4
MSU-4 16 2-3 4 3-4 2-4 4 3 4 1-3 3-4
6 3-4 4 4 2-3 4 3-4 4 2-3 4
E3 25 1 1-3 2-3  0-3 0-3 1 1-3  0-3 1-3
x 20 1 1-3 2-3 0-3 1 1-2 2-3 - 0-3 1-3
14 16 0-2 1-3 .1-3 1 0 1 1-4 0-2 2-3
6 - 0 1-2 1-2  0-1 0-1 1 1-4 0-1 2
14 25  2-3 3-4 4 ND° ND ND ND ND° ND .
X 20 2-3 4 3-4 ND ND ND ND  ND ND
MSU-2 16  1-2 3-4 3 ND ND ND ND ND ND
6 0-1 3-4 4 ND ND ND ND ND ND
E3 25 2 2-4 3-4  ND ND ND ND ND ND_
p 20 1-2 3 3-4 ND - ND ND ND ND ND
MSU-1 16 1-2 2-4 2-3 ND ND ND ND ND ‘ND
6 1 3-4 3-4  ND ND ND - ND ND. ND

The mating reacgions were: 0, with a complete lack of mycelium;

1, indicating a few aerial hyphae; 2, where the colony surface was
covered with less than 50% mycelium; 3, where the colony surface was
more than 50% mycelium but not completely covered; 4, where the
surface was completely covered with mycelium.  The values represent
the range of mating reactions observed for replicates of a given
“cross. . _

Abbreviations for media are: HCM, Holliday's complete medium; HCM-1%,
HCM supplemented with 1% activated charcoal; HCM-5%, HCM supplemented
with 5% activated charcoal; 2xHCM, double-strength. HCM; 2xHCM-1%,
2xHCM supplemented with 1% activated charcoal; HMM, Holliday’s
minimal medium; HMM-1%, HMM supplemented with 1% activated charcoal;
VMM, Vogel'’s minimal medium; VMM-1%, VMM supplemented with 1%
activated charcoal.

°© ND = not determined.
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Mating reactions of sporidia isolated from a single
teliospore on Holliday®s complete medium supplemented with
1% activated charcoal. Top row from left to right: MSU-I
alone, MSU-2 alone; second row: MSU-1 x MSU-2, MSU-1 X
MSU-3, MSU-I x MSU-4; third row: MSU-2 x MSU-3, MSU-2 x
MSU-4, MSU-3 x MSU-4; bottom row: MSU-3 alone and MSU-4
alone. Strains of opposite mating type show abundant,
white, aerial mycelium, while strains inoculated alone or
crossed with a like-mating-type strain have a yeast-like
appearance.
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alone, or MSU-1 x MSU-3 or MSU-2 x MSU-4) (Figuré ). TﬁeSQZCOlonigs
retained a yeast-like.éppearance.

The addition of activated charcoal t; any of the media tested
resulted in an enhanced mating reaction when compared fo the same media
without charcoal (Tableh2). The addition of 5%, instead of 1%,
activated charcoal to HCM did not affect the mating reaétion at any
.tempefaturé. Compared.to the reéctioﬁ of newly isolated sporidia (MSU
‘isolates 1-45, a weak mating reaction was observed when either of the
independently obtained isolates of I4 an& E3'were'crossed with each
other. The I4 x E3 cross displayed a weak-m?tipg reaction even when
activated,qharcoa; was added to the media, although charcoal usually
strengtﬁened the reaction to some degree. However, the mating reaction
was improved when either E3 or 14:was crossed to a recentiy isolated
strain (e.é., MSU-1 or MSU-2) (Table 2). Since crosses using any of
the strains recently isolated from,teliospores (including the ﬁSU'
strains, strain 8A, and strain l4a) éavé'stropg mating reactions, it is,
assumed thaﬁ sfrains I4 and ES display reduced fertiiity due to their
long history of being maintained as 5poridia1_éu1tures.

While the addition of activated charcoal enhanced the intensity of
the méting re;ction of U. hofdei, incubation teﬁperature also exerted a
strong effect (Table 3). At higher temperatures (25°C and 20°C), the .
ﬁating reéction was étrongest at an earlier time, usually 2-3 Aays |
after ingculation. After that time the sporidia overgrew the mycelium,
eventually resulting in a yeast-like colony. At lower temperatures

'(6°C),‘thé'strongest‘mating reaction was delayed unti} 6-10 days after

inoculation, but the -reaction remained stable indefinitely. Therefore,
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Table 3. Effect of temperature and medium on the duration of the
maximum mating reaction.

Temperature

Media - 6°C 16°C 20°¢’ 25°C
HCM? 7-13k . 3-6 2-4 2-4
HCM-1% - 6-13 . 2.9 1-6 1-4
HCM-5% = 6-13 2-7 . 1-5 1-4
2xHCM 8-11 . 4-8 1-6 1-5
2xHCM-1% 6-11 3-11 3-5 1-4
HMM 8-13 3.9 1-6 1-4
HMM-1% 4-13 " 3-13 2-8 1-3
VMM : 6-11 - 3-8 1-6 1-3

2-12 1-9 1-6

MM-1% . 6-12

# Abbreviations for media are the same as in Table 2.

Days of incubation during which the strongest mating reaction was
observed. Each value represents the range of the initial and final
day of incubation, from 12 different crosses, during which the
maximum reaction was observed. '

if high témpefatﬁres aré used; the plates must be observed dﬁring the
1-2 day window dgring which thq mycelium is most apparent. Generally,
the addition of activated'charcoal to a medium resulted in a shorter
incuBationAtime before.the maximum @ating réabtion was ogserved and
increased'fhe,number of days that the mating reaction could be
observed, regardless’ of incub;tioﬁ tempefature., Thqs, activated
charcoal increased both the rate and staﬁility of the mating reaction.
The aerial mycelium which developed on charcoalmcéntaining media
did not e#tend’béyénd the inoculation point; Mycelium transferred to a

new plate containing a charcoal-containing medium remained stable, but
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did not spread. However, if the mycelium was transferred to a complete
or minimal‘medium without activated charcoal, it was soon overgrown by
- sporidia, resulting in a yeast-like colony. Therefére, the use of
activated chafcoal-containing media allows formation of stable
' dikaryotic mycelium but doeé.not sﬁpport growth of the mycelium.

The ﬁH of the media had little;of no effec£ on mating or stability .
of the reaction on any of the media (data not shown). Furthermore, ;he‘
carbon{nitrogen ratio of the media had no efféct'oﬁ the matingkrgaction
(data not shown).

The transition from_quridial'to mycelial growth should result in
. a change in nuclear number from mononucleaée to dikaryotic (Thomas,
1988). The number of nuclei in sporidial and hyphal cells obtained
from ;he surface of charcoal-containing agar medium wefe examined by
fluorescence microscopy (Figure 2). All sporidia showed one'nuclegg
per ceil (Figure 2A), while the hyphae were found to be dikaryotic
(Figure 2B) as expected. Although some mycelial cells appeared to
contain oﬁly éné nucleus, the presence of 2 nuclei in most cells
confirmed that the myceliuﬁ was_dikaryotiq aﬁd, therefore, resulted
from mating.

In addition to beiﬁg useful in identification of the mating type
of unknown isolates, the ability to réliabl? form dikaryotic mycelium
on'an‘agar medium has utiiity as a method fér assigning mutants to
complementation groupé (Dinoor and Person, 1969; Henry et #l., 1988).
When cells of opposite mating type with non-allelic mutationé are

crossed, the mutations should complement and permit mycelium formation.

However, allelic mutations will not complement and mycelium will not




Figure 2. Fluorescence micrographs of DAPI-stained U . horde! cells
grown on HCM with 1% charcoal. (A) Sporidia from MSU-I,
showing a single nucleus per cell, and (B) hyphae from a
MSU-1 x MSU-2 cross showing two nuclei per cell. Single
arrows indicate stained septa. Bar = 10 fjn
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form. In order to analyze the use of ‘minimal medium supﬁlemented with
chércoal for complementapion tests, auxotrophic mutants of SA and léa
were induced by UV irradiation or EMS treatment’ (Table 1). Mutants
with similar nutfitionél requirements derived from'stfainS‘of 6pposite
matiﬁg type were tested élone and together using VMM + 1% activated
charcoél as shown in Figure 3. As expected, the auxﬁtrophié mutants
did not gfow when inoculated separately. However, abundant mycélium
was observe& when complementing auxptréphic strains were co-inoéulated,
such as 8A~1‘(His-)‘and,14é-l (Arg-)j'or twoAseparately isolated .
proline auxotrophs, 8A-2 and l4a-10 (Figure 3).l In contrast, two
independently. obtained Ilv- mutants with opposite mating type‘(8A-3 and
l4a-4) and twé auxotr6phs of dppoéitermating type having- the same
histidine requirement (8A-1 x 814-11) did not form mycelium, indicating
that these mutations were a11elié. Since 814-11 was a segrégant from a
cross in which’8A-1 was a parent (Table l?, theseAstfains were known to
contain an allelic mutatioh.and, thus, this cross served ag a non-
complementing control. Since all of the mutant stfains_were capable of
forming mycelium with the appropriate wild-type strains (Figure 3),‘it:
was evident that the lack of mycelium in the crosses involving allelic
mutations was not due to an'inability of these strains to mate. This
conclusion was confirmed by microscopic examination of the crosses
which did not form mycelium. In all cases, conjugatibh bridges were
e&ident (not .shown). As pointed out by_Henrjlet al. (1988), it would
be prudeﬁt ;d include these controls when performing complementation
tests to rﬁle‘outlposs;ble secondary mutétioﬁs which might affect

‘ mating,  such as a defective mating-type gene. Dinoor and Person (1969)




Figure 3.
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Complementation tests using auxotrophic mutants on Vogel®s
minimal medium plus 1% charcoal. Crossing mutants with
complementing mutations results in abundant white, aerial
mycelium, while crosses of cells with allelic mutations do
not grow or form mycelium on the minimal medium.

Top row, left to right: 8A-1 (His-) x 14a-4 (1lv-), 8A-1
(His-) x 814-11 (His-), 8A-1 (His-) x 14a-1 (Arg-), 8A-1
(His-) x 14a.

Second row: 8A-1 (His-) x 14a-4 (1lv-), 8A-3 (1lv-) x l1l4a-4
(11v-), 8A-3 (1lv-) x 14a-1 (Arg-), 8A-3 (Ilv-) x l4a.
Third row: 14a-1 (Arg-) x 8A-1 (His-), 14a-1 (Arg-) x 8A-6
(Arg-), 1l4a-1 (Arg-) x 8A-3 (Ilv-), 1l1l4a-1 (Arg-) x 8A.
Fourth row: 8A-2 (Pro-) x 14a-1 (Arg-), 8A-2 (Pro-) x 14a-10
(Pro-), 8A-2 (Pro-) x 14a-4 (1lv-), 8A-2 (Pro-) x 14a.
Bottom row: 8A alone, 8A x 14a, 14a alone as controls
showing the wild type mating reactions.



43
have'previously shown that dikaryotic mycelium could form when
complementing U. hordei auxofrophic mutants.of oppo§ite mating type-
were "crossed" on minimal meaia. My findings demonstrate that the
addition.of activated charcoal to minimal medium enhances dikaryotig
'mycelium'formatién without affecting genetic complementation.

It is obvious from my results that tﬁe addition of activated
charcoal td‘a'medium_does more than simply provide increased contrast
between the white mycelium and black background. ‘The addition of
éctivated charcoai to defined media enhances the mating reaction in~'
U. hordei (Table 2) while dgcreasing the time of incubation requiréd
for a maximal mating reaction (Table 3). The mycelial form also lasts
longer in tﬁe presence of charcaal (Table 3). 1In addition, Aiplbid
strainé.of U. .hordei, Whicﬁ grow as sporidia on media lacking activated
charcoal, form mycelium on.charcoal-;ontgining media (R. Harrison and
J.E.S., personél observation). These observations suppért the
hypothesis (Day-and Anagnostakis; 1971; Banuett and Herskowitz, 1988)
that activatéd charcoal removes an inhibitor of myéelium formation
and/or stability from the media. Iﬁ the case of U. m;ydis, filtration
of minimal medium throuéh_activated charcoal did not allow dikéryop
formatién, suggesting that the. inhibitor is of fungal origin, as
opposed to being a contaminant in the medium (Day.and Anagnostakis,
1971). It is alsa possible that the charcoal is ihmobilizing‘chemical
mating signals (phefomonés), wﬁiqh might‘otherwise become diluted by |
Aiffusion into the agar.

Complete or-miﬁimal'media containing charcoal offers several

advantages over media used historically.for. examining mating of
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U. hordei (Fisher and Holton, 1957; Lade, 1967; Dinoor aﬁd'Person,'
- 1969; Henry et al., 1988). First, the mating vs. non-mating reacﬁions
are easily discerned, eliminating the need for inexact morpholﬁgical
cﬁaragterization, such as "dull-rough" for compatible strains versus
"glossy-smooth" for incompatible pairings (Lade, 1967). Thus, éhese
medié can be used for a quick and accurate déﬁoﬂstratioh of-the mating
type of a strain. This is particularly useful when examining large
numberg of isolates or ségregants from teliosporés during genetic
studies' of the U. hordei-barley interaction (Thomas and Person, 1965;
Pedergen et al., 1977; Person et al., 1986). 1In addi;ion,_this blate
assay conclusively demonstrates complementation of auxotrophic mutants.
Whén the proper control crosses are included, additional microscopic
observation for "long" vs "short" hyphae and conjugation bridge |
formation (Henry et al., 1988) aré unneceséary. As has been previously
demonstrated with U. ﬁaydis'(Banuett and‘Herskoﬁitz, 1988; Kronstad and
Leong, 1989; Schultz et .al. 19905, the.ability to easily distinggisﬁ

mating should also allow for the selection of mating-type mutants and

cloning’ of mating-type genes from U. hordei.
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CHAPTER 3

MORPHOLOGICAL AND MUTATIONAL ANAtYSIS OF -

MATING IN USTILAGO HORDEI

Iptroduction

Ustilago hordei is a.basidiomycete which causes covered smut of
barley (Hordeum vulgare L.) (Mathre, 1982). 1Infection occurs through
the coleoptile, advances th;oﬁgh the host tissue and becomes
established at the plant meristem. During flowering, U. hordei
ramifies throughout the ovarian tissues, forming a fungal mass that
differentiates into sexual teliospores replacing the seed (Kozar,
1969). U. hordei grdws asexﬁally as budding, yeast-like sporidia on a

variety of rich and minimal media. " The fungus is heterothallic with

. mating controlled by a single mating-type locus with two alleles

designated "MATI1-1" and "MAT1-2", (equivalent to the traditional mating
éype alleles A'and.a, respectivel&)'(Ihomas,v1991). |

The pathogenic form of U. hordei is a dikaryotic mycelium: that
_arises fbllowiﬁg conjugation'of two opposite mating-type‘sporidia. The
mechaﬁisms by whiéh fungi in the‘Ustilaéinales conjugate islvery
" diverse. In Tilletia species (e.g. Tilletia c%ries), coﬁplementary,
haploid sporidia copjugate’by means - of éhort,‘lateral conjugation tubes
forming an H structure. A secondary binucleate spore for@s from this

structure and a pathogenic hypha emerges from this spore (Webster,
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1989).- In many Ustilago species, sporiéiai conjugation éakes places By"
the productioﬁ of tubes which form a bridge, out of which pathogenic,
dikaryotic mycelium develops. Conjﬁgation tu%es have. been observed in
several species including U. avenea,.U. nigra, U. kolleri, U.longissima
(Webster, 1989); and U. violacea (Day, 1976). Only recently have
conjugating sporidia béen observed in U. maydis.(Snétselaar and'Mims,
1992). |

The mating process, and more specifically the process of sporidial
conjuéation, has only been studied in detail in.U. Violaéea,.in which
physical contact of cells is generally required (Poon et él., 1974).
Pairing of sporidia of opposite mating type in U. violacea is aided by
fimbriae, wﬁich extend from the sporidial walls (Day and Pooﬁ, 1975;
Péoﬁ and Day, 1975). It has been suggested that fimbriae act as |
copduits for a reciprocal egchange of iﬁformation between the two
mating-type cells befére conjugation;tubes fofm (Day and Poop, 1975).

Geneticaily, mating is controlled‘by the MAT locus which is
assumed to act as a master switch‘regulating cell-to-cell recognition,
cell fusion, regulation of the yeast-to-mycelium morphological
transition, céntfol and maintenance of nuclear number and ploidy,
control of pathogenicity and iﬁdirecfiy meiosis and teliospore
formation (Day and Garber, 1988; Thomas, 1988; Bénuett, 1989). One
approéch to study these processes and their genetic control is the
isolation of haploid mutants that can no longer mate (MacKay and
Manney, 1974a; MacKay and Manney, 1974b; Banuett-;nd Herskowitz, 1988).
In several systeﬁs, the.isolatioﬁ of mating defective mutants has

allowed a complete des¢ription of the differentlsteps involved in




47
mating as well as the isolation énd‘charscterization of éenes required
for mating which are distinct from the mating-type locus (MAT) (MacKay
and Manney, 1974a; Banuett, 1991) In Saccharomyces cereVLSlae these
genes (STE genes) are expressed in a cell-type specific manner (e.g.,
in.a or « haploid cells but not in a/a diploid cells) and are the
targets of regulatory proteins encoded by the MAT locus (Herskow1tz
1988). Other genes code for components of the signal transduction
system or.are involved in the initiation of meiosis and spdrulation
(Herskowitz, 1989).' In U. maydis, 80 mating-defeetive (Fuz-) mutants -
were isolated (Banuett, 1991). The Fuz-‘phenotype ranged from a
complete lack of nyceliun production, to the formation of very‘few
-hyphae, to morphologically altered filaments. Three genes, Fuz-1, Fuz-
2 and rftl, which are necessary for the formation of hyphae; have been
described in detail (Banuett, 1991).

While a general knowledge of the matrné precess in U. hor%ei has
been described (Fisher and‘Hoiton, 1957; Methre, 1982; Thomas, 1988),
there has been no detailed description of the early stages of mating or
the optimal conditions at which mating occurs. In this chapter I
present. a conprehensive description &f the morphological changes that,
occur during mating in U. hordei end evidence for the involvement of
diffusible mating factors. Furthermore, to begin the characterization
. of the meting,process at the genetic level,‘I describe the isolation

and phenotypic characterization of Fuz- mutants.
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Materials and Methods

Ustilago hordei Strains

. Ustilago hordei (Pers.) Lagerh. wiid-type strains 84 (Race 8,
MAT-1) and 8a (MAT-2) (see Chapter 2) were used to study the mating
process. To isolate mating—defectivé mutants, wild-type stains 8A and
l4a (race 14, MAT-Q) ana auxotrophic strains 8A-6 (race.8, MAT-l; arg-)

and 14a-2 (race 14, MAT-2, cys-) (see Chapter 2) were used.

Anaizsis of Mating

To study the U. hérdei mating process in detail, early to ﬁid-log
phase wiid-type cells grown'in quliday's Complete ﬁedium (HCM) broth
(Hoiliday,'1974) were adjusted to 1 x 10° cells/ml in distilled water,
mixed, plated on water aéar and incubated at 21°C. An alternative
teéﬂnique referred to as the "sandwich method" was developed-to
distinguish the individual cell typeé duriﬁg the mating process
(Baﬁdoni, 1965; Abe et al.; 1975)."Ea;1y téhmid-log phase wild-type:
cells were grown in HCM broth and adjusted'to 1 x 10° cellé/m} in
distilled waéer. TE agar, whiph contains the trace elements from
Vogel'’s Minimal Media (VMM) (Vogel,.l956)‘with final concentrations of
0.005% citric acid, 0.005% ZnSO,, 0.0017% Fe(NH,) (S0,), 12H,0, 0.00005%
H3B03,-0.00005% NaMoO, éHZO, and.0.0000SZ MnSO, (w/v), was poured as a
thin (2mm) layer in a petri plate. One cm sqﬁafes'were excised and
mounted on a microscope siidé. Five ul of a péll suspension was spread
onto the squares and air aried. A ﬁrepared dialysis membrane'(Sambrook_
et al., 1989) with a 12,000-14,000 mwicut-off'pore,size was placed on-

top of the agar square, after which an agar square containing air dried
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cells-of the opposite mating type was placed on the dialysis membrane.
'Thé microscope sli@e containing the "sandwiches" was suppor£ed by glass
rods in a petri plate containing a.méist piece of filter paper and
‘incubated at 16 °C-for 48-72 hrs. Oﬁtimal conditions for conjugation
tube induction with‘the‘sandwich ﬁetﬁod were use of TE'medigm, pH 5.6,
incubated at i6°C in the dark (SL Gerhardt, personal communication).
This combination permitted the evaluation of the.productidn,of ﬁating
factors and the induction of conjugation tubes on opposite mating-type
cells while minimizing the formation of mycelium which was unrelated to
mating.

Fluorescence microscopy was performed as described in Chapter 2.

Isolation of Mating-Defective
(Fuz-) Mutants -

Sporidialxstrains 8A-6 and 14a;2 were grown in liquid HCM to eafly
log phase (ﬂood, 1968). The spdridia were'adjusted to 1 x 10° cells/mi~
in sterile disfilled water and plated on HCM agar. Uncoveréd‘petri
plat;s were irradiated with UV light (234 nm wavelength 1§mp "A" GE)
‘30.cm froﬁ the UV source. Irradiation for 40 s.(strain 8A-6) and 35 s
(;train 14a-2)'resul;ed in a 10% survival rate. ~Following irradiation,
the plates were covered and incubated for 24 h in complete dagkness at
21°C, -after which they were transferred to a 12 h cycle of light/
darkness’ at 21°Cf"DiscFete colonies had formed after 5-6 days of
incubation at which time the colonies were replica plated onto HCM agar
supplemented with 1% acfivafed charcoal (HCM-C) (see Chapter 2). After

_incubation at 21°C for 24 hrs, the agar surface of 'each plate was

sprayed with sporidia of the opposite mating type suspended in sterile
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distilled water at 5 x 10° cells/ml using\a steriiized atomizer until
uniform coverage was obfained. The mating reaction was evaluated after
incubation for 24-48 h at 21°C, under a Wild M5 dissecting microscope.
Putative mating (Fuz-) mutants which did not form white aerial mycelium
as qccufs in Qild type mating (see Chapter 2) were selected from the
HCM agar master plate. After purification, these mutants wereé tested
for the proper auxotrdpﬁic marker on VMM supplemented'with arginine- or
cysteine. :To confirm the Fué; mﬁtation, ﬁutative‘mutants were re-
tested 2-3 times by placing 5ul of a 5 ﬁ 108/m1 cell suspeqsion.on
separate HCM-C agar plates, incubating at 21;0 for 24 h and spraying
_with opposite and 1ike'mating-type,cells. The mutants were also
" checked by spotting a cell suspension of an opposiﬁe,mating-type stfain
directly onto the mutant suspension. Ail mating reactions were

w
g

incubated at 21°C and observed daily for 3 days.
Phenotypic Characterization of
Fuz- Mutants '

The phenotypes pf thg_Fuz- mutants were characterized for colony
morphology using a dissecting microscope (Wild ﬁSA) and for cell
morphology using a Zeiss coﬁpound stereo microscope. The stage at
which mating was defective was determined by examining mixed cells on
agar or by the "sandwich method". In the former, a cell suspension of
each Fuz- muéant washplaced alone or mixed witﬁ the wiid-type straiqlof
the opposite mating type on a thin water-agar sQuare:mounted on-a
'-microscobe slide. _The cells were incubated at 16°C and examined daily
for 3 days. For the "séndwich“ method, suspehsidns containiqg 1 x 10°

' cells/ml of each Fuz- strain and appropriate wild-type culture were
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used as inocula. The sandwiches were incubated at 16°C and evaluated

daily for 4 days.

Results and ‘Discussion

The U. hordei Mating Process

Historically, mating in U. hordei has been described as fusion,
anastomosis or conjugation of cells of the obpbsite'mating,tyﬁe
resulting in the production of dikaryotic infective hyphag kFisher and
.Holton, 1957;ADinoof and Person, 1969; Mathre, 1984; Thomas, 1988).
However, no detailed deséription of:events that occur during the early
stages of U. hordei mating have been reported.

The formation of conjugation tubes by U. hordei sporidia was the
first observable step of matiﬁg wheﬁ cells of opposite mating types
were mixed together on a éﬁitabie medium such as water agér. First,
polar conjugation tubes emerged from the cells (Figure 4A). The tubes
elongated and fused with conjugation tubes frém sporidia of the opposite
mating-t&pe to form conjugation bridges (Figures 4B and 5A, 55, 5C).
When ceils were in close proximity, conjugation could occur within two
hours -after mixing both -mating types .on water agar when incubated at
21°Cc. A filamentdus structure then develdped‘out of the conjugation
bridge._ This mycelium has never been observed to emerge from oné of
the mated sporidiaAWhichlsometimes occurs with'U. maydis (Snétselaar
and Mims, 1992). After conjugation, sebta devélbped either at the base
of the hypha or.af the‘base of each sporidium (Eigure 5C and 5D). The
mycelium was stainediw{th DAPI and foundyto be dikaryotic (Figure 5C).

This dikaryotic mycelium represents the infection form of U. hordei.




Figure 4.
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Conjugation tubes of U. hordei. (A) Sporidia of opposite
mating type were mixed and spread on an agar surface. Polar
conjugation tubes emerge from cells and grow toward sporidia
or conjugation tubes of opposite mating type. (B) Long
distance induction and tip-to-tip fusion of conjugation
tubes to form conjugation bridges. Bar = 10 /m



Figure 5.

(A) Calcofluor-stained cell walls of mating sporidia forming
a long conjugation bridge. The arrowhead indicates point of
fusion. (B) Calcofluor and DAPI stained dikaryotic mycelium
developing from conjugated sporidia. Arrowheads indicate
the two nuclei. (C) Elongation of dikaryotic mycelium.
Arrowheads indicate nuclei double arrows indicate septa.
Cells were stained with Calcofluor and DAPI. (D) Conjugated
sporidia and dikaryotic mycelium stained with calcofluor.
All pictures were taken after mixing opposite mating-type
sporidia on agar squares. Bar = 10 pm.
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Conjugation of U. hordei did not require that the cells have
physical contact or.even be in close proximity as reported for
U. Violacea'(Day,'l976), U. longissimma, or U. avenea (webster, 1989).
In U. hordei, cells of opnosité mating type were able to fuse when
located at a considerable distance from -each other (Figure 4B and 5A),
as‘muoh as 8-10 times the length of a sporidium (70—100um).
Conjugation tubes were usualiy meandering with sharp curvatures. There
was usually a single oolar conjugation'tube prOQucéd oer cell, although
there were occasionally 2 polar tubes, but never moré than two. TFusion
of conjugation tubes was always tip-to-tip. Conjugation occurred over
a wide range of temperatures, from 6°a to 25°b, although it took 1onget
at lower temperatures. Spotidial conjugation was always between tuo

cells; there were no incidence of multiple conjugation as described

with U. violacea (Poon et al., 1974).

Evidence for Mating Factors -

From the observations descriBed above, there were numerous
indications that sporidia were able to communicate with each other,
even at a considerable distance. The induction of conjugation tubes by
cells of the opposite mating type as far as ten cell lsngths away, the
observation that fusion of conjugation tubes. was always tip-to-tip even
though the tubes take a meandering path before fusing, and the directed
growth of conjugation‘tubes toward opposite mating-type cells or
colonies were indications that diffusible compounds were acting as
signals for mating. The.use of thé["sandwich method", which was

‘developed to discern the individual cell types during the early stages
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of mating, provided clear proof of the presence of smalllmélecular
weight, diffusible maéing factors, or pheromones. When cells of
opposite mating type were placed on égar squares with’dialysis membrane
between them, ;he cells formed conjugation tubes‘(Figﬁre 6C and 6D).
However, conjugation tubes were not induced if cells éf the séme
mating-type were used (Figure 6A and 6B). The results indicated that
mating-type specific compounds cépable of diffusing throﬁgh dialysis
membranes with a 12,000 m.w. cutoff were involved in conjugation tube
induction. The‘size of the membrane pores éliminated the ppssibility
that fiﬁbriée were directly involved in intercellular communication, as
described with U. violacea (Day and Poon, 1975), since’ the fimbfial
subunit mass of U. violacea, and presumably similar with U. hordei, was
reported to be 74,000 daltons (G;rdiner and D;y, 1985).

The presence of diffusible mating factors and the fusion ofﬁhyphal
tips or conjugafion tubes has been described previously for other fungi
(Burnett, 1956). Tip-to-tip fusion of conjugation tubes suggested that
fusion resulted from a single species-specific substance which created
a concentration gradient in the vicinity of each tip. This would
result in a slight but critical coﬁcentrétion gradient begweeﬁ the two
‘tubes whgn they lie a shd;t distance frqm each other (Raper, 1952;
Raper, 1960). Diffusible mating factofs have been shown to be involved
iﬁ mafing of Rhodosporidium toruloides (Abe efval., 1975) and Tremell;
mesenterica (Bandoni, 1965), basidiomycetes which reproduce asexuaily
as'budding yeast. Pheromones from R. toruloides and T. mesenterica
(Bandoﬁi, 1965), have been purified and foun& to be short peptides of

11 amino acids (Rhodotorucin A) and 12 amino acids (Tremerogen A).




Figure 6.

Induction of conjugation tubes by cells of opposite mating
type through a dialysis membrane. (A) and (B) ldentical
microscope fields of cells of same mating type placed on
opposite sides of a dialysis membrane showing no induction
of conjugation tubes. Microcolonies which are in focus in
(A are unfocused in (B) and vice versa. () and (D)
Identical microscope fields of cells of opposite mating type
placed on opposite sides of a dialysis membrane.
Conjugation tubes are evident on both cell types.
Microcolonies in focus iIn (C) are unfocused in (D) and vice
versa. Bar = 20 -
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Both,cbntaiﬁ an S-isoprenyl cysteine at the C-terminus (Tsuchiya and" .
'Fukui, 1978; Akada, 1989). Séccharomyces cerevisiae é and g)cells,v
eacﬁ secrete a mating fgctor that acts spécifically on cells of the
opposite'ﬁatiﬁg-type. The a factor, secreted by a cells,.is a-13'amiﬁo
acid peptide. This is the -only known non-farnesylated‘pheromoﬁeﬂfroﬁ a
higher fungus. Tﬁe a factor is found in two'siightly‘modified forms,
a; and az, both of which have a S-farnesyl cysteine as a structural
component (Anderegg et al., 1988). It has been proposed that
S. cerevisiae cells locate a mate by sensing a gradient of the
pheromone from the opposite mating type and elongate, or "schmoo", in
the direction of thatycell (Duntze et al., 1970; Mackay and Manney,
1974; Hérskowitz, 1988). U. hordei éopjugation tubes‘may also create a
gradient of the mating factor compound,.éliswing tubés from opposite
mating-type to "sense" each other. For this to be true, the phéromdne
must be excreted from the conjugétion tube tip itself, since the‘tubes
grow toward the tips of tubes arising from cells of the opposite mating
type before they finally fuse énd to end. It is not known at this time
whether the U. hordei pheromoﬁes ére synthesized constitutively. While
this is the case for .S. cerevisiae mating factors (Duntze et al., 1970;
Strazidis and Mackay, 1982; Herskswitz, 1988),:on1y "A" cells of

S i :
R. turoloides produce Rhodotorucine A constitutivgiy, but productionléf
Rhodotorucine a is'induéed only after exposure of "a" cells to |

Rhodotorucine A (Abe et al., 1975):
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Isolation and Characterization
of Fuz- Mutants

Charcoal-containing media have been shown to be suitable to screen

for mating-defective mutants (Fuz-) mutants with U. maydis (Banuett,

1991).' Using a similar rationale, U. hordei Fuz- mutants were screened

for and detected by the lack of white, myéelial colonies which form

[y

when wild-typé strains of U. hordei are crossed (see Chapter 2).

mycelial Fuz+ reaction of the wild-type strains was easily

.

distinguished from mating-defective mutants, which remain yeast-

The |

1ike or

have a drastic decrease in mycelium formation. Twehty-six individually

isolated mating mutants of U. hordei have been obtained (Table &).

Table 4. Fuz- variants of Ustilago hordei.

Variant . Conjugation Tube Pheromone Cell

Class Synthesis Synthesis® - Type®

8A-6 MAT-1

I(W° - - s

11 (5) - : M

ITI (2) ' = + S

IV (2) ‘ + o S

14a-2 MAT-2

V (3) - - : s

VI (2) : , - : - o S(round)

Vi (1) - - ' - s/M ‘

VIII (2) .- : - M

IX (2) - + S

X (3) - + M-

® Determined by ability to induce conjugation tube formation in
opposite mating type cells separated by dialysis tubing.

b S—sporidia; M=mycelial; S/M=Sporidia and short mycelium.

° Number in parentheses indicates the number of variants within each

class. |
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Thirteen were derived from mating-type A cells (MAT-1) and thirteen
were deérived from mating-type a cells (MAT12). Some of these mating-
defective mutants resemble those obtained in U. maydis (Banuett, 1991)
where Fuz- mutants had’varying degrees of mycelium production. Some
‘ mutants‘p:oduced no hyphal filaments, while others produced sparse or
morphological altered mycelium. ;All of the mutations in U. hordei
appear to be mitotically stable since they have not réve;ted after
coﬁtinuéus culturing. "All mﬁtants are Fuz- over a range of
temperatures (6°C, 16°C, 21°C and 25°C), ind;cating'that none are
,teﬁperatﬁre-sensitive.

Each mutant was characterized according to colony and cell
morphology. A wide variety of colony and ceil mofphologies were found
(Figures.7 and 8). Some mutants had a yeast-like, shiny and smooth
colony morphology. Cells of these mutants had the size and éhapé of
normai wild-fype sporidia or sporidia that were round and smaller than
wild-type cells or that produced numerous small- daughter sporidia
(Figure 8B). Other mutants had whiée to yellow-opaque colonies with \
numerous narrow and shallow ridges giving a cauliflower appearance.
These.mugants had defo?med sporidia resembling short pieces of. mycelium
(Figure 8C). Also found were muténts’with'mycelial; dry, opaque, rough
-colonies with deep ridges giving a mycelial pinwheel-like appearance.
These mutants had long, thick mycelial filaments - (Figure 8D).Which were
sometimes mixed with distorted small piecés of mycelium. Other |
co;onies of the cauliflower or ﬁinwhéél ?ype had a shiny and smooth
‘appearance to different degrees. These mutants usually had a

combination of normal looking. sporidia with deformed short pieces of




Figure 7. Colony morphology of several mating-defective mutants. The
arrowhead points to wild-type strain 8A. Clockwise from 8A
are the wild-type 14a and examples of increasingly mycelial
Fuz- mutants.



Figure 8.

61

Cell morphology of several mating mutants. (A) Wild-type
sporidia. (B) An example of a class 111 producing numerous
small daughter sporidia. (C) A class VIl mutant with
deformed sporidia resembling short pieces of mycelium.

(D®) An example of a class 1l mutant with long mycelial
filaments. Bars on A, B, and C = 20 /an; bar on D = 100 /an.
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mycelium-or thick filaments. Some of these colony and céll'
'morphologies reseﬁbled those described as pseudohyphal' (ph),
cauiiflower (cf), modified pseudohyphal (mph) or dull (dl) mutants in
U. violacea by Zielinski and Garber (1982). -

The Fuz- mu;ants were selected on the basis pf their inability to
form mycelium when mixed with cells of the opposite mating-type.
However, there are several steps prior to mycelium formation which can
be delineated with U. hqrdei. Thus? the mutants were.éxamiﬁéd for the
ability to form conjugation tubes, to induce conjugation tuBe
formation, tube fusion, formétion of dikaryotic mycelium, and stability
of the myéeliuﬁ. To determine the specific lesion for each mutant, the
mutants were examined after'inoqulation with the wild-type strain of
the opposite mating type oﬁ TE agar and also examined using the
"sandwich" method. The latter méthod allows the.reactioﬁ of each cell
to be observed independently. Thus, it was possible to determine
whether 'a Fuz- mutant was ihcéﬁable of producing évéonjugation tube, or
of inducing conjugafiqn tuge’synfhesis in the wild ty;e cells of the
opposite mating type. Unfortunately, it was not possible to perform
qomplementation tests or other genetic analysis of the Fuz- mutants,
since these requiré that célls be able to mate (Thomas, 1991; see
dhépter 2).

Using these two methodé, the Fuz- mutants were placed into groups

- (Table 4). (1) Mutanté that were morphologically similar to w%}d-typg
sporidia, did not produce conjugation tubes but still induced
‘conjugation tubes on cells of the opposite métiﬁg type'(clésses III and

IX). This indicated that they still produced pheromone, but were
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unable te detect or process the signal produced by the‘oﬁposite mating
type. Such mutants weré characterized in Sacchafom}cés cerevisiae
(Maékéy and Manney, 1974a) which are defective in the signal |
transduction pafhway (Herskowitz,‘l988>. It is also possible that a
mutation affeéts.geﬁes essential for cpnjugétipq tube.synthesis.
(2) This group included mutants that grew as sporidia, prdéuced
conjugation tubes at a reduced level, and induced cénjugatipn tubes in |
ce11§ of the opposite mating type (class IV). This might indicafe that
the pheromone receptor was altered or dimini;hed in number and thus had
a reduced ability to detect pheromone. Apparently pheromone
biosynthesis was not affected. (3) This group of mutants grew as
sporidia but were not able to deteqf the pheromone from the opposite
mating type since they did not make conjugation tubes. They also did
not produce an active, mating factor,.Sinée éhey did not induce
cqnjﬁgagion tubes. on cells of the oﬁposite mating typé (classes I, v
ahd VI). This group apparently included mutations which affected both
phérdmone synthesis and detection. This sﬁggests.that the mutation was
in a regulatory gene.which governs both pheromoné production and
response to bheromone. (4) fhis group includeé mutants thatigrew as
mycelia and did AOt induce conjugation tubes iﬁ opposite_mating-type
cells kclasses II and VIII). These classes apparently were unable to
produce active mating factor. 1In addition; control ‘of development of
mycelia was altered; This could be the result of single or multiﬁle
mutations; it is possible that some génés controlling mycelial growth
also repressipheromoné synthesis, (55 This group gréw as mycelia'and

induced conjugation tubes on cells of the opposite mating type at a
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very reduced frequency (class X). This class may be similaf to the
_ previous group but with a reduced productioﬁ of active pheromone.
Mutapts with reduced or altered mating factor production have been -
isolated in S. cerevisiae (Mackay and Manney, 1974a).. (6) These
mutants had an altered céll morphology, with sporidia that appeared to
be germinating or converting to mycelium. . They also -did not produce
mating factor (Class VII). Thesé might result from mutations in a
' gene(s) similar to those in the fourfh group, but.with a different cell
morphology: ‘

In.U, mayd;s, two méting-type loci (a aﬁd by, govern'the‘iife
cycle trarisitions of‘this-fungus. The a locus has two allelés a; and
a, (Froelinger and Leong,'199l) that controls cell fusion (Puhalla,
1969; Bolker et al. 1992). The b mating-typellocus has 25 alleles and
controls pathbgenicity and is necessary for filament:formation
(Baﬁuett, 1?89; Kronstad and Leong, 1989). Recently, homology Fb the b
lécuS'of U. maydis (bE and bW) was found in U. hordei DNA indicating,
the presence of a b-like locus inftﬂis fungus (Bakkeren et al., 1992).
The importéncé of these sequences in U. Hordei mating is not known;

‘'The MAT loc#s controls sporidial'conjugation_between‘cells of tﬁe
opposite mating typg. The initial morphological changes, i.e.,
induction of conjugation tubes by cells‘of the opposite mating type,
aré induced by small molecular weight diffusible substances that are,
by definition, pheromones. fheromones induce tubé s?nthesfs and
presumably direct tube growth toward tﬁbes of the opposite mating type,
which results in the tip-to-ﬁip fusion of these tubes. Thus, the

early stages of the mating process include a reciprocal information
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éxchange-between opposite mating type‘cells with pheromoﬁeg acting as
the signais. With the use of mating defective mutants, it has been
possible to infer some éf the geneéal features of the mating type
regulatory. system. Several of the Fuz- mutants isolated from either
mating-type have lost the capacity to produce active pheromone and no
longer induce wild type cells to fqrm conjugation tubes. IOthe; mutaﬁts
have apparently‘lost their ability to detect or process the sex factor
from the opposite ﬁating type suggesting mutations in thegpheromone
receptdr or signal transduction machinery requirgd to activate
conjugation tube biosynthesis. Othe; alleles that con£rol the
develéémentél change from sporidia to mycelium are also involved in-
conjugation tube formation and phe?bmone synthesis.

'Ihe‘structure of the mating-type locus (MAT) of Ustilago hordei is
yet unknown. Recent results describing the U. maydis a locug iﬁdicates
' that pheromone structural genes and the genes for pheromone receptors J
are clustered ;t this single locus (Bolker.et al., 1992). .These

results with U. hordei indicate atsimilarly'complex, multigenic process

under the control of the MAT locus.
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CHAPTER 4

MOLECULAR ANALYSIS OF THE MATING-TYPE

LOCUS OF U. hordei
Introduction

- Mating in Ustilago hordei is controlled by the MAT ldcué,nwhich
has two'alléles (MAT-1 and MAT-2) (Thomas, 1988) giving rise;to two
matiﬁg-type cells. 1In.other fungi the MAT locus has been proposed to
be a deVglopmental.master locus regulating major transitions in the
life cycles of these organisms (Day and Garber, 1988; Herskowitz,
1988). Iq U. hordei, MAT is'proposed to control recognition between
cells, cell fusion,‘the moffhological change from the yeast form to the °
mycelial form and pathogenicity (Thomas, 1988).

The first step of the mating process in U. hordei'is the
récognition of cells of the opposite mating tyﬁe. After recognition,
~.ponjugation tubeg develop from the sporidia, elongéte and fuse with
conjugation tubes from the opposite ﬁating type. Out of the recently
formed conjugation bridge, the dikaryotic, pathogenic mycelium develops )
(see Chapter 3). Recogﬁition of cells of opposite'mating type is
carried out By diffusible, low molecular weight matiﬁg factors, i.e.,
pheromones. These maEing fac;ors were able to pass through a dialysigv
membrane and induce conjugation éube formation by cells of the opposite

mating.type‘(see Chapter 3).




.67

The-1ife cycle of U. ho£dei is completed with tﬂe iﬁfectign of
barley plants by the dikaryotic mycelium and by the evengual production
of diploid teliospores that replace the developing barley grains.
Teliospores germinate on barley seed or artificial media to produce a
short four- celled’promycelium from which four haploid sporidia
develop. These haploid cells can be propagated on artificial med;a
where they multiply vegetatively by budding. When compatible haploid
lines are mixed they proauce a characteristic ;erial mycelium on solid
complete medium containing activated charcoal (see Chapter 2). .

In U. maydis, the corn smut disease-causing organism, thg a
mating-type locus hés two alleles, a, and a,, and has been proposed to
.control the fusion of the'haploid sporidia (Réwell ;nd Devay, 1954;
Rowell, 1955;~Puha11a, 1969).- Recently, these alleles have been clgned
and‘molecular analysis has revealed that the two alleies consist of
. regions of non-homologous DNA (Froelinger and Leong, 1991). The a, and
the a, alleles are'defined by unique regions of 4.5 Kb for a; and 8 Kb
for a,. Each allele is composed of a set of two genes; one encodes a
precursor for a peptide matiﬁg factor (phefomoﬁe) and the other codes
for the receptor of the pheromone secrefed by cells of the opposite
mating type. The mating-type alleles thus provide the components
involved in cell-to-cell signalling (Bolker et al., 1992). 1In é recent
molecular survey among smuts using thé a and b lqci of U. majdis as
probes; the a, Allele was fdund to hybridize to DNA ffom one mating-
type of U. Hordei (MAT-2) and the a, allele hybridized to DNAhfrom both
mating-types,-sﬁggesting that thése sequences are conserved among the

smut fungi (Bakkeren et al., 1992).
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Since previous fesults (see Chapter 3) indicated the presence of
diffusible, low molecula; weight.mating factors in U. hordei, one
_objective of this investigation was to see if genes similar.ﬁo‘the
mating factor genes (mfa) ana mating factor-récéptor géneé_(pra) of U.
ﬁaydis afe present in U. hordei. Another objective of this
- investigation was to clone the DNA fragments of U. hordei containing .
the mfa and pra;gquivalénts and to determine if they play a role in

mating of U. hordei.

Materials and Methods

Strains, Plasmids and Culture Conditions

- Ustilago hordei (Pers) Lagérh. wildltype gtrains l4a.(race 14,
MAT-2) and 14A (MAT-15 (see Chapter 2); were used to obtain DNA and.to
perform DNA-mediated transformations. Fresh sporidial cultures were
started every 5-7 days. Escherichia coli strains LE392 (hsdR514
[rk-,mk+] éupE44, supF58, lacYl [1éciZY] kz{.galTZé, metBl, trpR55);
and P2392 (P2 lysogen 6f LE392) were used as hosts for‘lambda phagé.
Plasmid pCM54 (6.3 Kb) a derivative of pHL1 (Holden et al., 1988) which
contains an autonomous replicating éequence_(ARS) from U. maydis was
used to subclone the fragments of interest ana to pefform U. hordei
trapsformations.

Wild-type strains were grown on Holliday'§ compiete medium'(HCM)
(Hollidgy, 1974) at 21°C or 25°C. U. hordei transformants were growﬁ

on HCM containing 150 ug/ml of hygromycin at 21°C or 25°C.
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DNA Procedures

Isolation of U. hordei DNA was performed by preparing pro;oplasts
as described by Holder et al. (1988). Phage DNA was isolated as
described by Grossberger (1987). Plasmid DNA was isolated using the
boiling miniprep method described by Sambrook et al. (1989).

.Radioactive 1abeliné was done by nick translation (Boeringer Mannheim).
Restrictién digests were performed according to the supplier’s
instrucfions (New England Biolabs, Beveriy, MA).

Plasmidslcontaininglthe entire U. maydis al allele (mfa, and_pral)
and the mfa, gene from a, allele were obtained from br. S. Leong (USDA,
Madison, WI). Complete a; and a, alleles from U. maydis were oﬁtained
from Dr. R. Kahmann (institut fur Gennbiologische Furschy, Berlin
GmbH). Vectors containing the al allele were digegted with khoI
yielding a 2.3 kb DNA~fragment which contained mfa, (mating factor
encoded by a;) and a 3.8 kb DNA restriction fragment which contained
pra,; (pheromone.receptor eﬂéoded-ByIQL). The plaémid-containing mfa,
(mating factor encoded by a,) was digestediwith BanH1. and EcoRl to
yield a 2.1 kb DNA fragment which contained mfaZ; prézi(pheromone
'reéeptér encoded by a,) was isolated by digestion of the_approgrigte
vector Qith HindITI. All probes were sefarated‘from vector sequences
by electrophéresis on 1%- agarose and purified using Gelase according to

manufacturer’s instructions (Epicentre Technologies, Madison, WI).

Genonmic Libféry from Ustilago hordei

A phagé library from U. hordei MAT-1 DNA was constructed using

lambda phage EMBL3 (Stratagene Cioning Systems, La Jolla, CA).’
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U. hordei genomic DNA was paétially digested with Sau3Al and
appropriately sized DNA (10-20 kb) was obtained from agarose gels using
DEAE-strips (Schleicher & Schuell Incl, Keene, NH) or a Gel-X extractor
(Genex Corporation, MD, USA).‘ BamHl-digested EMBL3 was ligated to the
sized U. hordei genomic DNA with T4 DNA iigase. Recoﬁbingnt lambda
phage was packaged using Gigapack Gold packing extract (Strétagene, La
Jolla, CA). Recomﬁinants were selected using the Spi- seléction; in
which only recombinant phage will grow on P2,iysogenic E. coli strains.

The library was then amplified and stored at 4°C over chloroform.

Cloning U. hordei DNA Homologous
to U. maydis mfa and pra

-The lambda library wés titered and screened to identify and
isolate the desired recombinants. The.recombinant plaques were
transferred to nitrocellulose filteré according to Sambrook et al.
(1989) . Two replica filters of each plate were made. One set of
filters was hybridized to a mixture of 32P-labelled mfa, and pra; DNA
sequences of U. maydis. The other set was hybridized to a mixture of
mfa, and pra,. Hybridization was perfofmeg as described by Sambrook
et al.'(1989). Washed filters were then exposed to x-raf films.
Positive plaques were piéked and stored. Purification of positive
' plaques was done by isolétiﬁg the phage and repeating the hybfidization
procedure until all plaques gave positive signals,
| Characterization of fhe phage inserts was performed by restriction
endonuclease analysis and gel électrophoresis. Lambda DNA from
positive clones was obfained using the ﬁiniprep metﬁod described by

‘Grossberger (1987). The DNA was digested using BamHl, EcoRl, Sall,
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Sacl and-Xhol, separated By gel electrophoresis and tranéferred to a
Zeta probe nylon ﬁembrane (Bio-Rad, Richmoﬁd, CA). The membrane.was
then hybridized independently to 32p.labelled mfal, mfa,, pra, and pra,
DNA. The same conditions were used for all hybridizations. Plasmid
vectors containing U. maydis mfa,, mfa,, pra, or pra, were digested with
the‘pfoper enzymes (see DNA procedures), transferred to a nylon
membrane and -used a; positive -controls to ascertainnthat the
hybridization procedures were done properly. Thenmeﬁb;gne was then
hybridizgd'to the respective probe.uéing the same conditions as u;éd to
evaluate the recombinant phagel DNA restriction fragments that -
hybridized to the U: maydis mating factor and/or pheromone receptor
geneé were excised from the gel ana ligated to pCM54 (Sambfook et al.,
1989). The ligation mixture was then transformed into competenﬁ
E. coli strain DH5a cells (GIBCO ﬁRL Inc.) and plated on LB medium
containing 50 pg/ml ampicillin. Ampici¥1in-resistant'colonieé were
picked and miniprep DNA Was écreened for iﬁsertion of the restriction
fragment of interest. As no visual selectable marker was prgéent,
selecéion was made b& testing a large numger of i;olates. Plasmids
containing appropriately sized DNA were selected‘and increaéed;
Plasmids were digested with BamHl to confirm the size of the DNA

fragment that;was subéloned.

Transformation of U. hordei -
Protoplasts and DNAtransformations were performed as described by

Holden et al. (1988). Plasmids containing the DNA fragments which

hybridized to U. maydis mfa and or pra genes were transformed
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separateiy into U. hordei (MAT-1 and MAT-2). For protoplast
regeneration, half of each transformation mixture was plated directly
onto HCM plates containing 1.2 M sorbitol and 150 pg/ml hygfomycin\and
incubated at 21°C for 7-8 days under dark conditions. The remaining
_half of the pfoto#lasts were incubated at 4°C overnight and then platéd
as indicate& above. Transformants were isolatgd and grown on HCM agar
containing hygromycin B'andﬂanalyzeq on HCM charcoal agar co-inoqulatga_
with race 14 MAT-1 and 14 MAT-é wild-type sporidia. The transférmants
Qere also analyzed using the "sandwich'method"'(see Chapéer-3). In
addition, the transformed cells were analyzed microscopically on water

agar squares for cell phenotype.

Results and Discussion

Cloning U. hordei DNA Homologousg
to U. maydis mfa and pra

Froelinger and Leong.(l991) and Bolker et al. (1992) desériﬁed the
éenomic organization of the a locus on U. maydis as containing blocks
of non-homologous DNA of 4.5 kb for a; and 8 kb fﬁr a,. The non-.
homologous sequences é?e flanked By identical sequences. Each allele,
a; and éz, is determined by a set of two genes, mfa.(mafing factor) and
pra (ﬁheromone receptor). The a; and a, alleles from U. maydis have
been éhown-to hybridize fo DNA ffomiU;'hordei (Bakkeren et al., 1992).
a; hybridized to U. hordei MAT-2 and a, sﬁowgd hybridization to both
MAT-1 énd MAT-2 (Bakkeren et al., 1992).‘ 1 use& DNAvsequences froﬁ
U. maydis that encéde mfa,, mfa,, pra, and pra, as Probes to determine

if similar sequences and organization could be found in U. hordei.
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An amplified phage iibrary was screened with a; (a mixture of mfa,
and-pral) and with a, (a mixture of mfa, and pra,). Seventy-nine out of
25,000 plaques hybridized to both a, and a,. Oné plaque hybridized
faintly £o oﬂly a, and another hybridized faintly to only a,. Tgn
plaques that hybridized strongly tq both Probes were selected and
increased. Six 6f those Plaques showed strong.hybridizafion after
purification and re-probing. These phage were purifiéd‘S times to
achieve homogeneity. ;The selected phage were then increased as
minipreps (Grossberger, 1987) ana DNA Wa; isolated from each phage.

The DNA was digested with SmaI, BamHl, HindIII, Sacl and Xbal,

" transferred to a nylon membrane and probed individually with mfa,,

mfa,, pra, and pra,. After prelimiﬁary results, the selected phage
were digested with BamHI and EcoRI, separéted by gel'electrophorésis,
blotted to a nylon membrane- and probed again with each of the probes
singly. Two bands from BamHl-digested‘ph;ge DNA hybridized with the
probés; mfal'hybridiéed to a 5.0 kb fragmené, mfa, hybridized,to-a 4.5

kb fragment, pra; hybridized weakly to both fragments and no’

_hybridization to pra, was found (Figure 9). Thus, hybridization of the

U. maydis a alleles to DNA from U. hordei indicated that mfa-like and
pra-like DNA'sequences are.preseﬁt-iﬁ two BamHlvfestriction fragments
froﬁ U. hordei MAT-1 DNA. One fragment, the 5.0 kb BamHl fragﬁent,'
contains mfa;-like sequences and possibly pra;-like sequences. The 4.5
kb fragment, contained a.mféz-like and possibly bra1 sequences. It is

possible that the hybridization of U. maydis mfa,, mfa, and pra, genes

to U. hordei DNA may simply indicate that some other sequences with

similarity to these probés‘are present in U. hordei. However, previous
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Figure 9.

Autoradiograms of southern blots containing the recombinant
phage DNA probed with U. maydis a locus genes. Panel (A)
shows the ethidium bromide-stained gel from which the
southern blots were made. Phage I, 2 and 5 were digested
with BamHI and EcoRl. Sizes indicated to the left are in kb
and based on the sizes of HLndIll fragments of lambda DNA.
(B) Southern blot probed with Uifal. (C) Southern blot
probed with mfa2. (D) Southern blot probed with Pral.

(E) Southern blot probed with pra2. No hybridization was
observed.
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evidence_for the.pfoduction of small, diffusible mating Factors by
U. hordei (Chapter 3) coupled with the hybridization of U.'hordei DNA
to mating facto% and pheromone receptor genes of U. maydis sﬁrongly
suggests that the U. hordei sequences encode pheromones and their
receptors.

Iransformation of U. hordei with
4.5 kb and 5.0 kb BamH] Fragments

In order to see if(the cloned fragments from U. hordei with
homology to.the'U.'maydis a locus have a role in the ﬁating process,
the lambda inserts were éﬁbcloﬁed énd transformed into U: hofdgi.‘ DNA
from a phage containing both the 4.5 kb and the 5.0 kb fragment was
digested with BamHi, pﬁrifiéd by gel electrpphoresig gnd ligated into
pCM54. Ligation mixtures were transformed into E. coli and plasmids
from transforméﬁts resistant to ampicillin were analyzed, 'Two
transformants out of 18 contained the 4.5 kb BamHl fragmgnt and one out
of 90 containéd the 5,0 kb BamHl fragment. pCM54 containing the 4.5 kb
fragment or the 5.0 kb fragment were phenol extracted and RNAse
treated. Each plasmid was transformed into U. hordei strain 14 MAT-1
and 14 MAT-2. The introduction of the 4.5 kb BamHl fragmept cloned
from MAT-1 did not produce any chanée in the phenofype of the MAT-1 or
" MAT-2 cells. The transfofmants mated normally with wild-typgycells of -
the opposite mating type on medium containirg activated charcoal, but
did not mate with cells of the same‘mating type and were not Fuz+ Whén '
spotted alone on charcoal.agarl |

Transformation of one mating typeigf U. maydis with the a allele

of the opposite mating-type caused the cells to behave as double
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ﬁaters, i.e., they-prqduced‘a Fué+ reaction when co-spotted with
similar or oppoéite mating type cells on medium containing activated
charcoa¥ (Bolker et al.,‘1992). However, U. hordei transformants’-
containing the 4.5 kb BamHl fragment did not show this behavior;

' When ev;luéted by the "§aﬁdwich technique", these transformants
induced conjugation tubes on cells of the opposite'matingspfpe but not
on cells of the same mating-typé. The transformants produced
conjugation tubes when induced by cells of the opposite mating type,
thus behaving phenotypically as wild-type cells.

‘ When the 5.0 kb BamHi fragﬁent was introduced iﬁto MAT-2 cells, it
produced a change in the phenotype (Figure 10). The colonies of MAT-2
transformants had narfow, shallow ridges resemblingfthe.morphology-of'
certain Fﬁz- mutants described in Chapter 3, while MAT-1 transfofmants '
showed no change. Transformed MATFZ cells produced conjugation tube-
like structures which arose either froﬁ one end or from both ends of
the cell (Figure 10). These tubes sometiﬁes brénched. A short aerial
mycelium was freq@ently produced from these tubes. This mycelium Qas
produced in the absence of fusion of conjugation tubes to each ofher or
to oppositeymatiné type celis. The tubes and/or aerial mycelia were
unipucleate with a’low incidence of binucleate filaments. !

MAT-1 and MAT-2 transformants containing the 5.0 kb BamHl
fragment mated readily with opposite mating-type cells on charcoal-
containing medium, but did not mate with same mating-type cells. Both
tfansformants‘induced conjugétion tubes on opposite mating-type cells

I

but 'did not induce conjugation tubes on cells of similar mating type.




Figure 10. Phenotype of MAT-2 U. horde! cells transformed with 5.0 kb
BaznHI fragment MAT-1 DNA. (A) Conjugation tube-like are
produced constitutively. Tubes developed from either one
end or both ends of the sporidium. Conjugation tubes
produced by transformed cells branch readily and produce an
incipient aerial mycelium. (B) MAT-2 cells transformed with
4.5 kb BanzHI fragment MAT-1 DNA. Bar = 20 Am
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These Tesults indicate thaf the cloned 5.0 kb‘BamHl'fragmeﬁt may
code for-a Eignal which activates the production of conjugation tubes.
This 5.0 kb fragment may contain the pheromone receptor gene, so that
transfofmed.cells would have both the resident and the introduced
pheromone receptors as well as‘the resident matiﬁg factor gene. The
introduced pheromone réceptor would be activated by‘the residenf mating
.facfor and the cell would therefore produce conjugation tubes
constitutively. If tﬁis Qgre tfue, it cbuld‘be inferred thaé both
pheromoﬁe receptors have a similar transduction pathway since both are
able to produce conjugation tubes in the same cell. It is also
possible that the 5.0 kb BamHl fragment codes for the MAT-1 mating
factor which would activate the resident receptor_of the MAT-2 cell
since the transformants did not induce conjugation tubes on cells of
the opposite ﬁating‘type, it is possible that the MAT-1 mating factor
is not secretgd'frdm fhe transformed cells or is not.properly.
brocessed. |

Despite the production of conjugation tubes by transformed, K MAT-2
cells, no fusion was observed when these cells were mixed with wild-
type cells of the same mating type and no induction‘of conjugation
tupes was observed when the.transformanté and cells of the same méting
" type were evaluated by'the sandwich technique. Howev;r, when
transformants were challenged against wild-type cells of thé‘opposite
mating type, tﬁey readily induced conjugation:tubes aﬂd fusion
occurred.’

Based on these results, it can only be speculated as to the -

- possible genes encoded on the cloned fragments. What is certain is
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that the-5.0 BamHl kb fragment coﬁtains DNA sequénces that induce
'conjuggtion tube-like structures on recipien;‘cells of the pppdsité
'mating ﬁype.

These preliminary molecular results and the stfong evidence of
mating factors -(see Chapter 3) indicate that there are specific
pheromones (mating-factors) and‘receptors encoded by the MAT locus on
U. hordei. -It is pfoposed that each U. hordei mating type i§
determined by specific sequeﬁces that encode a pheromone and a
phefomone receptor. The pheromones would act as the signal which
activate the pheroﬁone receptor on cells of the opﬁosite mating type.
Thus each mating type will have a matiﬁg-type specific pheromone and a
mating-fype specific pheromone receptor (Figure 11).

Basea on the predicted apino acid'sequenc;, the a locus of
U. maydis appears to encode specific pherémones‘and receptors which
provide.the componepts inyolved in the cell-to-cell recognition (Bolker
et al:,'1992). The structural organization .of the a locus on U. maydis
is similar to that of Fhe mating-type locus oﬁ Neurosﬁora crassa (Glass
et al., 1990; Staben and Yanofsky, 1990), containing non-homologous DNA
which gives.matihg typeJécfivity; These’non;homologous‘ﬁNA fragments
are flanked by homologous DNA fragments. Mating pheromones and their
receptors have been described in Saccharomyces cerevisiae (Michaelis
and Herskowitz, 1988; Hers#owitz,.l988), ;nd pheromones have been
described in Rhod&sporidium turoloideé (Akada et-al., 1989), Tremélla,
mesenterica (Sakagami‘et al., 1979) aﬁd Tremella brasiliensis
(Ishibaéhi et al., 1984). ‘Pheromones and their receptors qlso seem.to

be present in U. hordei as key elements in the mating process.
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Figure 11. Cell-to-cell recognition on U. hordei. Elongated cells

represent the sporidia with their respective mating-type.
Pheromones and the receptors are shown schematically as
indicated. Arrows indicate the production of mating
factors. Pheromone binding to the specific receptors leads
to the recognition of cells of the opposite mating-type and
to the production of conjugation tubes.
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Maéing mechanisms are extremely Vgriaﬁle among thé diverse groups
of fungi. All of the strategies developed by these oréanisms have the
fundaﬁental role of governing the sexual behavior to ensure the

imporfant biological event of outbreeding as means of generating

genetic diversity and, consequently, a better opportunity for survival.
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CHAPTER 5
SUMMARY

Mating in U. hordei is essential for completion of its life cycle.‘
Mating controls the ehtrgnce into the sexual phase, résulting in the
conversion of haploid, non-pathogenic yeast-like sporidia (asékual
- phase) to dikaryotic, pathogenic mycelia which represent the sexual
phase. Mating in U. hordei is controlled by a singlé locus with two
alleles (bipolar-mating-type) giving.rise to two mating types, MAT-1
and MAT-2. |

In this investigation, a’comprehensive morphological, ‘' genetic and
molecular analysis of the matihg propéss in U. hordei is described.

An improved medium to test the mating reaction was developed.. The
addition of acti&ated charcoal to a variety of media enhanced the
mating reaction és measured by mycelium formation. The incubation time
during which the'stfongest mating reaction occurred was also reduced.
Complementatipn assays usipg minimal mediu@ containing activated
cﬁércoai demonstrated allelism of mutations in auxotrophic sporidial
strains §f opposite méting type. The ease and reliability of this
"mating test allowed for a-rapid ideﬁtification of the mating type of
unknown isolétes and progeny of érosseé. This medium also- proved to be
dependable for performing complementation tests, elimiﬁating the need
for inexacfimorpholbgical characterization and microscopic observat;on

needed with other historically-used media.




83

In the morphological analysis, I found that when sporidia of the
opposite'ﬁatihg type were mixed and placed on water agar, both cells
begin to produce.conjugation tubes within two hours at 21°C. The
.growfh-of the coﬁjugation‘tubes was directed toward the tip of tubes
arising from cell of the opposite mating type. These tubes fuséd and-
dikaryotic, Pathogenic mycelium émerged from this conjugation bridge.
For the first.time in U. hordei, evidence of diffusible small molecular
wgight mating factors was found when sporidia separated by a dialysis
membrane were still capable of inducing conjugation tube formation by
cells of the opposite mating type. We can‘infer from fhese results-
that these‘mating factors, or pheromones, are involved in cell-to-cell
_ signalling and iﬁ.the recognition of op#osite mating-type cells. This
cell-to-cell communication initiates the production and fusion of |
cénjugation tubesﬂwhiqh is the first step in the mating process.

Charcdal-containing medium was sﬁown to be suitable for screening
mating-defective (Fuz-) mutants of'U. hordei. The mutants were |
detected by the lack of white, aerial colonieé which formed‘whgn wild-
type strains were crossed. 'Twenty six mutants were arranged into
several classes based on the ability to form conjugation tubes, the
ability to induce conjugation tube formation by opposite matiﬁg type
cells and cell morphélogy. The classes are: (L) those that still
produce conjugation tubes and induce conjugation tube férﬁation by
wild-typelsporfdia of opposite mating type, (2) those that do not form
cgnjugation tqbes but still induce conjugation tube formation, and
.(3) those thét no longer-produce or inducg conjugation tubes.

Sporidial and mycelial mutants were found in each class. These mutants
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provide an indication of the genét&c complexity involved in this
critical'phase/;f'the U. hordei life cycle.

.Molecular analysis‘of the U.:hordei MAT locus revealed that.mfal*
(mating factor encéded,by\al), mfa, (mating factof encoded‘by az): and
pra; (pheromone receptor encoded by a,) DNA sequenceé frém U.vmaydié
- hybridized to DNA from U. bordei. The homologous DNA‘fragments were’
cloned from a U. hofdei MAT-1 strain using a phage library. mfa;
hybridized to a 4.5 kb Bamill restriction fragment, mfa, hybridized to a
5.0 kb BamHl fragment and pra, hybridized to both of the restriction
fragments. Upon transformation with the 5.0 kb BamHl fragment from a
MAT-1 strain, MAT-ZNU. hordei transforﬁants, proéuced'conjugation tube-
like structures‘consti;utively, indicating that the ;loned fragmeﬁt may
act as a signal that‘triggers.conjugétion tgbe formation. Based on -
these results and the strong evidence for small molecglér weﬂght méting‘
factors, it is proposed £hat the U. hordei MAT locus contain sequences
‘that encode mating factors (pheromones) and pheromone receptors, and
that each mating-type will have a ;becific pheromone and a specific .
pheromone receptor. Mating typelis'thus determined by.gomponents
involved in cell-to-cell recognition, which is the first stége iﬁ the

mating process in U. hordei.
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