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Summary 

U. maydis is a fungal pathogen of corn with two forms: 
one is yeast-like and nonpathogenic; the other is 
fi lamentous and pathogenic. The b locus, with 25 
different alleles, regulates this dimorphism: any com- 
bination of two different alleles triggers pathogenic 
development, whereas the presence of identical al- 
leles results in the yeast-like form. We have cloned 
four b alleles (bi, b2, b3, and b4) and show that the b 
locus contains a single open reading frame (ORF) of 
410 amino acids with a variable N-terminal region and 
a highly conserved C-terminal region (60% and 93% 
identity, respectively). Mutational analysis confirms 
that this ORF is responsible for b activity. The b poly- 
peptides appear to be DNA binding proteins because 
they contain a motif related to the homeodomain in 
their constant region. We propose that combinatorial 
interactions between b polypeptides generate regula- 
tory proteins that determine the developmental pro- 
gram of the fungus. 

Introduction 

Ustilago maydis belongs to the large group of plant patho- 
genic Basidiomycetes known as the smut fungi and is the 
causative agent of corn smut disease (for reviews see 
Christensen, 1963; Banuett and Herskowitz, 1988). Two 
distinct forms characterize its life cycle: a unicellular 
haploid form, which divides by budding, produces yeast- 
like colonies on defined media, and is nonpathogenic; 
and a filamentous dikaryotic form, whose growth is depen- 
dent on the plant and which is pathogenic, causing tumors 
on leaves, stems, tassels, and ears (Christensen, 1963). 
This dimorphism is governed by two loci, a and b, the in- 
compatibility or mating type loci (Rowe11 and DeVay, 1954; 
Rowell, 1955; Holliday, 1961). Development of the patho- 
genic dikaryon is initiated after cell fusion of two haploids 
that differ at both loci (Rowe11 and DeVay, 1954; Rowell, 
1955; Holliday, 1961; Puhalla, 1970; Day et al., 1971). For- 
mation of the filamentous dikaryon can be assayed on nu- 
trient medium containing charcoal: a mixture of a7 bl and 
a2 b2 haploids yields a characteristic white fuzziness (the 
Fuz+ phenotype) due to the formation of dikaryotic fila- 
ments, whereas a mixture of haploids containing identical 

a or identical b alleles does not yield the filamentous form 
(Banuett and Herskowitz, 1989). 

The b locus poses a striking puzzle because there are 
estimated to be 25 naturally occurring alleles (Rowe11 and 
DeVay, 1954; Puhalla, 1968): the filamentous program 
results if the b alleles are different but not if they are 
the same. Thea locus has only two alleles (Rowell and De- 
Vay, 1954; Holliday, 1961; Puhalla, 1968), a7 and a2, and 
different a alleles are necessary, together with differ- 
ent b alleles, for the development of the filamentous form 
(Banuett and Herskowitz, 1989). Studies on fruiting body 
formation by other Basidiomycetes, Schizophyllum com- 
mune and Coprinus cinereus, have raised the same ques- 
tion of self-nonself recognition. In these organisms, fruit- 
ing body formation requires the presence of different 
alleles at two different incompatibility loci, both of which 
have multiple alleles (Raper, 1983; Casselton, 1978). 

A variety of molecular explanations have been pro- 
posed for the mechanism of recognition of identical 
versus nonidentical alleles of the Basidiomycete incom- 
patibility loci (Kuhn and Parag, 1972; Ullrich, 1978). Ac- 
cording to some schemes, the functional products of the 
b alleles are nucleic acids, either DNA or RNA, and recog- 
nition involves formation of heteroduplex structures. Ac- 
cording to another class of scheme, the b alleles code for 
polypeptides that combine to form multimeric proteins. A 
broad variety of speculations have also been made as to 
the function of such a b locus protein. The b polypeptides 
are unlikely to comprise cell surface proteins because 
monitoring the status of b occurs intracellularly (Banuett 
and Herskowitz, 1989). Thus it has been suggested that 
the b polypeptides may be nuclear membrane or cyto- 
skeletal proteins involved in nuclear behavior (Banuett 
and Herskowitz, 1989), or they may be proteins involved 
in regulating gene expression (Banuett and Herskowitz, 
1988). 

In this paper we show that the b locus contains an open 
reading frame (ORF) of 410 amino acids that is responsi- 
ble for b activity. This finding argues strongly against the 
nucleic acid models. Comparisons of the ORFs of four 
different alleles (bl, b2, b3, and b4) show that each con- 
tains a variable domain in the N-terminal 110 amino acids 
(40% differences) and that the rest of the ORF is highly 
conserved (93% identity). The amino acid sequence of 
the constant domain provides a strong clue to the function 
of the polypeptides encoded by the b alleles: it contains 
a motif related to the homeodomain, a hallmark for a DNA 
binding protein. Thus, we propose that the b alleles of U. 
maydis code for polypeptides whose association yields a 
regulatory protein that governs the developmental pro- 
gram and pathogenicity of this organism. 

Results 

Characterization of b Alleles 
The classical genetic work of Rowell and DeVay (1954) on 
the b locus demonstrated that this locus is multiallelic 
and, furthermore, that the presence of different b alleles 
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Figure 1. The Presence of Different b Alleles 
Triggers Development of the Filamentous Form 
of U. maydis 

Saturated cultures of haploid strains contain- 
ing the bl, b2, or b4 allele, respectively 
(horizontal rows), were cross-streaked against 
haploid strains containing the bl, b2, or b3 al- 
lele (vertical columns) on charcoal medium 
and incubated at room temperature for 24 hr. 
The white fuzziness is due to the formation of 
dikaryotic filaments after fusion of the haploid 
strains. Only strains carrying different b alleles 
(and different a alleles) exhibit this fuzz reac- 
tion (the Fuz+ phenotype). Strains in the 
horizontal rows are (from top to bottom) a2 bl 
(FBGa), a2 b2(FS2), and a7 b4 (RK136). Strains 
in the vertical columns (from left to right) are a7 
bl (FM), a7 b2 (FBGb). and a2 b3 (RK32). 

is necessary for the formation of galls (tumors) and the 
production of diploid spores (teliospores) in these galls. 
Other studies (Holliday, 1961; Puhalla, 1970; Day et al., 
1971; Banuett and Herskowitz, 1989) have subsequently 
confirmed these observations. Our  studies on the b locus 
use four different alleles: two of which (bl and b2) have 
been extensively used by Holliday (1961, 1974), and two of 
which (b3 and b4) were newly isolated from nature. Figure 
1 demonstrates a plate assay used for scoring the b al- 
leles and shows that bl, b2, b3, and b4 are functionally 
distinct from each other. When strains carrying different 
b alleles are cross-streaked or cospotted on charcoal nu- 
trient medium, a white fuzziness develops due to the for- 
mation of dikaryotic filaments (see Banuett and Her- 
skowitz, 1988). Thus, when a strain carrying the bl allele 
is cross-streaked against a strain carrying the b2 allele 
(Figure 1, top row, middle column), a white patch is ob- 
served at the intersection (the Fuz+ phenotype). If the 
strains carry the same b allele (for example bl), no fila- 
ments develop (the Fuz- phenotype) (Figure 1, top row, 
left column). Strain RK32, isolated from nature, is capable 
of inducing filament formation with both b7 (Figure 1, top 
row, right column) and b2 strains (Figure 1, middle row, 
right column), indicating that it carries a different b allele. 
We designate the b allele present in this strain b3. Strain 
RK138 (Figure 1, bottom row) is capable of forming fila- 
ments in combination with b7, b2, and b3 (left, middle, and 
right columns, respectively). Thus, we conclude that the 
b allele present in RK138 is distinct from b7, b2, and b3 
and designate it b4. Assay of tumor formation after inocu- 

lation of plants with different combinations of these strains 
confirms these deductions (data not shown). 

In the next section we describe the cloning of the b2 al- 
lele by a functional assay and then describe the cloning 
of the other alleles by nucleic acid hybridization. 

Cloning the b2 Allele by Functional Assay 
The strategy for cloning the b locus exploits the behavior 
of diploids homozygous at the b locus (Banuett and Her- 
skowitz, 1988). Such diploids (for example, strains that are 
alla2 bllbl) form yeast-like colonies on charcoal nutrient 
medium (Fuz-) and are nonpathogenic (Turn-), in con- 
trast to alla2 bllb2 diploids, which form mycelial colonies 
(Fuz+) and are pathogenic (Turn+) (Day et al., 1971; Ban- 
uett and Herskowitz, 1989). Hence, we transformed an 
alla2 b71b7 diploid (FBD12-3) with a genomic library from 
an a2 b2 strain (strain 518) and screened for Fuz+ trans- 
formants. A similar strategy was used by Kronstad and 
Leong (1989) to clone the b7 allele. Because b2 resides on 
an 8 kb BamHl fragment (Kronstad and Leong, 1989) we 
constructed a genomic library of size-fractionated 8 kb 
BamHl fragments of U. maydis strain 518 (a2 b2) in pHLN 
(a vector conferring hygromycin B resistance [Hyg’]). Plas- 
mid DNA from this library was linearized with Not1 and 
used to transform strain FBD12-3. Of 3500 Hygr transfor- 
mants screened on charcoal nutrient medium, five ex- 
hibited a Fuz+ phenotype. Each of these Fuz+ transfor- 
mants caused the development of tumors when a pure 
culture was inoculated into plants, indicating that they 
contained a functional b2 allele. 
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Figure 2. Analysis of Sites of Plasmid Integration in Fuz+ Transfor- 
mants by Southern Hybridization 
Strains 7-14, 8-15, 8-31, and 6-21 are FM+ transformants obtained af- 
ter introduction of a b2 library constructed in plasmid pHLN into the 
Fuz- recipient strain FBD12-3 (alla2 bllb7). Lanes A-D contain 
BamHI-digested DNA of the four independent transformants 7-14,8-15, 
8-31, and 6-21, respectively. Lane E contains BamHI-digested DNA of 
U. maydis strain FBD12-3; lane F contains linearized plasmid pHLN. 
pHLN DNA was used as probe for detection of integrated plasmid. The 
6 kb pHLN and the 5 kb hsp70 fragments are indicated. 

We determined by Southern hybridization of transfor- 
mants whether plasmid integration had occurred at ho- 
mologous or nonhomologous sites. Chromosomal DNA 
was prepared from four of the transformants and from the 
recipient strain, cleaved with BamHI, size fractionated, 
and hybridized with pHLN DNA after transfer to a nylon 
filter (Figure 2). All four transformants contain avery prom- 
inent signal at 6 kb, the size of the linearized vector pHLN. 
In DNA of transformants 7-14, 8-15, and 8-31 (Figure 2, 
lanes A, B, and C, respectively) one or two additional sig- 
nals that differ in size are observed. We consider these 
fragments to represent junctions between the vector and 
U. maydis DNA. These three transformants appear to 
have been formed by integration of the plasmid at non- 
homologous sites. The absence of new junction frag- 
ments in transformant 6-21 (Figure 2, lane D) indicates 
that in this transformant, plasmid integration has occurred 
by homologous recombination at or near the bl locus. In 
all cases the 6 kb vector signal is overrepresented, sug- 
gesting that several copies of the transforming DNA are 
integrated into the same site. The weak signal at 5 kb seen 
in all transformants and in the untransformed recipient 
strain (Figure 2, lane E) can be attributed to hsp70 se- 
quences (pHLN contains about 2 kb of hsp70 DNA; Wang 
et al., 1988). 

Recovery of the plasmid responsible for the Fuz+ 
phenotype was accomplished by partial digestion of chro- 
mosomal DNA of transformant 6-21 (Figure 2, lane D) with 

BamHl followed by ligation and transformation of the 
ligated DNA into Escherichia coli strain DHSamcr (see Ex- 
perimental Procedures). While most transformants con- 
tained plasmids indistinguishable from pHLN, several 
transformants carried a plasmid containing two BamHl 
fragments, one 8 kb and the other approximately 1.7 kb. 
The Notl site was retained, substantiating the assertion 
that several copies of the transforming DNA had in- 
tegrated into the same site. A plasmid indistinguishable 
from the one recloned from the Fuz+ transformant 6-21 
was isolated from our gene bank when we used the 8 kb 
BamHl fragment as probe in colony hybridization. This 
plasmid, which never had the opportunity to recombine 
with the genome of U. maydis, was termed pUb2-1 and 
was used for all subsequent studies. We have not deter- 
mined whether the 1.7 kb BamHl fragment of pUbB1 is ad- 
jacent to the 8 kb fragment in the genome or represents 
a cloning artifact. When pUbB1 was transformed into a U. 
maydis alla2 bllbl strain (FBD12-3), approximately 70% 
of the transformants exhibited the Fuz+ phenotype (Fig- 
ure 3), and all (in this case eight) of the Fuz+ transfor- 
mants tested were able to induce tumors when inoculated 
into the plant. All features of pUb2-1 indicate that it carries 
a functional b2 allele; in particular, it allows an alla2 bllbl 
strain to exhibit both properties of an alla2 bllb2 strain: 
fi lamentous growth on charcoal nutrient medium and tu- 
mor induction in plants. 

The finding that multiple copies of b2 (approximately 
three to five in the individual original transformants) can 
be inserted without noticeable effects on the fuzz reaction 
and pathogenicty suggests, furthermore, that the relative 
gene dosage of b2 and b7 is, within limits, not critical. We 
have consistently observed that in all instances where an 
intact b allele is introduced into U. maydis, only 70%-800/o 
of the transformants display a Fuz+ phenotype. We have 
not analyzed this phenomenon but suggest that failure of 
some transformants to exhibit the Fuz+ phenotype may 
be due to position effects or to rearrangements occurring 
during the integration event. 

To delimit the boundaries of the b2 allele on plasmid 
pUb2-1 (Figure 3), we generated a series of subclones, 
which were then tested for their properties after introduc- 
tion into an alla2 bllbl strain. These transformants were 
examined for Fuz+ phenotype and ability to induce 
tumors after inoculation of plants (Figure 3). The b2 activ- 
ity clearly resides on the 8 kb BamHl fragment as pUb2-2 
confers a Fuz+ and Turn+ phenotype, whereas pUb2-3 
does not. Plasmids containing a 2.1 kb EcoRl as well as 
a 2.0 kb Bglll-EcoRI fragment displayed full b2 activity 
(pUb2-4 and pUb2-5, respectively), whereas a plasmid 
carrying the Bglll-Sall fragment (pUb2-12) showed signifi- 
cantly reduced numbers of Fuz+ transformants. In this 
case only 11% of the transformants were Fuz+ Turn+, in 
contrast to an average of 80% for transformants carrying 
a plasmid with an intact b2. The Hindlll-EcoRI fragment 
in pUbP-11, on the other hand, yielded only Fuz- transfor- 
mants. These results allowed us to place the left border 
of the functional b2 allele between the Bglll and Hindlll 
sites, and the right border was expected to lie close to the 
Sall site (Figure 38). 
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Figure 3. Structure of Plasmids Carrying b2, b3, b4, and bl and Mutations of b2 Constructed In Vitro 

(A) shows the structure of the original plasmid isolates, and (6) shows the structure of an intact b2 gene (carried in plasmid pUb2-4) and a variety 
of mutations constructed in vitro. Only restriction sites used for constructing certain subclones are indicated: B (BarnHI), Bg (Bglll), E (EcoRI), S 
(Sall), Sau (SauJA), H (Hindlll), St (Stul). Triangles mark deletions. Insertions have triangles with (+) numbers indicating their length in base pairs. 
+Kan denotes the insertion of the kanamycin cassette. The ORF of b2 is shown as an open rectangle. Different scales are used in (A) and (B) as 
indicated in the top line of each panel. 

The right-hand panel summarizes the phenotypes of plasmid constructs after transformation into an alla2 bllbl U. maydis strain (FBD12-3) except 
for pUb1, which was transformed into an alla2 b2/b2 strain (FBDll-21). No. of TF indicates the number of independent transformants that were ana- 
lyzed. The Fuz phenotype was assayed on charcoal nutrient medium; a plus sign indicates formation of filaments, a minus sign indicates the absence 
of filaments, and a question mark indicates that the phenotype was ambiguous. Numbers refer to the percent of transformants that exhibited the 
phenotype. The ability to form tumors when inoculated as a pure culture into plants (six plants were inoculated per culture) was assessed as follows: 
for transformants displaying a Fuz+ phenotype, cultures of four to six purified colonies derived from independent transformants were tested, and 
without exception, tumor induction (Turn+) was observed. Fuz- transformants from the same series were unable to induce tumors, whereas among 
the Fuz(?) transformants from the same series, we found tumor-inducing as well as nontumor-inducing strains, in a ratio of about 5050. Turn- indi- 
cates that neither the Fuz- nor the Fuz(?) transformants obtained with the particular plasmid were able to induce tumors. In these cases all FIX(?) 
transformants and four to six Fuz- transformants were tested in planta. 

The b2 Locus Contains an ORF Essential thioninecodon located between the Bglll and Hindlll sites, 
for b2 Activity which we had previously inferred to contain the left border 
The nucleotide sequence of b2 was determined from the of b2 (Figure 5). The ORF extends for 1230 bp across the 
leftmost EcoRl site across the Sall site (see Experimental Sall site. The deletion in pUbP11 removes the proposed 
Procedures) (Figure 4). Translation of the sequence re- ATG initiation codon, which would account for its inability 
vealed a single ORF of 410 amino acids initiating at a me- to provide b2 function. The deletion in pUb2-12 has re- 
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-160 -130 -100 -70 

TGATGGA-C-GMCCTGTGCTGAGGCCGMTTtCGTCTGC*MMTTCC*TTCTTTGTGCACACA**TTCATTT*CTTT'**GCGCCGACACCGCT 
G**---G--------------C--G--G----T-----T----GA-G-------T*--GC--**-------CA----***.---CCTC------------** 
G'*C--G-------------C-------------------G--G-----C-T-,-----**------G~--------T---****-----T-------A 
--G---GG-------------C----C--C--T-----T----A--*----A---T---C---CA------**------- *_C--**'------------A- 

+1 30 
CTT+*CAACCGCAC*TCCCACCTTTAGCCTCTMCAAAAGATCTTCTATCTTCTATCTCTGCMCATCATCA~TGTCTAACTACCCGMCTTTTCCCTCA~GC 
*--CC--------TT---------CG----T-----+------T-~----- A-------------ATG----GAG-------GC--G--G---T---AG 
*--**---------T---------C-----T-G--T-G---,------T-C-----T---T----G---cA~--C-G-G-------GA----GA-------- 
TC***---TG-T--*-T-AC----CG----T--T----CGA-*---T-C----A--------------ATG--C-G-G------- T--C--G----T---- - 

130 
TTTGTGGAGTGCCTCMCGAGATCGAGCACGAGTTTCTGCGAGAT-TTGG-TCGTCCCGTTCTCGT~GC-CTT~GAGCTGCGACG-GA 
--CT--------------------------------------------G-----C-------T----------------------------AG-A----- 
--CT------------G------T---G-A------------------GA-A------C---------G ---A------------------A--A----- 
--CT-------------------------------------------- GG---G---TAC-----mm -------T-----C-G--------A--A----- 

230 
CACCCMCMCGTTGCAAGCCTATCCTACGATCCGGGMCGATCCATC-TACACCAGACTACTCACAGGATT~GTCGCTGCCMGGCCTTTATACG 
-------AC----A----M---C--C----G----A--T------G-----------AG--G-A- --------G-CA---T----C----A-------- 
-----------AL------A----GA-C--C--C--C-A---------M----------------A- -------C--T--T--C-T-------------T- 
T-------G--AL------A----C--CG------C-A---------G-----T-----------A- ---------G--C--T----C----A-------- 

330 
TATCGACCAGTCATTCGTCTCTCTGCATTCCGACGCTCCGACGCTGTTGMGA~CMG~~CTTGMG~GCCGATGCTTCMGTCCTGTTGTAGGGTGTCGC 
-T--------MG------------TG------GATC---C-C--T--G-C--C--G-G---A---T-GTC-------G--A---------A 
- - - - - - - - - -A- - - - - - - - - - - - - - -G-- - - - -T- -C-- - - - - - - -G-G-- - -G-- - - - - - - - - - - - - - -A - - - - - - - - - - - - - - - - - - - - - - - - -C-- -  

-T- - - - - - - -MG-- - - - - - - - - - -TG-- - -G-TC-- -C-C-G-- -G-- - - - - -T-A- -C--G-GTT-A-- -TCGT-- - - - - - -A- - - - - - - - - - - -A 

430 
GACCTTTCTGAGGATCTTCCAGCGTACCACATGCGG~CACTTTCTCCATACTCTCGACMCCCTTATCCGACTCMGMGAGl lMGMGGCCTCGTTC 
A-------G--AL--------T-----------------T--------------------G -----------A---------------------------A 
--A-----A--------------------------A--G--------------------A-----A------------------------AC-------A 
A-T-----G-----------T---T--T--------T-------------T------------------- ---------------------AC-------A 

530 
GACTCACCMCGMTCCA~GCMGAGTTGGCCTATCC~GC~TCGTCCTCCGCTCGA~TT~T~GCTCACGCTAT~TT~TTMCGCACGCCG 
--------------------------A--C---C------C----T--------------- ---------------------------C----------- 
-GT-G---------------------------- AG----TC-T--------------------------------------------------------- 
-GT-G----------------------------AG----GC-T---- -----------------------CG---------------------------- 

630 
TCGTTCTGGATGGTCTCATATTCTGMGMGTTCGCACGCGAGTCT 
------------------------C----------------------CG-----------G-G---C-----------------A--------T------ 
------------------------------------------------------------------------------------C--T-----T------ 
__________-----_________________________------------------------------------------------------------ 

730 
ACTCCTCCTTCATCGACGTCTGATTCTCTCTCAAACAATCTAGACGACGTTCTATCAGACMCCTCGGACGACCACTCACACCTGTTGACAAGCAGCAGT 
--C---------CT----------G-C----G-----------T---------------T-------------------T--C------A-----A- 
------------C----------A-A--C---------------T---T------------------------------------C------------A- 
-------------------A-------------------------------------------------------------------------------- 

830 
TCGMGATGACTGGGCMGCATGAT~GCTGGATCMGTATGGCGTG-G~GTTGGAGACTGGGTCTATGATCTCTGCGCAGCGAG~GMGAC 
________________________________________------------------------------------------------------------ 
-T--------------------------------------------------------C----------------------------------------- 
______________-__-______________________------------------------------------------------------------ 

930 
TCCGMGCCTGGCATGCCACGTCCCGTCACCACAGTAGCGMGCGC~TCCAGCGCGC-CTAMC~GCCGCAAMCCAMGTCMGMCAGCGMC 
_______________-----____________________------------------------------------------------------------ 
------------------------------T-----------------G-----------G--------------------------------------- 
------------------------------------------C--G------------------------------------------------------ 

1030 
CCGCGAGCMGCACMCACCTTCCATTGACAG~CCTT~A~GTT~GCTAGAGTCGACTC~GMCT~GCATGTGTTCGACGGCGGACACGAGCT 
________-___________-------------------------------------------------------------------------------- 
_______________---______________________------------------------------------------------------------ 
--------------------------------------------------------------------------------------A------------- 

1130 
TCAGTACATTCGGGAGCAGTCTCTCGATGTCT~CTACMTCCCTTTCAGGATGG-CGATATTCTACAGAGTCCGACAGTCAGCCAGGGGCMTIG 
________________________________________------------------------------------------------------------ 
--------------------------------------G----- ------T-----------------------------T------------------- 
-------------------------A-------------------------------------------------------------------------- 

1230 
GAMGTCAMGCGCTTCCGMGCGG~TGG-GCAGCAGCCTGACGAGGTCG-TGGTMGATTCCTTTCCTTTGCCTTTCCGTTGCGTTCGTTT~ 
------------------------------------------------------C------------------------------------------TGA 
-------------------------------------------------------------------------------------------------~ 
------------------------------------------------------C------------------------------------------~ 

* 1284 
CTAAACAGACACMTTCACATTCTGCCACACAGACAAACAGG~TTTTC 
-------------_-------------------------------------- 
-----------------------------------------A---TT-CGA- 
____________________-------------------------------- 

Figure 4. Nucleotide Sequences of b2, b3, b4, and bl Alleles 

The nucleotide sequence of the b2 allele is displayed in the upper line. For alleles b3, b4, and bl dashes are used to denote nucleotide identity 
with the b2 allele. In the 5’ noncoding regions, gaps (indicated by asterisks) are introduced to maximize homology among the four b alleles. The 
translational start and stop sequences are underlined. 

moved the C-terminal 78 amino acids without destroying Fuz+ Turn+ transformants obtained at low frequency with 
b2 activity completely. This result indicates that this part plasmid pUb2-12 could be accounted for by homologous 
of the predicted polypeptide is not absolutely essential for recombination between the transforming DNA and the 
b function. We have investigated the possibility that the resident bl allele. To this end, DNA of four Fuz+ transfor- 
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b2 MSNYPNFSLTSFVECLNEIEHEFLRDKLENRPVLVKKLQELRKKTPNNVASLSYDPGTIHQIHQTTHRIKVAAKAFIRIDQSFVSLHSDAVEDTSKALKK 
b3 - -RD-KL--SK-L----- - - - - - - - - -~-“----- - - - - - -QQ---K”--K-~~E-E”-Q----AA---DIV-Q----~--K----C-EI-”--T-VNQE 

b4 - -So-KI- I - - -L- - -S-- -E-- - -EK-P--- -S-- - - -QQ--- - - I -N-D”--K--QK--- - - - - -N--V-- - -C-- -T-- - -R-- - - - -A-R--- -  

bl - -SD-- - - - I - -L- - - - - - - - - - - - - -G--Y-- - - - - -R- -QQ-I - -DI -N-~R--E--Q-- - - - - - - -RAV-Q-- - -F- -K- - - -C-EV-HG-- -VMQE 

120 140 160 180 200 
l * l * 

b2 ADASSPVVGCRDLSEDLPA~HMRKHFLHTLDNPYPTQEE~EGLVRLTNESTARVGLSKAN'KPPLEVHQLTLWFINAK~~SGWS~~LKKFAREDRSRMKHL 
b3 -NVV--GE---N-----------N----E---------------------------IRp-N-I--------------------------------------R- 
b4 -N-- - - - - - - -E-- - - - - - - - - - - - - - - - -E-- - - - - - - - - - -T- - - - - - - - - - - - -Q- IV-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

bl FNVV--D-- - -N-- - - - - - - - - - - - - -L- - - - - - - - - - - - -T-- - - - - - - - - - - -Q-SV--- - - - - -“V--- - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

220 240 260 280 300 

b2 VRAKLSSSNQSTPPSSTSDSLSNNLDDVLSDNLGRPLTPVDKQQFEDDWASMISWIKYGVKEKVGDWVYDLCAASKKTPKPGMPKPVTTVAKRHPARKTK 
b3 - - - - - - - - - - - - - - -L- -EKP-DD--V-- - - - -LA-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

b4 - - - - - - - - - - - - - - -p- -Eyp-- - -F- - - - - - - - - - - - -A-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -Q-- - - - -  

bl _----___--_-_---_ Y-------------------------------------------------------------------------N-------- 

320 340 360 380 400 

b2 PAAKPKSRTANP~STTPSIDSTLDSSKLESTPELSMCSTADTSFSTFGSSLSMSHYNPFQDGNDILQSPTVKARGNR~VKALPKRAGKQQPD~VENGKI 
b3 -----------------------------------------------------------------------------------------------D---- 
b4 ---------------------------------------------------------D---~---------~---------------------------- 
bl -----------------------------------------------------------------------------------------------D---- 

410 
b2 PFLCLSVAFV 
b3 ___-______ 
b4 ----_-___- 
hl ---------- 

Figure 5. Alignment of Deduced Amino Acid Sequences of b2, b3, b4, and bl 

Dashes denote amino acid identity with b2. Asterisks mark the four conserved amino acids, WF-N-R, of the homeodomain (see Scott et al., 1989). 

mants was cleaved with BamHl and analyzed by Southern 11% of the transformants are Fuz+. The major difference 
hybridization using a probe internal to b2. In no case did between plasmids pUb2-9 and pUb2-12 is that the latter 
we observe hybridization signals indicative of a homolo- plasmid lacks sequences downstream of the b2 coding re- 
gous recombination event (data not shown). Other expla- gion, e.g., a putative polyadenylation signal. The pres- 
nations for the Fuz+ transformants obtained with pUbP-12 ence of such a signal near the integration site for pUb2-12 
are considered below. might determine whether b2 is expressed or not. 

To verify that the 410 amino acid ORF is responsible for 
b2 activity, we created several in vitro mutations and deter- 
mined their effect on b2 function by assessing Fuz+ and 
Turn+ phenotypes after transformation of an alla2 bllbl 
strain with plasmids containing these mutations (see Fig- 
ure 36). Deletion of a 200 bp Stul fragment, which in addi- 
tion to the deletion causes a frameshift mutation (in plasmid 
pUb2-6) abolished b2 function. Insertion of an oligonu- 
cleotide linker into the Stul deletion to restore the ORF (in 
plasmid pUb2-7) also inactivated b2 function. Other more 
subtle mutations such as in pUb2-6, pUb2-13, and pUb2- 
14, where three additional amino acids are inserted at 
both or one of the two Stul sites, also eliminated b2 activity. 
These results indicate that integrity of the N-terminal 140 
amino acids is essential for b2 function. The presence of 
the C-terminal portion of the ORF appears to be less criti- 
cal. The insertion of a kanamycin resistance cassette into 
the Sal1 site (plasmid pUb2-9) or insertion of 3 amino acids 
at this site (plasmid pUbB10) did not significantly affect b2 
activity (see Figure 3). In both instances approximately 
70% of the transformants display the Fuz+ phenotype. 
This contrasts with the behavior of pUb2-12 where only 

Taken together, the above observations demonstrate 
that the 410 amino acid ORF is responsible for the Fuz+ 
Turn+ phenotype and is thus the product of the b2 gene. 
The nucleotide sequence does not contain consensus 
splice sites. Hence, the b2 gene product appears to be a 
polypeptide of 410 amino acids with a predicted molecular 
mass of 45,957 daltons and a predicted isoelectric point 
of 10.21. 

A homology search in the NBRF protein data bank and 
the EMBL gene bank using the program Wordsearch did 
not reveal any significant matches between the b2 coding 
region and data bank entries. 

Cloning and Sequence Analysis of bl, b3, and b4 
To determine how different b alleles and the products they 
encode are related to each other, we cloned and deter- 
mined the nucleotide sequence of three other alleles: b3, 
b4, and bl. 

Segments containing these alleles were isolated from 
genomic libraries using the 8 kb BamHl fragment that 
contains b2 as probe. We first confirmed by Southern hy- 
bridization that b3, b4, and bl strains contain fragments 
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with strong homology to b2. All three strains exhibit one 
prominent band, corresponding in position and size (8 kb) 
to that observed in a b2 strain (FB2) (data not shown). 
Kronstad and Leong (1989) had previously shown that a 
fragment containing bl hybridizes to a corresponding 
fragment containing b2. 

Libraries of Sau3A fragments of b3 (strain RK32) and b4 
(strain RK138) DNA in hEMBL3 (see Experimental Proce- 
dures) were screened by plaque hybridization with the 8 
kb BamHl fragment containing b2. BamHl fragments from 
hybridizing clones were subcloned in pHLN. b3 was sub- 
cloned as an 8 kb BamHl fragment, to yield plasmid pUb3; 
b4 was subcloned on a 3.8 kb BamHl fragment yielding 
plasmid pUb4 (see Figure 3A). The reduced size of the 
fragment containing b4 can be explained if joining of the 
particular Sau3A site in RK138 DNA with the BamHl site 
of hEMBL3 has recreated a BamHl site. Subsequent anal- 
ysis indicates that pUb4 lacks sequences downstream of 
the b4 coding region (data not shown). Transformation of 
an alla2 bllbl strain (FBD12-3, Figure 3) and an a7/a2 
b2/b2 strain (FBDll-21, data not shown) with pUb3 and 
pUb4 resulted in Fuz+ transformants that were able to in- 
duce tumors when inoculated into plants. Transformation 
of pUb4 into an a2 b3 strain (RK32) also resulted in the ap- 
pearance of Fuz+ transformants (data not shown). To 
identify plasmids containing b7, we screened a genomic 
library of an a7 b7 strain (521) in pUC18 by colony hybrid- 
ization with the 8 kb BamHl fragment containing b2. Plas- 
mids were identified that contained an 8 kb BamHl frag- 
ment, which was then subcloned into pHL1 (Wang et al., 
1988) to yield plasmid pUb1. Fuz+ transformants were ob- 
tained after introduction of this plasmid into an al/a2b2/b2 
strain (FBDll-21). These Fuz+ transformants induced tu- 
mors when inoculated into plants (see Figure 3A). We 
hence conclude that plasmids pUb3, pUb4, and pub1 
carry functional b3, b4, and b7 alleles, respectively. 

The nucleotide sequences of these three alleles were 
determined (see Experimental Procedures). Figures 4 
and 5 show the alignment of their nucleotide and amino 
acid sequences with that of b2. The comparisons reveal 
several striking features: First, all four alleles have a sin- 
gle ORF for a putative polypeptide of 410 amino acids and 
can be aligned without the introduction of a single gap. 
The putative polypeptides have molecular weights of 
45,957 (b2), 46,322 (b3), 46,060 (b4), and 46,254 (bl). Sec- 
ond, if one discounts conservative changes, the N-termin- 
al 110 amino acid residues are 60% identical in all four 
b alleles, while the degree of identity in the remaining por- 
tion of the putative polypeptides is 93%. Of the 410 amino 
acids, 321 are conserved in all four b alleles. The allelic 
differences are not distributed evenly but rather appear in 
clusters separated by highly or completely conserved 
spacers. This is most evident for the highly conserved re- 
gion (amino acids 11 l-410) where most differences occur 
between residues 155 and 160 and between residues 216 
and 240. Third, despite the differences in amino acid com- 
position, the predicted isoelectric points of the four poly- 
peptides are extremely similar: 10.21 (b2), 10.02 (b3), 9.87 
(b4), and 9.74 (bl); thus all four predicted polypeptides are 
very basic. 

Although the coding regions of the four b alleles could 
be aligned without the introduction of a single gap, gaps 
had to be introduced to maximize homology in the 5’ un- 
translated regions (Figure 4). Sequences surrounding the 
first ATG codon (A-T/G-C-A-A-A-AXT) fit with the con- 
sensus G-C-C-A/G-C-C-~-G for a translation initiation 
site (Kozak, 1987). In the regions up to position -160, we 
have not detected canonical TATAAA and CAAT motifs 
that could represent the promoter for the b locus, nor have 
we detected putative polyadenylation sites in the region 
downstream of the b coding regions. The only features 
that could represent putative promoter elements are five 
blocks of pyrimidine-rich sequences (position -118 to 
-109, -97 to -82, -69 to -62, -54 to -43, and -26 

to -15). A number of filamentous fungal transcription initi- 
ation sites have been shown to lie in or immediately down- 
stream of such CT-rich sequences (see Gurr et al., 1987). 

Discussion 

The b locus of U. maydis governs the switch from a yeast- 
like form, which is nonpathogenic, to a filamentous form, 
which is pathogenic on corn plants. This switch involves 
monitoring identical versus nonidentical b alleles, of 
which there are 25: any combination of different alleles 
triggers the filamentous, pathogenic program. We have 
cloned and determined the nucleotide sequence for four 
of these alleles, b7, b2, b3, and b4, and show that each 
contains an ORF of 410 amino acid residues. Comparison 
of these ORFs shows that each contains a variable N-ter- 
minal region encompassing the first 110 amino acids, 
where 40% differences are observed, and a more con- 
stant region for the remainder of the ORF, where 93% 
identity is observed. Analysis of the b2 ORF by construct- 
ing mutations in vitro and assaying their function after 
transformation into U. maydis indicates that this ORF is 
necessary and sufficient for b activity, as determined by 
the ability to form filaments and to induce tumors in corn 
plants. Hence, this 410 amino acid ORF is the polypeptide 
encoded by the b locus. 

The constant region of the polypeptides encoded by the 
b alleles contains the four highly conserved amino acids 
WF-N-R (at positions 172, 173, 175, and 177, respectively) 
found in all multicellular eukaryotic homeodomain pro- 
teins (see Scott et al., 1989). These residues are part of 
a putative DNA recognition helix in the helix-turn-helix 
motif of homeodomain proteins (Qian et al., 1989). Com- 
parison of this region of the b polypeptide with the homeo- 
domain of the Drosophila protein Antennapedia, An@, 
(Figure 6A) shows 17 matches (which includes 6 conser- 
vative changes) in a region of 41 amino acids (41% similar- 
ity), without the introduction of gaps. These matches in- 
clude, in addition to the four invariant residues, six of the 
eight highly conserved (though not invariant) amino acids 
in homeodomain proteins (Scott et al., 1989). A similar de- 
gree of relatedness is observed in comparisons with other 
Drosophila proteins, including even-skipped (eve) and 
paired (prd) (not shown). The four highly conserved res- 
idues (WF-N-R) are also found in the yeast family of reg- 
ulatory proteins related to homeodomain proteins (Scott et 
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Figure 6. The b Alleles Contain a Motif Related to the Homeodomain 

(A) Amino acid comparison between b2 (amino acid residues 134-179) and the homeodomain of the Drosophila Antennapedia protein, An@ (see 
Scott et al., 1989). Displayed above the b2 sequence are amino acids found in either b3, b4, or bl at the respective position. Identical residues 
are indicated by a colon; conservative substitutions are indicated by a single dot. Asterisks mark positions where identity is observed with an amino 
acid residue of either b3, b4, or bl. Amino acids E (position 139) R (position 153) A (position 159) L (position 164) Cl (position 168) and T (position 
170) in b2 occupy positions that are highly conserved in all homeodomain proteins (Scott et al., 1989). 
(9) Amino acid alignment of b2 with the yeast family of homeodomain-related regulatory proteins coded by MATal, MATo2, mat&Pi, and PHO2 genes 
(see Scott et al., 1989 for references). b2 is displayed with 15 amino acids deleted to maximize identities, Identical amino acids are boxed. 

al., 1989): al (Miller, 1984) and PHO2 from Saccharomyces 
cerevisiae (Biirglin, 1988) and matl-Pi from Schizosac- 
charomyces pombe (Kelly et al., 1988). The S. cereviseae 
a2 protein has three of these residues (Laughon and 
Scott, 1984; Shepherd et al., 1984). al, a2, and f/-/O2 are 
all known DNA binding proteins (C. Goutte and A. John- 
son, personal communication; Johnson and Herskowitz, 
1985; Arndt et al., 1987). A high degree of similarity is ob- 
served in comparisons of a 40 amino acid region contain- 
ing WF-N-R between the U. maydis b polypeptides and 
these known yeast DNA binding proteins (Figure 6B). The 
similarities are particularly evident if 15 amino acid res- 
idues (from positions 147 to 161) are deleted from the b poly- 
peptides to allow alignment with the yeast sequences. 
These 15 amino acids correspond in position to the puta- 
tive helix II of Antp (see Figure 6A), and they may indeed 
comprise the putative helix II of the b polypeptides. Alter- 
natively, the residues comprising helix II of the b polypep- 
tides may correspond to those in the yeast group. Thus, 
the homeodomain-related segment of the b polypeptides 
may represent a phylogenetic intermediate between yeast 
and multicellular eukaryotes: the b polypeptides have 
some characteristics of the yeast family of regulatory pro- 
teins (sequences that match DNPYP) and of the Anfen- 
nape& group of homeodomain proteins (presence of the 
“additional” 15 amino acid segment). 

The substantial similarity between the b polypeptides 
and known yeast DNA binding proteins strongly indicates 
that the b polypeptides function as regulatory proteins. 
Given the biological observation that the presence of 
different b alleles is necessary for fi lamentous growth and 
pathogenicity, we propose that the status of the b alleles 
in the cell is monitored by interaction of monomers, result- 
ing in formation of a multimeric regulatory protein that 

governs the developmental fate of the organism. This pro- 
posal is in some respects analogous to the situation in a/a 
cells of yeast, in which association of the al and a2 
polypeptides-both members of the yeast family of ho- 
meodomain-related proteins-creates a novel regulatory 
species, al-a2 (Goutte and Johnson, 1988; C. Goutte and 
A. Johnson, personal communication). 

In the next section we consider various models for the 
physical interactions between monomers and briefly dis- 
cuss the functional consequences of such associations. 

Association of b Polypeptides: Rules and 
Functional Consequences 
We discuss two broad categories of models to explain how 
association of the b polypeptides might be governed and 
what the functional consequences of such associations 
might be (Figure 7). The two classes of models propose 
different roles for the variable and constant regions and 
differ primarily in whether the variable regions govern as- 
sociation of monomers or whether they govern activity of 
the multimericspecies. For simplicity, we assume that the 
functional species is a dimer. For each of these models, 
we consider the possibilities that the homodimer or the 
heterodimer is the functional species. The target genes for 
the regulatory multimer are proposed to be genes for 
fi lamentous growth (fuz genes) and genes for tumorige- 
nicity (turn genes), which are expressed in the dikaryon 
but not in haploids. 

In Model 1 (Figure 7) the variable region is the deter- 
minant for association of monomers. If only identical vari- 
able regions are capable of association (case l), then only 
homodimers are formed, and hence they must be the 
functional species. If only nonidentical variable regions 
are capable of association (case 2) then only heterodi- 
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Figure 7. Models for Association of b Polypeptides and the Functional 
Consequences of Their Association 
The b polypeptide is drawn as a rectangle with an open portion to indi- 
cate the constant region and a solid (b7) or cross-hatched (b2) part indi- 
cating the variable region. The active species formed by association 
of b polypeptides is drawn as a dimer. For each of the models, we indi- 
cate the species proposed to be present in haploids and in the 
dikaryon. The two models differ primarily in whether the variable or 
constant region is the determinant for association of b polypeptides. 
(Model 1) In case (I), the functional species is a repressor. Haploids 
have one type of repressor @l-b7 or b2-b2) and the dikaryon two types 
of repressor (b&b7 and b2-b2). In case (2), the functional species, bl- 
b2, is an activator that is present only in the dikaryon. 
(Model 2A) In case (l), the functional species is a repressor, and it is 
active only in haploids. In case (2), the functional species is an activa- 
tor, and it is active only in the dikaryon. 
(Model 28) In case (l), only identical variable species are capable of 
interaction with protein X to create the active species. In case (2), only 
nonidentical variable regions can interact with X to produce the active 
species. (For both Models 2A and 28, it is possible to imagine that both 
the homodimer and the heterodimer are active, one species being ac- 
tive only in haploids and the other only in the dikaryon.) 
(Model 2C) In case (l), the functional species is a repressor: bl-b7 
recognizes only the site indicated as a solid rectangle; b2-b2 recog- 
nizes only the site indicated as a cross-hatched rectangle. Each of the 
25 homodimeric repressors recognizes its own particular site. In case 
(2), the functional species is an activator that recognizes a site indi- 
cated by a hybrid rectangle. Genes regulated by this activator would 
require the presence of 300 such sites to allow recognition by each 
possible heterodimeric combination of b polypeptides. 

mers are formed, and hence they must be the functional 
species. Therefore, in this model the variable region gov- 
erns both association and activity. The production of an 
active homodimeric species (whether a repressor or an 
activator) hypothesized by this model can be readily ruled 
out based on biological observations. For example, if the 
homodimeric species is a repressor for fuz and turn genes 
in the haploid, this repressor will still be present in the 
dikaryon. We thus conclude that if the variable region de- 
termines association, it allows association of nonidentical 
monomers to yield a functional heterodimer. This is analo- 
gous to the interaction of Fos and Jun to produce a func- 
tional heterodimer (see for example Nakabeppu et al., 
1988; Rauscher et al., 1988; Kouzarides and Ziff, 1988). 

In Model 2 (Figure 7), the constant region is the deter- 
minant for association. Hence, all polypeptides are capa- 
ble of association with each other, but the activity of the 
multimer formed is determined by the variable region. The 
variable region might govern activity of the associated 
species in a variety of ways: by determining the spacing 
of the recognition helix, by providing a site for interaction 
with another protein, or by creating a DNA recognition 
domain. 

In Model 2A, the variable region determines the position 
of the putative helix II and helix III regions in the protein 
so that it is able to recognize a particular target site (or ac- 
cessory protein; Stern et al., 1989). The trp repressor pro- 
vides an example of how spacing of the recognition helix 
may be altered, in this case by binding of tryptophan 
(Zhang et al., 1987; Otwinowski et al., 1988). The func- 
tional species could be the homodimer or heterodimer. In 
either case, there might be preferential association of 
nonidentical monomers in the dikaryon, to create a novel 
regulatory species (the heterodimer) or to interfere with 
formation of homodimers (again by creating a heterodi- 
mer, which in this case would be inactive). Precedent for 
preferential association of different monomers is provided 
by studies of association between Jun and Fos (O’Shea et 
al., 1989). In Model 28, the variable regions of the oligo- 
mer allow for binding of the b protein to another protein, 
X, and together this complex constitutes the active spe- 
cies. For example, the heterodimer might bind X, and the 
homodimer may be unable to do so. In Model 2C, the 
differences between b alleles are responsible for creating 
recognition domains for different DNA sequences. This 
model demands that determinants for DNA recognition 
specificity lie outside helix III (in the variable region and 
putative helix II) since all b alleles have the same pro- 
posed helix Ill. It is worth noting that a patch of variable 
residues exists in the putative helix II region, which could 
contribute to such a recognition domain. If only homo- 
dimers are functional, they would have to recognize a tar- 
get site that is unique to each of the alleles; these sites 
would have to be in or adjacent to the b coding region. If 
only heterodimers are functional, they would have to rec- 
ognize a site that is not recognized by the b homodimers. 
This seems highly unlikely as it would demand that each 
target gene have regulatory sites that could be recognized 
by every possible combination of different b polypeptides. 

In summary, two broad explanations are most consis- 
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tent with biological observations: in one, only different 
monomers associate with each other; in the other, all 
monomers are capable of associating with each other, and 
their association allows binding to a common DNA site or 
to a common protein. 

These models do not address the challenging problem 
of how association of 25 different types of monomers de- 
termines protein function. If only homodimers are func- 
tional, this would require that 25 combinations of b poly- 
peptides be functional and that 300 be nonfunctional. In 
contrast, if only heterodimers are functional, this would 
necessitate that 300 combinations of polypeptides work 
and that 25 do not. In either event, polypeptide chains 
must monitor whether they are the same or different. One 
way to accomplish this monitoring would be if correspond- 
ing positions of two polypeptide chains are aligned with 
each other, for example, in parallel a helices or 8 sheets. 
Alignment of identical side chains that are charged would 
be much less favorable than alignment of a charged resi- 
due with a residue of opposite charge or one that is polar. 
It should be possible to identify the determinants in the b 
polypeptides that are responsible for self-nonself recogni- 
ton by creating in vitro chimaeric species and assaying 
their function after transformation into U. maydis. Since 
functionally identical alleles (for example, bl) may actually 
consist of a family of alleles in which different members 
exhibit polymorphism without altering allele specificity, a 
comparison of their sequences should also provide infor- 
mation as to residues that are relevant for self-identity. 

The number of b alleles, which is cited as 25, is an esti- 
mate based on a few independent studies. Eighteen differ- 
ent b alleles were identified in a single study by Puhalla 
(1968), in which he assessed ability to induce tumors. Fif- 
teen different b alleles were identified by Rowell and De- 
Vay (1954) but these have not been tested against those 
of Puhalla (1968) or newly isolated alleles described in this 
report. Although the number of b alleles was estimated by 
Puhalla (1968) to be 25, it could be even greater. Given that 
alleles can be cloned and introduced into U. maydis, it is 
now possible to construct isogenic strains differing only at 
b to test whether all combinations of different b alleles be- 
have similarly with respect to filament formation and tu- 
mor induction. 

It has been suggested, although at present there is 
neither genetic nor biochemical evidence, that different 
homeodomain polypeptides of Drosophila could associ- 
ate to generate heteromultimeric proteins that govern de- 
velopment (Scott et al., 1989). Combinatorial formation of 
proteins as a mode of generating diversity and specificity 
is also discussed by Landschulz et al. (1989). We have 
presented the argument that the U. maydis b polypep- 
tides, which contain a motif related to the homeodomain, 
function in this manner to direct the developmental pro- 
gram during the fungal life cycle. (Two genes that govern 
filamentous growth, fuzl and fuz2, have been identified 
that may be targets of b and part of the filamentous, patho- 
genic program [F. B., unpublished data]). In U. maydis, the 
multiple forms of the b polypeptide are all encoded by a 
single locus with multiple alleles; in Drosophila, different 
homeodomain polypeptides are encoded by different loci. 
The rules by which the b polypeptides combine to form 

regulatory proteins and how the activity of these proteins 
is governed may provide clues as to how homeodomain 
polypeptides of Drosophila associate and function. 

Experimental Procedures 

Strains 
Cloning in E. coli was done in DH5a ((~80 AkcZb.475) A[/acZvA- 
afgFjUl96 recA1 endA hsdR17 r-m+ supE44 I- thil gyrA relA7, in 
DH5amcr, in DH5aF’(all obtained from Bethesda Research Laborato- 
ries), or in HBIOI F- hsdSP0 (rB-me-) supE44 am74 1- ga/KP lacy1 
pm42 rpsL20 xy15 mtll recA73. 1EMBL3 derivatives were propagated 
on strain P2392 F- hsdff514 (rK- mK+) supE44 supF58 lacy1 or 
A(/ac/ZV)G galK2 galT22 met67 trpR55 1- (P2). Ml3 derivatives were 
propagated on DH5aF’. U. maydis strains 518 (a2 b2) and 521 (a7 b7) 
are from the collection of R. Holliday and represent the classical b7 and 
b2 alleles. U. maydis strains FBl (a7 bl), FB2 (a2 b2), FB6a (a2 b7), 
FB6b (a7 b2), FBDl2-3 (alla2 bllbl), FBDll-21 (alla262Ib2) have been 
described (Banuett and Herskowitz, 1989). RK32 and RK138 were iso- 
lated as meiotic segregants from teliospores collected in the Bonn area 
during 1982. Teliospores were kindly provided by H. Hindorf. 

Growth Conditions for U. maydis 
CM and YEPS were prepared as described (Holliday, 1974; Tsukuda 
et al., 1988). Strains were grown at 28% or 32%. To observe the fuzz 
reaction, fresh cultures grown to saturation were cospotted or cross- 
streaked on charcoal nutrient medium (Holliday, 1974; Banuett and 
Herskowitz, 1989). Plates were sealed with Parafilm and incubated at 
room temperature. The normal Fuz phenotype could be scored after 
24 hr; the reactions were followed for 2-3 days. 

Plant Growth and Infection 
Corn plants (variety Aztec or 8164) were grown in the greenhouse or 
in a Conviron growth chamber under controlled conditions (14 hr light 
and 10 hr dark, 28% day and 20% night). Plants (8-10 days old) were 
inoculated as described by Puhalla (1968). Tumors appeared 5-8 days 
after inoculation. 

Isolation of U. maydis DNA 
Cultures (100 ml) were grown in YEPS medium (Tsukuda et al., 1988) 
to early stationary phase at 28OC, washed with SCS (20 mM sodium 
citrate [pH 5.81, 1 M  sorbitol). resuspended in 2 ml of SCS containing 
Novozyme 234 (Novo Industries) at 20 mglml and incubated at 37%. 
Protoplast formation was monitored microscopically. Protoplasts were 
washed in SCS and resuspended in 1 ml of SCS. NDS (6 ml) (0.01 M  
Tris-HCI [pH 9.51, 0.5 M  EDNA, 1% N-laurylsarcosine) containing 0.5 
mglml proteinase K was added, and after 10 min at 65°C incubation 
was continued at 37°C for 1 hr. The DNA was purified by standard CsCl 
equilibrium centrifugation in the presence of ethidium bromide, ex- 
tracted with isoamylalcohol, precipitated with ethanol, and resuspended 
in 10 mM Tris-HCI [pH 7.51, 1 mM EDTA. 

Construction of Libraries and Recloning Integrated 
Plasmid DNA from U. maydis 
U. maydis DNA that had been partially digested with Sau3A was size 
fractionated on NaCl gradients, fragments of 20 to 25 kb were ligated 
to bEMBL3 arms, packaged in vitro, and used to infect E. coli strain 
P2392. For plasmid libraries, 8 kb BamHl fragments of U. maydis DNA 
were isolated after size fractionation on gels. To reclone integrated 
pHLN-derived plasmid DNA from U. maydis transformants, 1 ug of total 
DNA was partially digested with BamHl and treated with T4 ligase in 
a volume of 200 ul. An aliquot of 25 td was used to transform DH5amcr 
to ampicillin resistance. 

Transformation of U. maydis 
The procedure combines protocols described by Wang et al. (1988) 
and Tsukuda et al. (1988). A 100 ml culture of U. maydis was grown 
overnight at 28% to a cell density of 2 x 107/ml. Cells were washed 
with SCS, resuspended in SCS containing 12.5 mglml Novozyme, and 
kept at room temperature until protoplasts had formed (lo-20 min). 
Then, 12 ml of SCS was added, and the suspension was centrifuged 
at 2800 rpm at room temperature for 10 min. The pellet was resus- 
pended in 10 ml of SCS and centrifuged again. This step was repeated 
once with SCS and once with STC (10 mM Tris-HCI [pH 7.51, 100 mM 
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CaCI,, 1 M  sorbitol). Protoplasts were resuspended in STC at a con- 
centration of 2 x lOs/ml and kept at 0%. For the transformation, 1-5 
vg of DNA in a volume of IO ~1 or less was mixed with 1 ~1 of heparin 
(15 pg/Fl) and 50 ~1 of protoplasts were added. After 10 min at OOC, 500 
~1 of PEG (40% w/v in STC) was added, and incubation at 0% con- 
tinued for 15 min. After addition of 5 ml of soft agar (0.7% agar in YEPS, 
1 M  sorbitol), the mixture was poured on freshly prepared gradient 
plates (10 ml of 1.5% agar in YEPS, 1 M  sorbitol, 400 pglml hygromycin 
overlaid with 5 ml of 1.5% agar in YEPS, 1 M  sorbitol). Plates were in- 
cubated at 32% for 3-5 days. As many as 200 transformants were ob- 
tained per plate. depending on the recipient strain used. Transformants 
were colony purified and then tested for their phenotype. 

Southern Blotting, Colony and Plaque Hybridizations, 
and Nucleotide Sequence Determination 
Standard procedures for Southern blotting and colony and plaque 
hybridizations on Gene Screen Plus membranes (DuPont) were em- 
ployed (Maniatis et al., 1982; Ausubel et al., 1988). Nucleotide se- 
quences were determined using the dideoxy method of Sanger et al. 
(1977). Templates were either single- or double-stranded; T7 polymer- 
ase (Pharmacia) or Sequenase (United States Biochemical Corp.) 
were used for the elongation. Subclones were generated either in 
M13mp18 and M13mp19 or in pUC-derived plasmids as appropriate. 
For regions not accessible for subcloning, specific primers were syn- 
thesized at the UCSF Biomolecular Resource Center or at the IGF. All 
nucleotide sequences were determined for both strands. 

Plasmids and Plasmid Constructions 
pTZl8R and PT3T718U (Pharmacia) were routinely used for subcloning 
DNA fragments. pHL1 was kindly provided by S. Leong. It is a pUC12 
derivative carrying the prokaryotic hygromycin B resistance gene un- 
der control of U. maydis hsp70 regulatory sequences. The hygB cas- 
sette including promoter and 3’ region of hsp70 can be excised from 
pHL1 as a Hindlll fragment (Wang et al., 1988). In pHLN, the Sstl site 
of the pHL1 polylinker was converted to a Not1 site by linker insertion. 
pUb2-2 and pUb2-3 contain the 8 kb and 1.7 kb BamHl fragments of 
pUbP-1, respectively, cloned into the BamHl site of pHLN. 

For the plasmids described below, most manipulations were first 
done in pTZ18R. Then BamHl fragments carrying b2 were excised and 
inserted into the BamHl site of pHLN. pUb24: the 2.1 kb EcoRl frag- 
ment of pUbB1 was ligated to the 115 bp EcoRl polylinker fragment of 
nVX (Maniatis et al., 1982), which contains a BamHl site, cleaved with 
BamHI, and inserted into the BamHl site of pHLN. pUb2-5: the 2 kb 
Bglll-BamHI fragment of pUb2-4 was cloned into the BamHl site of 
pHLN. pUb2-6: the 200 bp Stul fragment was deleted from pUb2-4; this 
causes a frameshift mutation. pUb2-7: a 10 bp Not1 linker (dAGCGG- 
CCGCT) was inserted a1 the Stul site in pUb2-6, which restores the 
ORF of b2. Translation of the junction reads AKERPLLV. pUb2-8: the 
200 bp Stul fragment of pUb2-4 was ligated to 8 bp Not1 linkers (dGC- 
GGCCGC),  cleaved with Notl, and inserted into the Not1 site of pUb2-7 
in the original orientation. This creates two 9 bp insertions. Translation 
across these junctions yields AKERPPF and EGRPLLV, respectively. 
pUb2-13 and pUb2-14: the 2.1 kb BamHl fragments of pUb2-8 and 
pUb2-4 were cleaved wilh SnaBI. The unique SnaBl site is located be- 
tween the Stul sites. The 0.35 kb fragment of pUb2-8 was ligated lo the 
1.75 kb fragment of pUb2-4 and inserted into the BamHl site of pHLN 
to generate pUb2-13. The 0.35 kb fragment of pUb2-4 was ligated to 
the 1.75 kb fragment of pUb2-8 and inserted into pHLN to generate 
pUb2-14. pUb2-9: the 1.3 kb kanamycin resistance cassette from pUC- 
4K (Pharmacia) was excised as a Sall fragment and inserted into the 
Sall site of pUb2-4. pUbP-10: the kanamycin resistance cassette of 
pUb2-9 was excised as a Pstl fragment, which leaves an insertion of 
12 bp that encodes amino acids CRST pUb2-II: the 1.95 kb Hindlll- 
EcoRl fragment of pUb24 was ligated to the Hindlll fragment carrying 
hygB and inserted into pTZl8R cleaved with EcoRl and Hindlll. pUb2- 
12: the 1 kb Bglll-Sall fragment of pUb2-4 was ligated to the 275 bp 
BamHI-Sall fragment of pBR322. The resulting 1275 bp fragment was 
inserted into the BamHl site of pHLN. 
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GenBank Accession Numbers 

The accession numbers for the U. maydis bl, b2, b3, and b4 se- 
quences reported in this paper are M30648, M30649, M30650, and 
M30651, respectively. 

Note Added In Proof 

tain a 74 bp intron at positions 1192 to 1265 (Figure 4). Translation of 
the spliced transcript would yield a polypeptide unaltered up to posi- 
tion 397 (Figure 5). containing 76 or 75 additional amino acids at the 
C-terminus, for a total of 473 (for b2 and b3) or 472 (for h4) amino 
acids Because the @on beyond amino acid position 330 does not 
contribute to biological activity of the b polypeptide, these observations 
do not affectanyof our conclusions, although they raise the possibility 
of alternafnre splicing in the two developmentally distinct forms of 
U. maydis. 

The sequence of a partial b4 cDNA clone and additional b2, b3, and 
b4 genomic sequence information suggest that the b alleles may con- 


