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Ustilago maydis is a plant pathogenic Basidiomycete fungus that exhibits dimorphismuit has a haploid, 

yeast-like phase and a dikaryotic, filamentous phase that is pathogenic. Establishment and maintenance of 

these two forms are controlled by two mating type loci, a and b. The a locus is thought to govern fusion of 

haploid cells to form a dikaryon and is also required for filamentous growth of the dikaryon. It encodes two 

components of a pheromone response pathway: pheromones and receptors. We report the identification of the 

U. maydis fuz7 gene, which codes for a putative dual specificity serine/threonine tyrosine kinase of the MAP 

kinase kinase (MAPKK/MEK) family, by homology with other members of the family. Analysis of mutants 

deleted for fuz7 shows that it participates in different facets of the life cycle: It is necessary for 

a-locus-dependent processes, such as conjugation tube formation, filament formation, and maintenance of 

filamentous growth, and for a-locus-independent processes, such as tumor induction and teliospore 

germination, fuz7 is the first U. maydis gene distinct from the b locus required for fungal pathogenicity. We 

propose that fuz7 is involved in at least two pathways, one of which responds to the pheromones coded by the 

a locus and the other to putative signals from the plant. 
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Ustilago maydis, a Basidiomycete fungal pathogen of 
maize (Zea mays), is dimorphic: The haploid form is 
unicellular and nonpathogenic; the dikaryotic form is 
filamentous and pathogenic (for review, see Banuett 
1992). The filamentous dikaryon is formed after fusion of 
two haploid cells that differ at both the a and b mating- 
type loci. The multiallelic b locus is the major pathoge- 
nicity determinant; it encodes a homeo domain protein 
(for review, see Banuett 1992) that governs filamentous 

growth as well as pathogenicity. The a locus has two 
naturally occurring alleles, a 1 and a2 (Rowell and DeVay 
1954), each of which encodes components of a phero- 
mone response pathway: a pheromone precursor gene 
and a pheromone receptor gene (B61ker et al. 1992). The 
putative receptors exhibit amino acid sequence similar- 
ity to the Saccharomyces cerevisiae a-factor receptor 
(Ste3) and to the Schizosaccharomyces pombe Map3 pro- 
tein (Tanaka et al. 1993), the presumed receptor for 
M-factor. The presence of these genes at the a locus 
lends support to the view that the a locus governs cell 
fusion (Rowell 1955; Trueheart and Herskowitz 1992). 

In S. cerevisiae, the cell type-specific pheromones and 
receptors are essential for mating (for review, see Marsh 
et al. 1991). They are part of a signal transduction path- 

way that results in morphological changes, cell cycle ar- 

rest, cell fusion, and karyogamy. The response pathway 
includes three serine/threonine protein kinases--Stel 1, 
Ste7, and Fus3/Kssl--which act sequentially as a kinase 
cascade (for review, see Neiman 1993; Nishida and Go- 
toh 1993). A kinase cascade is also involved in the mat- 
ing-factor response of S. pombe. Its members--Byr2, 
Byrl, and Spkl--exhibit structural and functional simi- 

larity to S. cerevisiae Stel 1, Ste7, and Fus3, respectively 
(for review, see Neiman 1993; Neiman et al. 1993; 
Nishida and Gotoh 1993). The fungal Stel 1 (Byr2), Ste7 
(Byrl), and Fus3 (Spkl) proteins are homologous to the 
vertebrate kinases MEKK/MAPKKK, MEK/MAPKK, 
and ERK/MAPK, respectively, which comprise a MAP 
kinase cascade that is sequentially activated in response 
to a variety of growth factors (for review, see Crews and 

Erikson 1993). 
S. cerevisiae has two additional MAPK cascades, one 

involved in osmoregulation (Brewster et al. 1993) and the 
other in a protein kinase C-mediated signaling pathway 
(Irie et al. 1993; Lee et al. 1993). The high conservation of 
these three serine/threonine kinases as a functional 
module indicates that it is likely to be found in all eu- 
karyotes (Neiman et al. 1993). 
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The U. maydis a locus is presumed to mediate fusion 

of haploid cells by activating a pheromone response 

pathway as in fission and budding yeast. Even after U. 

maydis cells fuse and form a dikaryon, the presence of 

two different a alleles (together with different b alleles) 

is still required for filamentous growth (Banuett and Her- 

skowitz 1989), suggesting that autocrine action of the 

a-factors is necessary to maintain hyphal growth. It is 

not known whether the signaling pathway components 

used in these two phases of the life cycle are the same or 

whether some components are specific to filamentous 

(hyphal) growth. Signal transduction might play an addi- 

tional role in the U. maydis life cycle, particularly dur- 

ing fungal differentiation within the tumorous tissue. 

The a locus does not govern this process (Banuett and 

Herskowitz 1989), which has been hypothesized to be 

induced by plant signals (Banuett 1992). 

We report the cloning of fuz7, which codes for a U. 

rnaydis MEK/MAPKK homolog, by PCR using primers 

derived from S. cerevisae STE7 and S. pombe byrl. Inac- 

tivation of fuz7 allowed us to infer its role in several 

facets of the life cycle, some of which are governed by 

the a locus, and others which are not. 

Results 

Identification of fuz 7 

The high degree of identity between STE7 and byrl was 

used to design degenerate oligonucleotides that allowed 

the identification of a Drosophila fragment homologous 

to STE7 (A. Neiman, pets. comm.). We used the same 

oligonucleotides (AN9 and A N l l ;  see Materials and 

methods; Fig. 1) in the polymerase chain reaction (PCR) 

to identify a STE7 homolog from U. maydis. 
Amplification of U. maydis total DNA with oligonu- 

cleotides AN9 and AN11 yielded a single band of - 3 5 0  

bp, whose sequence showed high similarity to STE7 and 

byrl. The genomic clone containing this gene was iso- 

lated from a U. maydis cosmid bank using a PCR sib- 

selection strategy (see Materials and methods). This pro- 

cedure identified cosmid pl 1F23-8, with a 40-kb insert 

carrying the putative STE7 homolog. 

The sequence of a 1.8-kb BglII fragment from cosmid 

pl 1F23-8 in plasmid pBB2 (see Materials and methods) 

revealed an open reading frame (ORF) with coding capac- 

ity for 322 amino acid residues, exhibiting a high degree 

of similarity to byrl and STE7, but lacking coding infor- 

mation for the carboxyl terminus of the kinase domain 

and beyond. Double-strand sequencing of cosmid 

pl 1F23-8 (see Materials and methods) extended the ORF 

by 113 amino acid residues. Several in-frame stop codons 

were revealed after these residues, indicating that the 3' 

end of the gene had been reached. The complete ORF 

consists of 435 amino acid residues (Fig. 1); the gene 

encoding this ORF is designated fuz7. 
No consensus splice sites for filamentous fungi (Bal- 

lance 1991) were detected in the fuz7 sequence. The fuz7 
ORF exhibits the highest similarity to mammalian 

MEK1 (49% identity), Xenopus MAPKK (47%), Droso- 
phila Dsorl (46%), and S. pombe Byrl (46%) in the cat- 

alytic domain (Fig. 2). fuz7 shows 37% identity to Pbs2, 

36% to Ste7, and 35% to Mkkl  and Mkk2 from S. cere- 
visiae (Fig. 2) and 35% with S. pombe Wisl (Warbrick 

Figure 1. Nucleotide sequence and de- 

duced amino acid sequence of [nz7. The 
ORF extends from nucleotide + 1 to nu- 

cleotide 1305. An asterisk (*) denotes the 

stop codon. The nucleotides preceding the 

ATG triplet conform to the fungal consen- 

sus, CA(c/a)(a/cJATGC (Ballance 1991). 

The 5'-untranslated region is indicated 

with negative numbers. The arrows show 

the degenerate oligonucleotides {sense 

primer AN9 and antisense primer AN1 I) 

used to isolate [uz7 by PCR. The HinclI 
sites at nucleotide positions +88 and 

+ 1120 used to create an in vitro deletion 

of the fuz70RF are underlined. (GenBank 

accession number U07801). 
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AGTCCGCTCT~CA~CT~CAGCATAAAGCATCAGCATCGCAC~ACTACGTCTCACAGCTCATCCGACACCTAAAGCGATTT~G 
~ATTACACCCTCGAGCTCGC~TCCACCCCCCTCTCAGTACAA.ACCCGGCACGCTCACCCACAT~TAT~TCAGAC~GCATCAT 
CGCTCGCATCTAC~CT~ATTA~CG~CT~CATCCGGCGT~CG~TCCAGATCAA.A~GTAG~GCGCGCCTCGCTCG~C~c 
AGCAC~GGTCTAGCTAGAGCACCGTGCTCAGGTCTCCCACATC~GTCAGT~CC~CTCTACAGCCCTGT~C~CGT~CACG 
A~CT~CGTCCGGTGCGGGATC~CCATACGC~G~GCGC~C~C~GGGGCTAC~CTGGCCGAGTCACCTCTCGCCAGTCCCG~ 

M L S S G A O S S I R K K R N F K G L Q L A E S P L A S P V  

GACG~CGGCTAC~CACCATCACAC~CCAGGCG~GGCTCCGCCGCCTCA~ATGCATCCACCATCGGCAAATCCTCTGCAG~ACG 

D A S A T T P S H K P G E G S A A S N A S T I G K S S A V T  

CCGGGCGGCTCCCT~CACTCCCGGTC~G~GTCTGGATACAG~CCC~CTCGGGAGCC~TTACCAC~C~G~GACGCAGC~ 

P G G S L A L P V K N G L D T E P N S G A N Y H N K L T Q Q  

CTGGCC~CCTCG~C~GGCGTCG~TAC~GC~GACT~G~CGAGGACCTC~GACGCTCTCGGAGCTCGGCGCCGGT~TGGC 

L A N L E L G V E Y K L D L K N E D L K T L S E L G A G N G  

GG~TGTCACC~GG~TGCACGAG~GAGCGG~CCG~ATGGCCAA/:~.AGGTGGTC~CATCGACGCCAAAC~TAGCGTACGC~G 

G T V T K V L H E K S G T V M A K K V V F I D A K P S V R K  

CAGATCCTACGAGAGC~CAGATCCTGCACGAGTGC~TTCGCCCTACA~GTCTCG~CTACGGCG~CTAT~TC~CG~CCG~ACATC 

Q I L R E L Q I L H E C N S P Y I V S F Y G A Y L N E P H I  

~CATGTGCATGGAG~TA~CAG~GGA~CGCTCGATGGCAT~TACAAA/~GTACGGGCC~TCTCACCGGAAAT~GTGGC~GATT 

C H C M E F H Q K D S L D G I Y K K Y G P I S P E I C G K I  

GCCGTGGCAGTCTCGCACGGCCTCACCTACCTCTACGACGTGCATCG~TCATCCACCG~ACGTC~GCCTAGC~CA~CTAGTC~C 

A V A V S H G L T Y L Y D V H R I I H R D V K P S N I L V N  

GGTGCCGGTCAAATCAAAATC~AC~GCGT~GCGGAGAGCTCATC~CAGCAT~CAGACACG~GG~AC~GTACCTAC 

G A G Q I K I C D F G V S G E L I N S I A D T F V G T S T Y  

ATGTCGC~AGCG~AGGGAGATCAGTACAGTGTC~GTCGGA~TA~GAGC~GGGCGTGTCGATCATCGACG~GCG~GGT 

M S P E R I Q G D Q Y S V K S D V W S L G V S I I D V A L G  

CGCT~CC~GCAGAG~CG~GAGGACGACGACTCGGACGCGGAT~C~CTATACG~CG~GATC~GCGGGGACAC~TCACCG 

R F P F A E N E E D D D S D A D N N Y T N E D L A G T L S P  

ACCAAACCGGCACC~AT~CGCTCGGCCAAAACGAAAAACAGAGACGCAGAAAATCAAAACCGGCCGGCGT~CGCTCGAGGGCTCG 

T K P A P M I S L G Q N E K Q R R R K S K P A G V T L E G S  

AGCCATCAGATGTC~TTCTCGACC~CTGC~CACA~GTC~CG~CCACCTCCC~GC~CCAGAGGGCAGA~CC~GCACATG 

S H Q M S I L D L L Q H I V N E P P P K L P E G R F P K H M  

G~GAGT~GTC~CCT~GTC~CTC~GACCCGGCGAAACGGCCCACACCC~GGACCTCACC~GCACCAGTACGTGATCGA~CC 

E E F V N L C L L K D P A K R P T P K D L T K H Q Y V I D A  

GA~CCGCC~GGTGGAC~GC~GCATGGGCCGATGGGA~GT~CCGACTGAGAGA~ATGGTCATGTGTGCATAAA~AGGTGCCC 

D A A K V D L Q A W A D G M K *  

CA~G~TCTT~CATTATCTC~GTGA~GTGTAGTCATGCGAGACA~ATT~C~CGTCCG~CC~GAGAGACAGTGAAAGA 

ATCG~TCACGTCACAG~GTGA~CA~CTGTACCGTAG~G~CCGTCG~CCACTCTAGGCATCGATC~AGCGACGC~GAC 

~GCGGATC 
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Fuz7, a MEK/MAPKK homolog of U. maydis 
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Figure 2. Comparison of the catalytic domain of Fuz7 and other members of the MEK/MAPKK family of serine/threonine/tyrosine 

protein kinases. The catalytic domain of Fuz7 was compared with that of MEK1 (Crews et al. 1992), Xenopus MAPKK (Kosako et al. 

1993), Dsorl (Tsuda et al. 1993), byrl (Nadin-Davis and Nasim 1988), STE7 (Teague et al. 1986), PBS2 (Boguslawski and Polazzi 1987), 

and MKK1 (Irie et al. 1993). Highlighted amino acids show identities between Fuz7 and any of the other kinases. Asterisks (*) indicate 

highly conserved amino acids in serine/threonine protein kinases (Hanks et al. 1988). 

and Fantes 1991; not shown). All of the highly conserved 

residues in the catalytic domain of serine/threonine ki- 

nases (Hanks et al. 1988} are conserved in the fuz70RF 
(Fig. 2). Thus, the fuz70RF is structurally similar to the 

dual specificity kinases (serine/threonine tyrosine ki- 

nases) of the MEK/STE7 family. Unlike the yeast pro- 

teins, the fuz70RF contains an insert of 50 amino acids 

(residues 308-357; see Fig. 2) at the end of subdomain IX 

(Hanks et al. 1988). Of all the Ste7 family members thus 

far identified, only the vertebrate protein (MEK1/ 

MAPKK) contains an insert of similar size to that of 

Fuz7, though they share little similarity in this region. 

Construction of a f u z 7  null mutant  and analysis 

of the role of fuz7 in filament formation 

To determine the role of fuz7 in the fungal life cycle, we 

have constructed a strain deleted for fuz7 by the one-step 

gene replacement procedure as described below. 

We first constructed a null mutation in fuz7 in vitro 

(Fig. 3). This mutation removes the coding information 

for 364 amino acids, leaving 90 nucleotides at the 5' end 

of the ORF and 123 nucleotides at its 3' end (see Figs. 

1 and 3), and replaces it with a 3.0-kb PvuII fragment 

containing the hygromycin B resistance gene (see Mate- 

rials and methods). This substitution mutation, denoted 

fuz7::hygB, was used to replace the wild-type fuz7 gene 

of strains al bl (FB1), a2 b2 (FB2), a2 bl met- (FB37-7), 

and al b2 leu- (FBg0-8) {Table 1). Hygromycin-resistant 

transformants were selected (see Materials and methods) 

and tested for a variety of phenotypes. 

Filament formation was tested by cross-streaking the 

transformants on charcoal agar against appropriate tester 

strains (see Materials and methods). Filaments are 

formed only if the two strains that are cross-streaked or 

cospotted carry different alleles at both a and b (Banuett 

and Herskowitz 1989). For all recipients, several trans- 

formants exhibited a Fuz-  phenotype (reduced or no fil- 

ament formation): 8/48 for FB1, 9/48 for FB2, 20/120 for 

FB90-8, and 15/110 for FB37-7. Because gene replace- 

ment in U. maydis is not 100% efficient (Fotheringham 

and Holloman 1989), the Fuz-  transformants could have 

resulted either from gene replacement or from integra- 

tion at nonhomologous loci to generate fuz- mutations 

de novo. To determine which resulted from gene replace- 

ment, total DNA from these strains was analyzed by 

Southern hybridization (see Materials and methods). 

This analysis indicated that a 1.8-kb BglII fragment from 

the wild-type fuz7 gene had been replaced by a fragment 

of slower mobility in -30% of the Fuz-  candidates (at 

least eight Fuz-  candidates from each strain were ana- 

lyzed; data not shown). Other Fuz- strains appear to 
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Figure 3. Restriction endonuclease map of the fuz7 region. (A) 
The BamHI fragment containing fuz7 in pl8F-f7 is a PCR-am- 
plified fragment from cosmid pl 1F23-8 (see Materials and meth- 
ods). Restriction endonuclease sites indicated are BamHI (B); 
BglII (Bg); EcoRI (R); SspI (Ss); HincII (H); and SphI (S). The 
BamHI sites correspond in the genomic clone to a BglII site (left 

boundary) and a HindIII site (right boundary). (B) pl8F-f7::H 
contains the fuz7::hygB mutation, in which a segment coding 
for the hygromycin resistance gene (hygB) was used to replace 
most of the f u z70RF (see Materials and methods). The BamHI 
fragment containing this mutation was used to replace the wild- 
type gene in strains FB1, FB2, FB37-7, and FB90-8 (Materials and 
methods). (C) EcoRI fragment used as a probe in Southern hy- 
bridization analysis. 

carry an insertion of the fragment at nonhomologous 

loci; other more complex events were also detected. All 

of the f u z 7 -  strains used in this work carry the 

fuz7::hygB subst i tut ion muta t ion  confirmed by South- 

ern blotting. These mutants  exhibit  normal  growth rates 

and cell and colony morphology at 25°C, 28°C, and 32°C 

in rich medium.  

The Fuz phenotype of the f u z 7 -  strains was retested; 

representative results are shown in Figure 4. Cross- 

streaking of wild-type strains a2 b2 fuz7  + and a l  b l  

fuz7 + yields a vigorous Fuz + reaction after 24 hr [Fig. 

4A(c)]. In contrast, an a2 b2 fuz7-  strain cross-streaked 

against the a l  b l  fuz7 + strain [Fig. 4A(d)] results in re- 

duced f i lament  formation. A similar  result is observed in 

cross-streaks of an a l  b l  f u z 7 -  strain wi th  an a2 b2 

fuz7 + strain [Fig. 4A(e)]. In both cases, the amount  of 

f i lament  formation was greater than produced by cross- 

streaks of two strains carrying identical a and b alleles 

[Fig. 4A(f)]. Thus, deletion of fuz7 results in impaired 

ability to form filaments,  a Fuz-  phenotype. This phe- 

notype most l ikely results from impaired abil i ty of the 

cells to fuse, although it might  also result from failure to 

mainta in  a stable dikaryon. 

The leakiness of the fuz7  null  muta t ion  suggests that 

U. m a y d i s  has two mat ing pathways, an efficient fuz7- 

dependent pathway and an inefficient fuz7-independent 

one. To examine this latter possibility, we cross-streaked 

an al  b l  fuz7-  strain against an a2 b2 fuz7 -  strain [Fig. 

4A(a,b)]. A small  amount  of f i lamentous growth is ob- 

served after 24 hr, although it is reduced in comparison 

to the f u z 7 - x f u z 7  + cross-streaks [Fig. 4A(d,e)]; it be- 

comes more evident after 48-72 hr of incubat ion [Fig. 

4B(a,b)]. Although this residual f i lament  formation is 

consistent with the existence of a f u z7 - independen t  

pathway, it is also possible that it reflects spontaneous 

activation of a fuz7-media ted  pathway or partial comple- 

menta t ion by a fuz7 relative. 

Role of fuz7 in conjugat ion tube  format ion  

To study the role of fuz7 and the a locus in early steps of 

the mating process, we have developed an a-locus-depen- 

dent assay for cell-cell  interaction that measures forma- 

tion of conjugation tubes (Banuett and Herskowitz 1994). 

We presume that this morphological response reflects 

action of the pheromones coded by the a locus. 

Table 1. List of strains 

Strain Genotype Reference/source 

FB1 al bl 
FB2 a2 b2 
FB6a a2 bl 
FB6b al b2 
FB37-7 a2 bl m e t -  

FB90-8 al b2 leu-  

FB2-21 al bl fuz7::hygB 

FB1-26 a2 b2 fuz7: :hygB 

FB7-137 a2 bl m e t -  fuz7::hygB 

FB8-29 a 1 b2 leu-  fuz7::hygB 
FBD12 alia2 bl/b2 

FBD12-3 alia2 b l /b l  

FBD11-21 alia2 b2/b2 

FBD11-7 al /a l  bl/b2 

FBD12-17 a2/a2 bl/b2 

FBD13 alia2 bl/b2 m e t - / m e t  + leu-/ leu + fuz7+/fuz7 + 

FBD14 alia2 b l/b2 m e t - / m e t  + leu-  /leu + fuz7 : :hygB/fuz7 + 

FBD 15 a 1/a2 b 1/b2 m e t - / m e t  + leu -/ leu + fuz7::hygB/fuz 7 + 

FBD7-7H a 1/a2 b 1/b2 m e t - / m e t  + leu +/leu - fuz7::hygB/fuz7::hygB 

Banuett and Herskowitz (1989) 
Banuett and Herskowitz (1989) 
Banuett and Herskowitz (1989) 
Banuett and Herskowitz (1989) 
UV-induced mutant from FB6a 
UV-induced mutant from FB6b 
deletion of fuz7 in FB1 
deletion of fuz7 in FB2 
deletion of fuz7 in FB37-7 
deletion of fuz7 in FB90-8 
Banuett and Herskowitz (1989) 
Banuett and Herskowitz (1989) 
Banuett and Herskowitz (1989) 
Banuett and Herskowitz (1989) 
Banuett and Herskowitz (1989) 
protoplast fusion between FB37-7 and FB90-8 
protoplast fusion between FB7-137 and FB90-8 
protoplast fusion between FB8-29 and FB37-7 
protoplast fusion between FB7-137 and FB8-29 
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Figure 4. Filament formation by wild-type and fuz7 
null mutant strains. Saturated cultures of strains in- 
dicated below were cross-streaked on charcoal agar 
and incubated at room temperature. The white fuz- 
ziness that develops at the point of intersection of 
the cross-streaks is a result of filament formation. 
Wild-type strains carrying different a and b alleles 
exhibit a strong reaction after 24 hr (Fuz + pheno- 
type; Ac), whereas strains carrying identical a or b 
alleles do not form filaments, even after long incu- 
bation periods (Af and Bf). (A) Reactions after 24 hr; 

(B) the same reactions after 72 hr. Strains are {a) a2 b2 fuz7- (FB1-26)xal bl fuzT- (FB2-21); (b) al bl fuz7- (FB2-21)xa2 b2 fuz7- 
(FB1-26); (c) al bl fuz7 + (FB1)xa2 b2 fuz7 + (FB2); (d) a2 b2 fuz7- (FB1-26)xal bl fuz7 + (FB1); (e) al  bl fuz7- (FB2-21)xa2 b2 fuz7 + 
(FB2); and (f) al bl fuz7 + (FB1)xal bl fuz7 + (FB1). For unknown reasons, the severity of the fuz7- defect appears to be greater in the 
a2 background than in the al background (cf. d and e). 

In this assay, haploid strains that carry different a al- 

leles, regardless of the b allele, form conjugation tubes, 

wi th  >90% of the cells exhibit ing a response after 5 hr of 

coculture under conditions of nutr ient  l imi ta t ion (Ban- 

uett and Herskowitz 1994). Strains carrying identical a 

alleles remain  arrested as unbudded cells (Banuett and 

Herskowitz 1994). Thus, the a locus is necessary for con- 

jugation tube formation, which  is probably a first step in 

cell fusion and es tabl ishment  of the dikaryon. 

Coculture of two wild-type strains led to formation of 

conjugation tubes in >90% of the cells in the population 

(Fig. 5C,D). These conjugation tubes are clearly distin- 

guishable from normal  buds of vegetatively growing cells 

(Fig. 5A) and do not result s imply from starvation (Fig. 

5B). In contrast, coculture of a wild-type strain (a2 b2 

fuz7 + ) and a fuz7 null  mutan t  (al bl fuz7- )  results in a 

feeble morphological response (Fig. 5E)--only - 5 - 1 0 %  

of the cells begin differentiation. The few conjugation 

tubes seen at 9 hr of coculture (Fig. 5E) are typical of 

those observed at 3 hr for wild-type strains (Fig. 5C,D). 

Even after 24 hr, >95% of the cells remain  arrested, wi th  

no signs of morphological differentiation (data not 

shown). Similar observations were made in coculture of 

al bl fuz7 + and a2 b2 fuz7 -  strains (data not shown). 

These results indicate that nei ther  the fuz + nor the f u z -  

strains exhibit  a pheromone response. We cannot deter- 

Figure 5. Conjugation tube formation by haploids. (A) 
An al bl fuz- strain (FB2-21) grown in rich medium 
exhibits similar growth behavior to that of wild-type 
haploids. Bud formation is indicated by arrows (magni- 
fication, 500x ). (B) Same strain as in A grown in low- 
nitrogen medium. Cells arrest as unbudded cells (mag- 
nification, 500x). (C) Coculture of al bl fuz7 + (FB1) 
and a2 b2 fuz7 + (FB2) strains 3 hr after mixing (magni- 
fication, 500x). The same result is obtained with 
strains carrying different a alleles and identical b alleles 
(Banuett and Herskowitz 1994). Arrows point to conju- 
gation tubes. (D) Same as C; magnification, 200x. (E) 
Coculture of al bl fuz7- (FB2-21)and a2 b2 fuz7 + (FB2) 
strains 9 hr after mixing (magnification, 200 x ). (F) Coc- 
ulture of strains al bl fuz7 + (FB1), a2 b2 fuz7 + (FB2), 
and al bl fuz7- (FB2-21) in a 1:1:1 ratio (magnification, 
200 x ). 
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mine from this experiment whether failure to form con- 

jugation tubes reflects failure to respond to pheromones, 
failure to produce pheromones, or both. 

To assess the behavior of a fuz7- strain under condi- 

tions in which pheromones are known to be present, we 

carried out experiments in which three strains, a l b l 

fuz7 +, a2 b2 fuz7 +, and al bl fuz7- ,  are cultured to- 
gether in a 1:1:1 ratio. Approximately two-thirds of the 

cells exhibited a strong response (Fig. 5F) similar to that 

observed in coculture of two wild-type strains. A similar 

experiment in which these three strains were cultured in 
a ratio of 1:1:2 yielded a morphological response in 

-50% of the cells (data not shown). These results indi- 

cate that the fuz7- strain is unable to respond to the 

a-locus pheromones. The failure of a 1 b l fuz7- and a2 

b2 fuz7 + strains to form conjugation tubes when cocul- 

tured indicates that the fuz7- strain is defective in pher- 
omone production. High-level production of phero- 

mones may require induction by the pheromone re- 

sponse pathway as in budding yeast (Strazdis and 

MacKay 1983; Achstetter 1989). 

As expected, coculture of two fuz7-  strains [al bl 

fuz7-  (FB2-21) and a2 b2 fuz7-  (FB1-26)] yielded no 
signs of conjugation tube formation (data not shown). 

Thus, fuz7 is necessary for the a-locus-dependent forma- 
tion of conjugation tubes. 

Role of fuz7 in tumor induction by haploid strains 

To determine the effect of the fuz7- mutation on tumor 

induction, we inoculated 5-day-old maize seedlings with 

the following strains: (1) al  bl fuz7- (FB2-21) and a2 b2 

fuz7 + (FB2) (21 plants inoculated); (2) a2 b2 fuz7- (FB1- 

26) and al  bl fuz7 + (FB1)(17 plants); (3) a2 bl fuz7 + 
(FB37-7) and al  b2 fuz7-  (FB8-29) (6 plants); and (4) a2 bl 

fuz7- (FB7-137) and al  b2 fuz7 + (FB90-8) (6 plants). In 
all cases, a normal tumor response was observed: Induc- 
tion of anthocyanin pigmentation, and the time course 

of tumor development and the size and distribution 

of the tumors were similar to those observed in 

fuz7 + xfuz7 + inoculations (eight plants inoculated with 
FB1 and FB2 and six plans inoculated with FB37-7 and 

FBg0-8). The tumors from the fuz7+xfuz7 - inocula- 
tions produced teliospores that germinated normally, 

yielding segregants in the expected ratios ( 1 HygB r Fuz- : 

1 HygB s Fuz+; data not shown). These observations 

show that tumor induction is normal if one partner is 

defective in fuz7. Because these infections were per- 
formed under optimal conditions with a high inoculum, 

it is possible that reduced tumor formation might be 

seen under suboptimal conditions or with lower inocula. 

As for fuz7 + haploids, plants inoculated with pure cul- 

tures of the fuz7- strains do not produce tumors. 
In most cases, inoculation of seedlings with haploid 

strains both deleted for fuz7 resulted in greatly reduced 
tumor induction: In 11 inoculations with FB2-21 (al bl 

fuz7-) and FB1-26 (a2 b2 fuz7-) and 12 inoculations 

with FB7-137 (a2 bl fuz7-)and FB8-29 (al b2 fuz7-), no 
tumors were observed at all; in 20 inoculations with 
FB1-26 and FB2-21 carried out at the same time, small 

tumors were formed. These tumors produced teliospores 

in much reduced numbers compared with wild-type or 

Fuz7 + xFuz7-  inoculations. In another set of inocula- 

tions (with FB1-26 and FB2-21), large tumors comparable 
in size with those from wild-type inoculations were 

formed in 8/11 plants inoculated. These tumors con- 

tained very few teliospores compared with tumors from 

wild-type inoculations. The differences in tumor size in 

these fuz7- x fuz7-  inoculations might be the result of 
variations in growth conditions. These observations 

show that fuz7 is necessary for tumor induction by com- 
patible haploids. Furthermore, fuz7 is necessary for pro- 

duction of a full crop of teliospores. 

Role of fuz7 in maintenance of filamentous growth 

We have shown previously that different a alleles (to- 

gether with different b alleles) are necessary for mainte- 

nance of filamentous growth. These studies (Banuett and 

Herskowitz 1989) employed diploid strains, which allow 

examination of postfusion events regardless of any re- 

quirements of a or b for establishing a dikaryon, al/a2 

bl/b2 diploid strains exhibit filamentous growth on 

charcoal medium, whereas diploids heterozygous only at 

a or only at b do not. 

To determine the role of fuz7 in maintenance of fila- 
mentous growth, we constructed a set of isogenic diploid 

strains heterozygous at both a and b but differing at 

fuz7 [fuz7+/fuz7 + (FBD13), fuz7- / fuz7 + (FBD14 and 
FBD15), and fuz7- / fuz7-  (FBD7-7H), (Table 1; see Ma- 
terials and methods)]. Six sets of diploid strains (each 

consisting of one fuz7 +/fuz7 +, one fuz7 +/ fuz7- ,  and 

one fuz7- / fuz7-)  were spotted on charcoal agar. All of 

the fuz7 +/fuz7 + and fuz7- / fuz7 + diploids exhibited 
vigorous mycelial growth after 24 hr [Fuz + phenotype; 

Fig. 6A(a,b)]. In contrast, the fuz7 - / fuz7 -  diploids were 
as deficient in mycelial growth [a Fuz- phenotype; Fig. 

6A(c)] as an alia2 b l /b l  fuz7+/fuz7 + control strain 
[Fig. 6A(d)] at 24 hr. After additional incubation for 2-3 

days, the fuz7- / fuz7-  diploids exhibit some mycelial 
growth and a characteristic spreading of the spot [Fig. 

6B(c)]. These observations demonstrate that fuz7 is nec- 

essary for maintenance of filamentous growth. 

Because a l / a2  bl/b2 fuz7- / fuz7-  diploids exhibit 
some filamentous growth, U. maydis may contain a 

functionally overlapping gene or a fuz7-independent 

pathway for filamentous growth. 

Role of fuz7 in the dimorphic transition of diploids 

We have shown recently that diploids heterozygous for 
both a and b are capable of a dimorphic transition from 

yeast-like growth to hyphal growth when transferred 

from rich to low-nitrogen medium (Banuett and Her- 
skowitz 1994). These studies indicate that the dimorphic 

transition has two components: the first, a dependent; 

the second, b dependent. The a-dependent component is 
exhibited by alia2 b l /b l  and alia2 b2/b2 strains, 

which form what appear to be conjugation tubes. These 
appendages are short, sinuous, and branched and do not 
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Figure 6. Maintenance of filamentous 
growth requires fuz7. Fifty microliters of pure 
cultures of diploids in UMC broth were spot- 
ted on charcoal agar and incubated at room 
temperature: (A) After 24 hr; (B) same as A 
after 72 hr. Strains are (a) alia2 bl/b2 fuz7+/ 

fuz7 + (FBD13); (b)al/a2 bl/b2 fuz7+/fuz7 - 
(FBD15); (c)al/a2 bl/b2 fuz7-/fuz7- (FBD7- 
7H); (d)al/a2 bl/bl fuz7+/fuz7 + (FB12-3). 
The spreading of the spot produced by the 
fuz7-/fuz7- diploid in B is reproducible; its 
basis is unknown. 

develop into hyphae even after prolonged incubation. Be- 

cause these projections resemble conjugation tubes and 

their formation is controlled by the a locus, it is likely 

that their production is under autocrine control by the 

a-locus pheromones. The b component is exhibited by 

diploid strains heterozygous at both a and b. These cells 

form exuberant, long filaments after shift to low-nitro- 

gen medium (Banuett and Herskowitz 1994). 

We have examined the role of fuz7 in this morpholog- 

ical transition by analyzing the behavior of an a 1/a2 b l /  

b2 f u zT - / f u z7 -  diploid (FBD7-7H; Table 1) upon nutri- 

tional shift. Its behavior was compared with that of con- 

trol diploids. As observed earlier (Banuett and 

Herskowitz 1994), Fuz + alia2 b l /b2  (FBD12, FBD13, 

FBD14) strains formed hyphae (Fig. 7A, B) and the Fuz-  

alia2 b2/b2 (FBDll-21)strain formed short, conjuga- 

tion tube-like projections (Fig. 7C). In contrast, the 

f u z 7 - / f u z 7 -  diploid exhibited no morphological differ- 

entiation upon nutritional shift, remaining arrested as 

unbudded cells without projections even after several 

days of culture (Fig. 7D). The fuz7 gene is thus necessary 

for the morphological transition of diploids. These re- 

sults provide additional evidence that fuz7 is involved in 

the a-dependent autocrine response necessary for main- 

tenance of the filamentous state. 

Pathogenicity of fuz 7 - / fuz  7 - diploids 

Above, we showed that fuz7 is required for normal tu- 

mor induction when assayed by coinjection of al  bl 

fuz7-  and a2 b2 fuzT- haploid strains. The defect in 

tumor induction might have resulted solely from inabil- 

ity to form or maintain a dikaryon. To determine 

whether fuz7 plays a role beyond formation or mainte- 

nance of a dikaryon, we have assayed the ability of a 1/a2 

bl /b2 f u z 7 - / f u z 7 -  diploids to induce tumors. We there- 

fore inoculated 5-day-old seedlings (see Materials and 

methods) with a f u z7 - / f u z7 -  diploid (FBD7-7H), as well 

as with control fuz7- / fuz7  + (FBD14 and FBD15) and 

fuz7+/fuz7 + (FBD13)diploids. The fuz7+/fuz7 + and 

fuz7- / fuz7 + diploids induced tumor formation in 48/53 

plants inoculated. In contrast, the f u z 7 - / f u z 7 -  diploids 

Figure 7. Morphological transition of dip- 
loids. Strains were grown in either YEPS or 
UMC broth and then transferred to low-ni- 
trogen medium. The results shown were 
recorded 24 hr after shift. (A) Extensive fil- 
amentous growth of an a 1/a2 b 1 / b2 fuz7 ÷ / 
fuz7 + (FBD13) diploid strain (magnifica- 
tion, 184x I; it reflects the input of the a-de- 
pendent and b-dependent components of 
this transition (see text). (B) Filaments 
(magnification, 460x). {C) Appendages ex- 
hibited by an alia2 b2/b2 fuz7+/fuz7 + 
(FBD11-21) diploid; they illustrate the a-de- 
pendent component of the transition. Scale 
is 20 ~m. Strains homozygous for a and het- 
erozygous for b do not exhibit any morpho- 
logical transition (data not shown). (D) An 
al/a2 bl/b2 fuz7-/fuz7- (FBD7-7H) dip- 
loid after shift. The growth behavior of 
fuz7-/fuz7- diploids in rich medium is 
similar to that of other diploids (Banuett 
and Herskowitz 1994). 
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did not form tumors in 65/65 plants inoculated. We had 

shown previously that different alleles at a are not nec- 

essary for tumor induction once the bl/b2 cell is 

formed: al/al  bl/b2 (FBDll-7) and a2/a2 bl/b2 
(FBD12-17) strains induce a normal tumor response (Ban- 

uett and Herskowitz 1989). Our new results therefore 

show that fuz7 is necessary for an a-independent process, 

tumor induction. 

Although a l / a 2  bl/b2 fuz7-/ fuz7-  diploids yield no 
tumors, we noted earlier that coinfection of a 1 b l fuz7- 
and a2 b2 fuz7- haploids results in a low level of tumor 

induction. This observation suggests that cell fusion 

(even though reduced in the absence of fuz7) may stim- 

ulate tumor induction in some way. 

Role of fuz7 in teliospore germination 

Upon germination, the teliospore extrudes a short fila- 

ment, the promycelium, where meiotic divisions take 

place (O'Donnell and McLaughlin 1984). To examine the 

role of fuz7 in this process, the teliospores recovered 
from the small and large tumors produced by infection 

with two fuz7- haploid strains (see above) were analyzed 

(see Materials and methods). Of 1700 teliospores from 
the small tumors, <1% germinated; of 200 teliospores 

from the large tumors, none germinated. In contrast, 

teliospores from fuz7 + xfuz7- inoculations germinated 

at a frequency of 85-90%. We had shown previously that 

diploids homozygous at a and heterozygous at b produce 

teliospores that germinate normally, indicating that dif- 

ferent a alleles are not necessary for teliospore germina- 

tion (Banuett and Herskowitz 1989). The present results 

indicate that fuz7 is necessary for promycelium forma- 
tion, another a-locus-independent process. 

Discussion 

Development of a multicellular organism not only in- 

volves endogenous programming of individual cells but 

also communication and coordination between cells. 

Development of a microbial pathogen such as U. maydis 
similarly involves both endogenous programming by 

fungal regulatory proteins and cell signaling. In this case, 

signaling not only occurs between fungal cells but also 

between fungus and host. In addition, the fungus also 

appears to undergo self-stimulation in an autocrine re- 

sponse. 

Fuz7 is a U. maydis MEK/MAPKK homolog 

To learn about the role of signaling in different facets of 
the life cycle of U. maydis, we have used a candidate 

gene approach to identify a component of such signaling 

pathways. Recent studies in yeast and in mammalian 

systems demonstrate the existence of a conserved pro- 

tein kinase cascade that serves as a functional module 

for many different signal transduction pathways (for re- 

view, see Neiman 1993; Nishida and Gotoh 1993). We 
therefore chose a member of this cascade, MEK/ 
MAPKK, and searched for a U. maydis homolog. Using 

primers designed by similarity to MEK/MAPKK mem- 

bers from yeasts {Ste7 and Byrl), we identified a putative 

serine/threonine tyrosine protein kinase that we have 

termed Fuz7. It is likely that this protein is part of a 
MAPK cascade in U. maydis, though confirmation 

awaits identification of other components in the cas- 

cade. As discussed further, below, it is of particular in- 

terest to know whether Fuz7 acts on more than one MAP 

kinase and the nature of the extracellular signals that 

control its activity. 

fuz7 is required for several a-dependent processes 

Because it is possible to construct gene knockouts in U. 

maydis from cloned genes (Fotheringham and Holloman 

1989), we were able to inactivate the fuz7 gene and de- 
termine its role in different steps of the fungal life cycle. 

As anticipated, fuz7 is required for processes requiring 

the a locus. In particular, fuz7 is necessary for cells to 

respond to the a-locus pheromones, which we have as- 
sayed by induction of conjugation tube formation. In ad- 

dition, fuz7 is required for filament formation, mainte- 

nance of filamentous growth, and the dimorphic transi- 

tion of diploids. 
Our studies on filament formation suggest that U. 

maydis may execute two modes of cell fusion: an effi- 

cient fuz7-dependent mode (requiring different a alleles) 

and an inefficient fuz7-independent mode. It remains to 

be determined whether the latter mode reflects unre- 

stricted cell fusion (a-locus independent), as occurs in 

other Basidiomycetes, notably Coprinus cinereus (Cas- 

selton 1978) and Schizophyllum commune (Novotny et 

al. 1991). 
Because different a alleles are necessary to maintain 

the filamentous state, we have proposed that this form 

requires autocrine action of the a-locus pheromones. 
The finding that fuz7 is required for maintenance of the 

filamentous state provides further support for the occur- 

rence of autocrine stimulation. Furthermore, our obser- 

vations that fuz7 is necessary for the morphological tran- 

sition of diploids (from yeast-like growth to filamentous 
growth) provide additional evidence for an autocrine re- 

sponse involved in filamentous growth. Below, we pro- 
vide some suggestions for steps that might be controlled 

by this self-stimulation. 
fuz7 is thus required both for interactions between 

mating partners and for maintaining properties of the 

product of mating. It is similar in this respect to Ste7, the 
MEK/MAPKK homolog of S. cerevisiae, which is neces- 
sary both for mating between haploid cells (Hartwell 

1980) and for pseudohyphal development by the a/~ dip- 

loid (Liu et al. 1993). In both organisms, the signals for 

haploid cells are the mating pheromones. Our findings 

indicate that U. maydis dikaryons respond to two sig- 

nals: the mating pheromones and a putative plant signal 

(see below). In S. cerevisiae, the signal for the pseudohy- 
phal pathway is clearly not the mating pheromones (Liu 

et al. 1993), which are not produced in a/~ cells (Duntze 

et al. 1970). 
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Possible roles of the pheromone response pathway 

in maintenance of filamentous growth 

The requirement of pheromones to maintain filamen- 

tous growth of U. maydis was unanticipated. It is pos- 

sible that autocrine action of the pheromones plays a 

role in coordinating nuclear division, for example, in 

controlling time of onset of DNA replication. Mainte- 

nance of a strict 1:1 ratio of nuclei in hyphal cells neces- 

sitates careful control of nuclear division and partition- 

ing of daughter nuclei. It is also possible, at least in 

planta, that maintenance of dikaryosis in U. maydis in- 

volves a complex process like that exhibited by C. ci- 

nereus and S. commune (for review, see Casselton 1978; 

Novotny et al. 1991), in which a special appendage, the 

clamp connection, is formed by the tip cell. It is tempt- 

ing to make an analogy between fusion of the clamp 

connection with the penultimate hyphal cell and the 

process of facilitated fusion that occurs in mating be- 

tween U. maydis haploids. 

Fuz7 is required for a-independent processes 

Although the a locus governs establishment and main- 

tenance of the dikaryotic state, it does not appear to con- 

trol pathogenesis and other developmental events that 

ensue when U. maydis infects its host. In particular, 

different a alleles are not necessary for induction of tu- 

mors in the host or for fungal differentiation within the 

tumors once the b l /b2  cell is established. Because the a 

locus does not govern these processes, it was intriguing 

to find that the fuz7 mutants exhibit a severe defect in 

tumor induction and teliospore production. Further- 

more, the few teliospores that are formed are themselves 

deficient in germination. We interpret the failure of fuz7 

mutants to induce tumors to indicate that the Fuz7 pro- 

tein may play a role in a signaling pathway distinct from 

that involved in response to the a-locus pheromones. In 

particular, we hypothesize that fuz7 may be activated in 

response to signals from the host plant in the process 

leading to disease development, fuz7 is the first gene of 

U. maydis aside from the b locus (a regulatory locus) to 

be directly implicated in pathogenicity. 

It is thought that reciprocal signaling between patho- 

gen and host plays an important role in disease develop- 

ment. The most intensively studied cases of such recip- 

rocal signaling are provided by the interaction of the bac- 

terial pathogen Agrobacterium tumefaciens with its 

hosts in crown gall disease (for review, see Long and 

Staskawicz 1993), and by the interaction of Rhizobium (a 

symbiont) with legumes in nodulation (see D4nari4 and 

Cullimore 1993; Long and Staskawicz 1993). Identifica- 

tion of the U. maydis fuz7 gene is a first step in unrav- 

elling the interactions between this fungus and its host. 

Fungal differentiation, a process during which karyo- 

gamy occurs and a specialized pigmented cell wall is 

deposited, results in formation of diploid spores (telios- 

pores) within the tumors. This process is independent of 

the a locus (Banuett and Herskowitz 1989) and might 

occur in response to plant signals (Banuett 1992). It is 

possible that fuz7- mutants  fail to develop germination 

competence owing, for example, to defective fungal dif- 

ferentiation. Another possibility is that fuz7 is part of 

another pathway that responds to environmental cues 

(such as osmolarity) that govern germination itself. 

fuz7 participates in at least two pathways 

We summarize our view of fuz7 in the life cycle of U. 

maydis in Figure 8. Our findings indicate that Fuz7, a 

MEK/MAPKK homolog, participates in at least two dif- 

ferent pathways that respond to different signals: In one 

pathway, the signal is provided by the pheromones en- 

coded by the a locus; in the other pathway, the signal is 

hypothesized to be of plant origin. It is thought that ac- 

tivation of fuz7 by pheromones leads to activation of a 

putative MAP kinase (shown as MAPK1 in Fig. 8), 

which, in turn, leads to activation of conjugation tube 

formation and mating. Once the fusion product is 

formed, this pathway is also activated by the phero- 

mones in an autocrine response to maintain the filamen- 

tous state. Activation of fuz7 by the putative plant signal 

may stimulate a different MAP kinase (MAPK2), which, 

in turn, is responsible for tumor induction and perhaps 

for acquisition of germination competence by the telios- 

pores. The budding yeast MEK/MAPKK homolog Ste7 

can also be activated by two different signals, the mating 

pheromones and another signal yet to be determined 

(Fig. 8). The studies with a MAPKK/MEK homolog of U. 

maydis demonstrate once again the ubiquity and versa- 

tility of the MAP kinase pathway. 

Mater ia l s  and m e t h o d s  

U. maydis strains are described in Table 1. 

Plant inoculations and growth conditions 

Corn variety B164 was used in all studies. Plants were grown in 
a Conviron chamber with a 14-hr light/10-hr dark cycle at 28°C 
day temperature/20°C night temperature. 

Saturated cultures (10 s cells/ml) of haploid strains were 
mixed in a 1:1 ratio, and 0.2 ml of this mixture or 0.2 ml of a 
saturated culture of diploid strains was inoculated into 3- to 
5-day-old seedlings using a hypodermic syringe. Inoculations 
were repeated five to six times each day on three independent 
days. Symptom development was followed for 1 month. 

Media and growth conditions for Ustilago strains 

YEPS (Tsukuda et al. 1988) was used to grow cultures for most 
manipulations. UMC broth (U. maydis complete; Holliday 
1974) was used for growing strains for the fuzz assay (Banuett 
and Herskowitz 1989) or for plant inoculations. The fuzz reac- 
tion was carried out on UMC agar containing 1% charcoal (Hol- 
liday 1974). Strains to be tested were cross-streaked against 
standard tester strains [al bl (FB1), a2 b2 (FB2), a2 bl (FB6a), al 
b2 {FB6b)] on this medium. Plates were sealed with parafilm and 
incubated at room temperature. Fuz + strains exhibit an intense 
reaction after 24 hr, whereas Fuz- strains exhibit a reduced 
reaction or no reacton even after 48-72 hr of incubation (see 
Banuett 1991). 
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Figure 8. Fuz7 is involved in two signaling 

pathways. (Left) Summary of the two differ- 

ent pathways in which the MEK/MAPKK 

homolog Fuz7 is proposed to participate. 

(Right) Summary of the two pathways in 
which the MEK/MAPKK homolog STE7 is 

involved in the life cycle of S. cerevisiae. 
Additional details are described in the text. 

U.maydis 

signal 1 signal 2 
pheromones from plant ? 

",,, ,i- 

",,. i "  
fuz7 

MAPK1 ? MAPK2 ? 

• CONJUGATION TUBE • TUMOR INDUCTION 

• MAINTENANCE OF • TELIOSPORE 
RLAMENTOUS DIKARYON GERMINATION 

COMPETENCE 

• DIMORPHIC 
TRANSITION 

S. cerevisiae 

signal 1 
pheromones 

signal 2 
? 

\ / 
STE7 

MAPK1 (FUS3) MAPK2 ? 

• MORPHOLOGICAL • PSEUDOHYPHAL 
DIFFERENTIATION GROWTH 

• CELL CYCLE ARREST 

• MATING 

Minimal medium (MM)(Holliday 1974), was supplemented 

with 1 M sorbitol for growth of protoplasts. 

Conjugation tube assay media and conditions are described by 

Banuett and Herskowitz (1994). 

Genetic methods 

UV mutagenesis to generate auxotrophs Strains FB6a and 

FB6b (Table 1) were mutagenized by irradiation with UV light to 

5% survival (see Banuett 1991) and plated on YEPS medium; 

colonies were then replica-plated onto MM plates. Growth re- 

quirements of mutants were determined on supplemented MM. 

DNA-mediated transformation of U. maydis Strains were 

grown in YEPS broth and transformed according to Wang et al. 

(1988). Transformants were selected on YEPS hygromycin B 

(400 ~,g/ml) plates with an overlay of YEPS 3% agar without 

drug. For gene replacement, the DNA fragment to be trans- 

formed was first gel-fractionated and purified using a QIAEX kit 

(Qiagen). Transformants were purified on YEPS agar containing 

200 p~glml of hygromycin B. 

Teliospore analysis Teliospores were recovered from the tu- 

mors (see Banuett 1991) and germinated on YEPS agar slabs. For 
random spore analysis, minicolonies containing the meiotic 

products were resupended in water and plated on YEPS agar to 

obtain single colonies. For determination of germination fre- 

quency, large numbers of teliospores were spread on YEPS slabs 

and scored for promycelium formation. In some cases, tetrad 

analysis was performed as follows: Teliospores were allowed to 

germinate and produce a promycelium (a short filament ex- 

truded from the spore). Meiosis occurs within the promycelium 

to yield primary meiotic products (a four-celled septate fila- 

ment), each of which is capable of producing long chains of 

progeny haploid cells (sporidia) by mitotic divisions (O'Donnell 
and McLaughlin 1984). Sporidia were removed by micromanip- 

ulation, grown into colonies, and tested as appropriate. 

Protoplast fusion conditions and selection of diploids Diploid 

strains FBD-13, FBD-14, FBD-15, and FBD7-7H were con- 

structed by protoplast fusion (Table 1). Parental strains were 

grown in YEPS to 5x 107 cells/ml and mixed as described in 

Table 1. Protoplasts were prepared from each mixture, treated 

with PEG as for transformation, and plated on MM containing 

sorbitol to select prototrophs. 

Homozygosity of the fuz7 mutation and heterozygosity at b 

were corroborated by Southern hybridization (data not shown). 

DNA manipulations 

DNA isolation, plasmid manipulations, and Southern hybrid- 
ization Standard procedures for plasmid manipulations were 

followed (Ausubel et al. 1988; Maniatis et al. 1989). U. maydis 
DNA was isolated from 50-ml cultures grown in YEPS broth to 
2x 107 to 4x 107 cells/ml. Cells were washed once with water 

and resuspended in sodium citrate buffer (Wang et al. 1988). 

Protoplasts were prepared using Novozyme234 (Fungal Genet- 

ics Stock Center) and lysed with SDS/NaOH. The lysate was 

extracted several times with phenol-chloroform and ethanol 

precipitated. The DNA was resuspended in Tris-EDTA (10 mM 
Tris, 1 mM EDTA), and treated with RNase, and the phenol 

extraction and ethanol precipitation steps were repeated. The 

DNA thus prepared was suitable for restriction endonuclease 

digestion and for PCR amplification. 

Southern hybridization was performed as described in Mani- 

atis et al. {1989), with minor modifications. To determine the 

structure at the fuz7 locus, genomic DNA was treated with 

restriction endonucleases BglII or EcoRI, fractionated on an aga- 

rose gel, and transferred to a nitrocellulose filter (Schleicher & 

Schuell). The filters were probed with an EcoRI fragment (see 

Fig. 3), radioactively labeled with [o~-32P]dCTP according to the 

instructions provided in the Pharmacia random labeling kit. To 

determine heterozygosity at b of the diploid strains, genomic 
DNA was treated with both BglII and SalI, transferred as above, 

and filters were probed with a b2 BglII-SalI fragment labeled as 
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above. Under these conditions, two different fragments are de- 

tected in a b 1/b2 strain: a 1.5-kb fragment corresponding to b 1 

and a 0.9-kb fragment corresponding to b2. 

DNA sequencing and sequence analysis Double-strand se- 

quencing was performed using the Sequenase 2.0 sequencing kit 

(U.S. Biochemical) with universal primers or custom synthe- 

sized primers. The templates (pUC-derived plasmids or a 

pBR322-derived cosmid) were denatured as described in Ausu- 
bel et al. (1988). 

Alignment of the Fuz7 protein sequence with other members 

of the MEK/MAPKK family was first performed by eye and 

refined by use of the GeneWorks program (IntelliGenetics). 

PCR amplification 

Conditions Amplification of fuz7 from genomic and plasmid 

DNA with degenerate primers was performed in a Perkin-Elmer 

DNA thermal cycler with 40 cycles of amplification using Am- 

pliTaq (Perkin-Elmer Cetus). Each cycle consisted of l-rain de- 

naturation at 94°C, 1-min annealing of primers at 42°C and 

l-rain extension at 72°C. A 15-min extension at 72°C was per- 

formed after completion of the 40 cycles. One to ten nanograms 

of DNA was used for analysis of the cosmid library; 10-50 ng 

was used for amplification of genomic DNA. Degenerate prim- 
ers AN9 and A N l l  (Fig. 1) were used for each step in the sib- 

selection procedure. As controls, pSTE7 and pbyrl (Neiman et 

al. 1993) were amplified using the same conditions. 

Oligonucleotides AN9 and AN l l  were synthesized by 

Operon Biotechnologies. AN9 is 5'-CC[A,C,G,T] TAlC,T] 

AT[A,C,T] GT[A,C,G,T] GA[C,T] TT[C,T,] TT[C,T] TA[C,T] 

GG[A,C,G, TI GC and A N l l  is 5'-GG[A,C,G,T] [G, CI[A,T]C 

AT[G,A] TA[A,C,G,T] GT[A,C,G,T] [G,C]IA, TI[A,C,G,T] 

GT[A,C,G,T] CC. Primers FB133 and FB134 and all primers for 

DNA sequencing were synthesized using a MilliGen/Biosearch 

Cyclone Plus DNA synthesizer. FB133 is 5'-CGG AGA TCT 

TGG ATC CCT GAG CCA and FB134 is 5'-CGG CAA GGA 
TCC GCC AGT CTT. 

Sib selection of library by PCR Sib selection of a cosmid li- 

brary using PCR was performed as follows using the conditions 

described above: Twenty pools of a cosmid bank containing a 

total of 3000 clones were screened by PCR with primers AN9 

and A N l l  (Fig. 1). The band corresponding to byrl was ampli- 

fied in six of the pools, of which two (3 and 11) were studied 

further. These pools were further divided into smaller subpools 

that were subjected to the same PCR conditions. This procedure 

identified cosmid pl 1F23-8 containing a 40-kb insert that pre- 

sumably carries the STE7/byrl homolog. Upon digestion of 

pllF23-8 with restriction endonuclease BglII, the seven frag- 

ments produced were subcloned into the BamHI site of pUC18 

and transformed into Escherichia coli strain DH5c, (Bethesda 

Research Laboratories). Transformant colonies were screened 

by restriction enzyme analysis and then by PCR. Plasmid pBB2, 
containing a 1.8-kb insert, was thus identified. 

Delection of fuz7 by one-step gene replacement 

The entire fuz7 gene was amplified from cosmid pl 1F23-8 with 

primers FB133 and FB134, which contain BamHI sites to facil- 

itate subcloning. A 2.3-kb band was amplified with 25 cycles 

consisting of l-rain denaturation at 94°C, 2-min annealing/ex- 

tension at 68°C, and 15-min extension at 72°C at the end of the 

25 cycles. The amplified DNA was treated with restriction en- 
donuclease BamHI and ligated to the BamHI site of plasmid 

pl8F, a pUC18 derivative with an XbaI-HindIII deletion, to 

generate plasmid pl8F-f7. The insert in this plasmid was se- 

quenced to confirm that no errors had been introduced during 

amplification. Plasmid pl8F-f7 was then treated with restric- 

tion endonuclease HincII, which cuts only within the fuz70RF, 

thus deleting 1092 nucleotides within it (Figs. 1 and 3). A 3.0-kb 

PvuII fragment from plasmid pilL1 (Wang et al. 1988) contain- 

ing the hygromycin B gene was ligated to the HincII-deleted 

plasmid to generate plasmid pl8F-f7::H. This plasmid was 

treated with restriction endonuclease BamHI, and the BamHI 

fragment containing the fuz7::hygB mutation was gel-purified 

and used for transformation of U. maydis strains FB1, FB2, 

FB37-7, and FB90-8 (Table 1). 

Light microscopy 

Cells were routinely observed with Nomarski interference op- 

tics using a Zeiss axioscope equipped with an MC100 or Polar- 

oid camera. 
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