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Summary

Pathogenesis, morphogenesis and cell cycle are connectedto microtubule-destabilizing drugs. In contrast, high levels
in the fungal pathogenUstilago maydisHere we report the  of CIb2 induce premature entry into mitosis, suggesting
characterization of the catalytic subunit of the cyclin- that CIb2 is a mitotic inducer in U. maydis In addition,
dependent kinase, encoded by the gemekl, and the two  Clb2 affects morphogenesis, and overexpression ofb2
B-type cyclins present in this organism, encoded by the induces filamentous growth. Furthermore, we have found
genesclbl and clb2. These cyclins are not redundant and that appropriate levels of Clb2 cyclin are critical for a
appears to be essential for cell cycle. The analysis of successful infection. Mutant strains with half a dose aflb2
conditional mutants in cyclin genes indicates that Clbl is or high level of clb2 expression are impaired at distinct
required for G1 to S and G2 to M transitions, while CIb2  stages in the infection process. These data reinforces the
is specifically required for the onset of mitosis. Both Clbl connections between cell cycle, morphogenesis and
and CIb2 carry functional destruction boxes, and virulence in this smut fungus.

expression of derivatives lacking D-boxes arrested cell cycle

at a post-replicative stage. High levels of Clbl generated Key words:Ustilago maydisCell cycle, Cyclins, Cyclin-dependent
cells with anomalous DNA content that were hypersensitive kinase, Phytopathogenic fungus

Introduction Previous studies related to cell cycldJistilago maydihave

Ustilago maydisa basidiomycete fungus, causes smut diseadeeen focused on morphological descriptions of asynchronous
of maize. In this fungus, pathogenesis and sexual developmegifltures (O’Donnell and McLaughlin, 1984; Jacobs et al.,
are intricately interconnected, to the extent tamaydisis =~ 1994; Snetselaar and McCann, 1997; Steinberg et al., 2001;
completely dependent on the plant to accomplish a compleBanuett and Herskowitz, 2002). Vegetatively growibg
sexual cycle (Banuett, 1995). Haploid cells grow in yeast-likénaydiscells normally produce one polar bud per cell cycle
unicellular form, dividing by budding, and induction of the (Jacobs et al., 1994). Studies correlating nuclear density and
pathogenic phase requires the mating of two compatibleell morphology showed that cells complete DNA synthesis
haploid cells and the generation, after cell fusion, of amefore beginning to form buds. In other words, the bud
infective dikaryotic filament, which invades the plantformation takes place in G2 phase (Snetselaar and McCann,
(Kahmann et al., 2000). The transition from budding growthl997). This is in contrast to bud formationSncerevisiagfor

to mating is a response to environmental factors and thexample, which is reported to occur during S phase (Pringle
presence of compatible pheromone. In previous work, wand Hartwell, 1981). Once the bud is nearly mature, the
demonstrated that mating is linked to cell cycle, and that cellucleus migrates to the bud, where it divides (Holliday, 1974,
of U. maydis when exposed to pheromone, undergo a celD’Donnell and McLaughlin, 1984; Snetselaar, 1993; Banuett
cycle arrest in G2 phase prior to mating (Garcia-Muse et aland Herskowitz, 2002). In rapidly growing cells, because cell
2003). This cell cycle arrest contrasts with pheromonedivision produces daughter cells with a mass similar to mother
induced cell cycle arrest in ascomycete yeasts such aglls, G1 phase is very brief and the S phase begins shortly
Saccharomyces cerevisiaadS. pombgwhich takes place in after cytokinesis. Therefore, cells have a 2C DNA content for
G1 phase (Sprague and Thorner, 1992; Davey, 1998), amdost of the cell cycle (Snetselaar and McCann, 1997).
suggests alternative mechanisms linking pheromone-responstrphological studies of the cytoskeleton in dividitg

and cell cycle arrest in this basidiomycete fungus. Tanaydiscells have clearly defined the microtubule and actin
determine the mechanisms involved in pheromone-inducearganization during cell cycle, proving excellent markers of
cell cycle arrest inJ. maydis we first found it necessary to different cell cycle stages. For instandd, maydis cells
make a careful study of the basic molecular components efndergoing G2 phase assemble long microtubules towards the
cell cycle regulation, because so little information is availablgrowth region while at the onset of mitosis, this network
for this organism in this respect. disassembles and is replaced by a spindle and prominent astral
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Table 1.Ustilago maydisstrains

Strain Relevant genotype Reference

FB1 al bl Banuett and Herskowitz, 1989
FB2 a2 b2 Banuett and Herskowitz, 1989
FBD11 al a2, bl b2 Banuett and Herskowitz, 1989
RWS2 al bl Potecfp-tubl,hygR Wedlich-Séldner et al., 2002
TAU4 al a2, bl b2, cdkl cdkihph,hygR This study

TAU17 al b1, cdkl-1hygR This study

TAU26 al b, cbxPrsp7elb2-1,cbx® This study

TAU30 al bl, chxPegr*clblAdbl,chx® This study

TAU31 al bl, cbxPegrrclblAdbl-2,chxR This study

TAU36-1 al b, cbxPergiclbl-1,cbx® This study

TAU36-2 al bl, cbxPegrrclbl-1, chx® This study

TAU41 al bi, clbfar, chx? This study

TAU42 al bi, clb®ar, chx? This study

TAU45 al bl, cbxPergrclblAdb2,cbx® This study

TAU52-1 al bl, cbxPegiclb2-1,chxR This study

TAU52-2 al bl, cbxPergrrclb2-1, chx® This study

TAU53 al bl, cbxPegrrclb2Adb, chxR This study

TAU57 al bl, cbxPergriclblAdb1-2,chxX®/ Potecfp-tubl,hygR This study

TAU58 al b1, cbxPegrrclb2Adb, cbx?/ Poecfp-tubl,hygR This study

UMP19 al bl, clbl-1hygR This study

UMP21 al a2, bl b2, clbl clat:hph, hygR This study

UMP25 al bi, clbfar chxR / Potecfp-tubl,hygR This study

UMP26 al bl, clb2ar chx® / Porecfp-tubl,hygR This study

UMP27 al b1, clb2-1hygR This study

UMP32 al a2, bl b2, clb2 claR:cbx, chx® This study

a, b,mating type genes;cR1, arabinose-controled promotek;d?*, less-active version of arabinose-controlled promotgy7Ad constitutive promoter; de,
constitutive promoterglb1"@ andclb2"@", conditional ammonium-repressed allelefp-tubl, cyan fluorescent protem-tubulin fusion; /, ectopically integrated;
hygR, hygromycin resistance; cBxcarboxine resistance.

microtubules (Steinberg et al., 2001; Banuett and HerskowitZungus. The data reported in this work reinforce the postulated

2002). connections between cell cycle, morphogenesis and
In eukaryotes, major cell cycle controls regulate the onset gfathogenicity inUstilago maydis

S phase and mitosis and ensure that these events occur in the

correct sequence. Central to these controls are the cyclin-

dependent kinases (CDKs), which are composed of a catalyfiaterials and Methods

subunit and a regulatory subunit called cyclin. In fungi, a singl&trains and growth conditions

catalytic subunit, encoded bydc2 in fission yeast and by For cloning purposes thE. coli K12 derivative DH& (Bethesda

CDC28in budding yeast, is required for both these cell cycleResearch Laboratories) was used.Wlimaydisused in this study are

transitions (Krylov et al., 2003). Fungal Cdc2 homologuedisted in Table 1. Strains were grown at 28°C in yeast extract, peptone,

become associated with different cyclins that function durin}%ex“ose medium (YPD), yeast extract, peptone, sucrose medium

G1 for the onset of S phase and later in the cell cycle for tig EPS) [modified after Tsukuda et al. (Tsukuda et al., 1988)],

o : omplete medium (CM) or minimal medium (MM) (Holliday, 1974).
onset of mitosis (Nasmyth, 1993). In multicellular eukaryote onditional strains were grown in MM with nitrate (MM-N)aS the

several catalytic subunits are present, which form a variety Qole nitrogen source as described previously (Banks et al., 1993). To

complexes with different cyclins, regulating progressionsyt-off the Rar1 promoter, strains to be tested were grown in MM-
through the cell cycle (Nigg, 1995). NOj3 until ODsooof 0.2, pelleted by centrifugation, washed twice with
In an effort to characterize the molecular basis of the cehinimal medium without nitrogen, and incubated in MM with
cycle regulation irJstilago maydiswe have isolated the gene ammonium as the nitrogen source (MM-Nigr YPD (Brachmann et
encoding the CDK catalytic subunit as well as the genesl., 2001). For induction of thecir promoter (Bottin et al., 1996;
encoding the two B-cyclins ofU. maydis We have Brachmann et al, 2001), strains to be tested were grown in CM
characterized the phenotypes of diverse gain-of-function anfjédium with 2% glucose as a carbon source (CMD) or rich medium
loss-of-function mutations in the cyclin genes in order to(ﬁt';Dv)vigtr”aagﬁﬁ‘]’C%fbgéaF;ﬁ”gt&dv\% C;ztrgfagb?gggé "("gﬁ/lh:)dot;"’:;i
fjet.efm'“e their function in mitosis and to dlst|ngu§h an))anedium with 2% arabinose (YPA). All chemicals used were of
individual roles they may have. We show that these cyclins plaé(nalytical grade and were obtained from Sigma or Merck.
a primary non-redundant role in different cell cycle events from
S phase to progression through mitosis. Furthermore, we have
found that the B-type cyclin Clb2 acts as a mitotic inducer ifsqjation of cdk1 gene

U. maydlsan_d plays a fundamenta} role in r_norphogeneS|s an‘ﬂ/vo sets of degenerate oligonucleotides were synthesized according
pathogenesis. We show that strains carrying anomald2s ; the nucleotide sequences that encode two conserved regions in

gene doses are affected in their cellular shape, and in the abiliyk from different fungi: KLADFGLA (CDK1: SAARYTNGC-
to successfully infect. To our knowledge this is the first reporNGAYTTYGGNYTNGCN3) and WYRAPE (CDK2a: ¥ TCNGG-
linking a cell cycle defect to virulence in a phytopathogenicNGCNCGRTACCA3 and CDK2b: 5YTCNGGNGCYCTRTA-
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Table 2. Plasmids used in this study

Plasmid Relevant allele Marker Integration site Strains generated
pCDK-FLAG cdkl-1 HygR cdkllocus TAU17
pKOCDK cdklA::hph HygR cdkllocus TAU4
pCLB1-VSV clb1-1 HygR clbllocus UMP19
pKOCLB1 clbl1A::hph HygR clbllocus UMP21
pCLB1lnar clpqnar Chx® clbllocus TAU41, UMP25
pRU11-CLB1 Rrgiclb1-1 ChxyR cbxllocus TAU36-1
pRU12-CLB1 Rrgr*clbl-1 ChxR cbxllocus TAU36-2
pRU12-CLBNAdb1 Rrgr*clblAdbl ChxyR cbxllocus TAU30
pRU12-CLBIAdb2 Rrgr*clblAdb2 ChxR cbxl1locus TAU45
pRU12-CLBIAdb1-2 Rrgr*clblAdbl-2 Chxy®R cbxllocus TAU31, TAU57
pCLB2-MYC clb2-1 HygR clb2locus UMP27
pKOCLB2 clb2A::chx ChyR clb2locus UMP32
pCLB2nar clb2na Chx® clb2locus TAU42, UMP26
pRU11-CLB2 Rrgiclb2-1 ChxyR cbxllocus TAU52-1
pRU12-CLB2 Rrgr*clb2-1 ChxR cbxllocus TAU52-2
pRU12-CLB2Adb Rergr*clb2Adb ChxR cbxllocus TAU53, TAU58
pCU1-CLB2 Risp7elb2-1 ChxR cbxllocus TAU26

CCA3). The CDK1/CDK2a and CDK1/CDK2b pairs were used for sequencer (ABI 373A) and standard bioinformatic tools. Integration
amplification with 50 ng FBD11 DNA as template in a volume of 500f the plasmids into the corresponding loci was verified in each case
pl. PCR products were generated in the following reaction mixture: 10y diagnostic PCR and subsequent Southern blot analysis.
mM Tris-HCI pH 8.0, 50 mM KCI, 1.2 mM Mgg| 100uM dNTP,
50 uM of each primer and 2.5 unif&q polymerase. Conditions for
PCR cycling included denaturation at 94°C for 1 minute, annealing at PCDK-FLAG
45°C for 1 minute and extension at 72°C for 2 minutes. Selected fragment carrying the entiredkl ORF sequence without stop
fragments were isolated and cloned into pGEM-T Easy (Promegagodon and flanked bySpeé and EcdRl sites was obtained
Positive clones containing inserts were chosen and the nucleotitly amplification of genomic DNA with the primers CDK1
sequence of each plasmid insert was determined in both directions ByGGACTAGTCATATGGACAAGTATCAAAGGATCGAATZ) and
the ABI model 373A Auto Sequence System (Perkin Elmer/AppliedCDK4 (5CGGAATTCTGTGAGGAGCCTCCTGAAGTACGGS3.
Biosystems). Three different kinds of inserts of the same size (93 bfhis fragment was cloned in the pBS-FLAG-HYG plasmid digested
were obtained. The conceptual translation of these fragments generateith Spe andEcoRI. The pBS-FLAG-HYG plasmid carries a copy of
amino acidic sequences with similarity to the sequence of CDKhe FLAG epitope, and a hygromycin B resistance marker (J. P.-M.,
proteins from other fungi. Sequences flanking these fragments weumpublished). After digestion witBadl the pCDK-FLAG plasmid
obtained with a PCR-walking strategy (Siebert et al., 1995) using theas integrated by homologous recombination intocthiel locus.
Genome Walker system (Clontech) as directed by the manufacturer.
The analysis of the sequence revealed three different Gidks:
which shows the highest similarity & pombeCdc2, the main CDK pKOCDK
in fission yeast (Beach et al., 1982§tk3, which shows the highest This plasmid was produced by ligation of a pair of DNA fragments
sequence similarity tdS. cerevisiaeSrb10, a CDK involved in flanking thecdkl ORF into pSMUT, &J. maydisintegration vector
transcriptional regulation (Liao et al., 1995); amkil, with the highest  containing a hygromycin B resistance cassette (Bolker et al., 1995)
similarity to S. cerevisiaéme2 (Garrido and Pérez-Martin, 2003). digested withBanH| and Xhd. The 5 fragment (flanked bpanHl|
and Notl sites) spans from nucleotide —426 to nucleotide —18

) (considering the adenine in the ATG as nucleotide +1) and it was
Isolation of c/b1 and clbZ genes produced by PCR amplification using the primers PCDK-A
Two sets of degenerate oligonucleotides were synthesized accordifJATTTGCGGCCGCTGGACAAACATCTTGGTCGGAJ and
to the nucleotide sequences that encode two conserved regions inBEDK-B ~ (BCGGGATCCAAGGGCAGGCGAAGAGCGACC3.
cyclins from different fungi: MVA/SEY (G2-la: 'BTGGTN- The 3 fragment (flanked byNoti and Xhd sites) spans from
KCNGARTAY3' and G2-1b: SATGGTNAGYGARTAY3') and nucleotide +740 to nucleotide +1094 and it was produced by PCR
FIAA/SKY (G2-2a: BTTYATHGCNKCNAARTAY3' and G2-2b: amplification using the primers TCDK-A 'GCGCTCGAGCCCC-
5TTYATHGCNAGYAARTAY3'). Pairs of oligonucleotides were ACTGACGACGTTTGGCC3 and TCDK-B (5TAAAGCGGCC-
used for amplification with 50 ng FBD11 DNA as template as aboveGCGACGAGGCCAGCACGAAAAAA3I). After digestion withiNotl
Two different kinds of inserts of the same size (282 bp) were obtainethe pKOCDK plasmid was integrated by homologous recombination
The conceptual translation of these fragments generated amino acidito thecdkllocus.
sequences with similarity to the sequence of B-type cyclins proteins
from other fungi. Sequences flanking one of these fragments (the one
encoding Clb1) were obtained with a PCR-walking strategy (Siebert PCLB1-VSV
et al., 1995) as above. Flanking sequences to the fragment encodiigfragment carrying the entirelbl ORF sequence without stop
Clb2, were generously provided by Peter Schreier (Bayecodon and flanked bySpé and EcoRl sites was obtained by
CropScience AG, Monheim, Germany). amplification of genomic DNA with the primers ATGclbl

(5GGACTAGTCATATGTCTCAGAACATCGTAAGCGCTC)Y and

) ] CLB-tag (BCGGAATTCCTCCGTCGCTTCGTACGCGTTR This
Plasmid constructions fragment was cloned in the plasmid pBS-VSV-HYG digested with
Plasmids utilized in this study are listed in Table 2. Sequence analysspd and Ecarl. The plasmid pBS-VSV-HYG carries a copy of the
of fragments generated by PCR was performed with an automat&SV epitope and a hygromycin B resistance marker (J.P.-M.,
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unpublished). After digestion witKpnl the pCLB1-VSV plasmid into pRU2 digested wittNdd and EcoRl. The 5 fragment (flanked
was integrated by homologous recombination intocthé locus. by EcoRl andKpnl) was produced by PCR using the primers CYC2-
2 and CYC2-3. The'3fragment (flanked byNdd and Kpnl) was
obtained by PCR amplification with primers CLB2-1 and CYC2-6
pCLB2-MYC (5CGGGTACCTCCTCGGGATCGAGCCCCATGAB and spans
A fragment carrying the entidb2 ORF sequence without stop codon from nucleotide +1 to nucleotide +773. After digestion wdfinl the
and flanked byspé andEcaRl sites was obtained by amplification of pCLB2nar plasmid was integrated by homologous recombination into
genomic DNA with the primers CLB2-1 'GGACTAGT- the clb2 locus.
CATATGCCACAACGCGCTGCCCTT] and CLB2-9 (BCCGAA-
TTCAGGCTGACCTGCTTGAGTCGA3. This fragment was ) )
cloned in the plasmid pBS-MYC-HYG digested wipé andEcoRI Plasmids overexpressing clbl
The plasmid pBS-MYC-HYG carries three copies of MYC epitopeThe pRU11-CLB1 plasmid carries the VSV-tagged allellel-1
and a hygromycin B resistance marker (J.P.-M., unpublished). Aftezloned under the control of therl promoter. It was constructed by
digestion withBlpl the pCLB2-MYC plasmid was integrated by cloning aNdd-Aflll fragment from pCLB1-VSV into the same sites
homologous recombination into tia#b?2 locus. of pRU11 (Brachmann et al., 2001). Plasmid pRU12-CLB1 was
constructed in a similar way, but the pRU12 plasmid was used instead
of pRU11. This plasmid carries a mutant version of #ag Promoter
pKOCLB1 (that we called By1*), which is around five times less active in the
This plasmid was produced by ligation of a pair of DNA fragmentgresence of arabinose than thggPpromoter present in pRU11
flanking theclbl ORF into pNEBHyg(+), &J. maydisintegration  (Brachmann et al., 2001). The plasmids carrying Clbl versions
vector containing a hygromycin B resistance cassette (Brachmannlatking the destruction boxes were constructed by exchanging the
al., 2001) digested witkcoRl andSadl. The B fragment (flanked  wild-type clbl ORF as a\dd-EcoRl fragment from pRU12-CLB1
by EcoRl and Kpnl) was produced by PCR using the primers with fragments carrying the deleted versions obtained after PCR
CYC1-2 (BGGGGTACCTCGCGGTCATCGTACTAGACAG) and  amplification with the following oligonucleotides: (i) pRU12-
CYC1-3 (BCAGCGCAAGCTGAGAATTCAACTTCCACTC3). CLB1ADB1: ATG-Clbl and CLB-dbTAG (EGGAATTCCTT-
This fragment spans from nucleotide —1668 to nucleotide —89GACGCTGGGCAGCAGCCTTS; (i) pRU12-CLBIADB2: CLB3
(considering the adenine in the ATG as nucleotide +1). The 35 GGACTAGTACTTTATGGAGATTTGCTCG3) and CLB-TAG;
fragment (flanked b¥pnl and Sadl) spans from nucleotide +2113 (iii) pPRU12-CLB1ADB1-2: CLB3 and CLB-dbATG. All of them were
to nucleotide +2539 and it was produced by PCR amplificatiointegrated afteiSsp linearization into the succinate dehydrogenase
using the primers CYC1-7 (BCCCCGCGGAGACCTTCTAGATA-  (cbX locus as described previously (Brachmann et al., 2001).
TCTTCCC3) and CYC1l-8 (8 GGGGTACCCCAATCCGC-
TTATGATTCS3'). After digestion withKpnl the pKOCLB1 plasmid ) )
was integrated by homologous recombination intoctbé locus. Plasmids overexpressing clb2
The plasmid pRU11-CLB2 carries the MYC-tagged allelle2-1
cloned under the control ofcig1 promoter. It was constructed by
pKOCLB2 cloning of aNdd-Aflll fragment from pCLB2-MYC into the same
This plasmid was produced by ligation of a pair of DNA fragmentssites of pRU11 (Brachmann et al., 2001). A similar construction was
flanking theclb2 ORF into pNEBCbx(+), &. maydisntegration vector made by using the pRU12 plasmid, that carries the weakgr P
containing a carboxine resistance cassette (Brachmann et al., 20@tpmoter, giving the plasmid pRU12-CLB2. The derivative lacking
digested withEcdRl and Sadl. The 8 fragment (flanked byEcdRlI the destruction box, pRU12-CLBPB was constructed by
and Kpnl) was produced by PCR using the primers CYC2-2exchanging the wild-typelb2 ORF as aNdd-EcadRI fragment from
(5CGGGGTACCTTTCTGCTATTGGCTTCAGCA}3 and CYC2-3 pRU12-CLB2 with a fragment carrying the deleted version obtained
(5CGGAATTCGGCTCGGAGTTTACTGCGGTAG} This fragment after PCR amplification with the CLB2-2 '8GGGATCC-
spans from nucleotide —498 to nucleotide —14 (considering the adeniddATGGTCGCCAGAGCCAATGCA3) and CLB2-9 primers.
in the ATG as nucleotide +1). Thé fBagment (flanked byKpnl and The pCU1-CLB2 plasmid expressing thid2-1 allele under the
Sadl) spans from nucleotide +1753 to nucleotide +2278 and itcontrol of the constitutivedgp7opromoter was constructing by cloning
was produced by PCR amplification using the primers CYC2-7aNdd-Aflll fragment from pCLB2-MYC into the same sites of pCU1
(5TCCCCGCGGTCAATCTGAGAGGCACAGTTC} and CYC2-8 (Brachmann et al., 2001). All of them were integrated after
(5CGGGGTACCTGGCTTTCGCACATCACATGGR After digestion  linearization withSsp into the succinate dehydrogenasbx locus.
with Kpnl the pKOCLB2 plasmid was integrated by homologous
recombination into thelb2 locus.
Specific cell cycle arrests
Cell cycle arrests were carried out as described previously (Garcia-
pCLB1nar Muse et al., 2003). To enrich the population in cells in G1 phase, a
This plasmid was constructed by ligation of a pair of DNA fragmentdeed-starve regimen was followed as described previously (Holliday,
into pRU2, aJ. maydisintegration vector containing the promoter of 1965).
thenarlgene (Brachmann et al., 2001) digested Widel andEcaRl.
The 3 fragment (flanked b¥caRl andKpnl) was produced by PCR ) ) )
using the primers CYC1-2 and CYC1-3. THdragment (flanked by ~ Protein analysis and kinase assay
Ndd and Kpnl) was obtained by PCR amplification with primers For the preparation of crude protein extracts, cells were harvested by
ATGclbl and CLB-tag and spans from nucleotide +1 to nucleotideentrifugation at 4°C and washed twice with ice-cold water. The cell
+2114. After digestion withKpnl the pCLBlnar plasmid was pellet was resuspended in ice-cold HB buffer (25 mM Mops pH 7.2,
integrated by homologous recombination into ¢h® locus. 15 mM MgCh, 15 mM EGTA, 1% Triton X-100, 2Qg/ml leupeptin,
40 pg/ml aprotinin, 0.1 mM sodium orthovanadate and 15 mM
nitrophenyl phosphate). An equal volume of glass beads was added
pCLBZnar to this suspension and cells were broken by two bursts of vigorous
This plasmid was constructed by ligation of a pair of DNA fragments/ortexing for 3 minutes at 4°C. The glass beads and cell debris were
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removed by centrifugation for 5 minutes in a microfuge. TheSequence analyses

supernatant was used for the different assays. . Protein sequences of fungal CDKs and cyclins were downloaded from
The affinity precipitation of Cdkl was done by incubatingu2@f  pubMed (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi) and aligned

Sucl-Sepharose beads (Calbiochem) with total protein extracts (50-1pPClustalX (Thompson et al., 1997). Phylogenetic dendrograms were

Hg) in HB buffer for 2 hours at 4°C with gentle agitation as describe@onstructed using the minimal evolution method with a nearest

previously (Surana et al., 1993). The beads were then collected Bighbor joining tree as starting point and 500 Bootstrap replicates.
centrifugation and washed six times with 1 ml of HB buffer.

For co-immunoprecipitation analysis, approximately 3.5 mg of
total protein extracts were incubated withglof the monoclonal anti-  pagylts
myc 9E10 or anti-VSV-G (Roche Diagnostics Gmb) for 1 hour on o .
ice, and then protein G-Sepharose beads (Pharmacia-Biotech) werB€ ¢dk1 gene encodes the mitotic cyclin-dependent
added and incubated for 30 minutes at 4°C with agitationkinase in U. maydis
Immunoprecipitates were washed six times with 1 ml of HB buffer. To identify genes encoding Cdc2 homologuet/iimaydis a

For the kinase reaction, protein precipitates were incubated at 2599CR-based approach was adopted using degenerate primers
for 10 minutes in KIN buffer (2 mg/mi histone H1, 2001 [y-  that had been designed on the basis of conserved regions of

PJATP, 100 cpm/pmol in 25 mM Mops pH 7.2). The reaction wascpk  catalytic subunits from other fungi, as described in
terminated by adding fl of 5x Laemmli buffer, and then boiled for é\éaterials and Methods. Three different PCR products were

i 0, -
ﬁisr,]%%tﬁlav?/gsj?/?g?aiiggéob?/ ;ﬁiggd?o%?amﬁ E gel. PhOSphoryIat|soIated and their sequences used to identify the full-length

Western analysis was performed on total protein extracts or tH@RF by @ PCR walking approach. After conceptual translation

protein precipitates (50-10Qg), separated on 8-10% SDS-PAGE. Of the isolated ORFs, only one of the derived amino acid
Anti-PSTAIRE (Santa Cruz Biotechnology), anti-FLAG (M2; sequences showed the so-called PSTAIRE motif (Pines and

Kodak), anti-myc 9E10 (Roche Diagnostics Gmb) and anti-VSV-GHunter, 1991) characteristic of functional Cdc2 homologues.
(Roche Diagnostics GmbH) antibodies were used at 1:10000 dilutiofihe genomic sequence of this ORF was desigreatietion the
in phosphate-buffered saline +0.1% Tween + 10% dry milk. Anti-hasis of the phenotypic characterization show below. It
mouse-lg-horseradish peroxidase and anti-rabbit-Ig-horseradigkynsisted of 1115 bp, which encoded a putative protein of 298
pez%xigaset (ffgggo%?g?osmﬁ. Gmtt)) were l“SEd as a .Sec?.“d%?ﬁino acids (accession number AY260971) with a calculated
antibody, at 1: ilution. All western analyses were visualize . :
using enhanced chemiluminescence (RenaisSamarkin Elmer). in(cj)ilsz(i:tue! grthmaa::s dsk(]).f(:(g)‘rl]tlz(i%as. &%Tﬁﬁgﬁg%?gginggn;%gnldOS%NpA
length that are located 37 and 324 bp downstream of the start
RNA analysis codon. Cdkl shares 67% amino acid identity with Cdc2 from
Total RNA was isolated as described previously (Garrido and Péres. pombg 66% with S. cerevisiaeCdc28, and 69% with
Martin, 2003). A 750 bp fragment spanning nucleotides +271 t&€andida albican<dc28 (Fig. 1B). The Cdk1 protein contains
+1021 (considering the adenine in the ATG as nucleotide +1) of thall of the motifs characteristic of the Cdc2 homologues (Fig.
clbl gene and an 800 bp fragment that spans nucleotides +699 1qn): (i) the above mentioned, PSTAIRE motif which has been
+1499 of theclb2 gene were used as a probe. AeBd labeled jmplicated in the binding of the regulatory subunit, i.e. cyclin,
oligonucleotide complementary to the mayd|_318S rRNA (Bottin to the CDK (Jeffrey et al., 1995): (i) the specific threonine
et al., 1996) was used as loading control in northern analyses.ncgsidue within the T-loop ({’ﬂ positiyon 167lh maydisCdk1)

phosphorimager (Molecular Imager FX, Bio-Rad) and the progra . . S - .
Quantity One (Bio-Rad) were used for visualization and quantificatio hat is recognized by CDK-activating kinase (Fleig and Gould,

of radioactive signals. 991); (iii) the conserved tyrosine residue (Tyr 15) to be
phosphorylated by the inhibitory Weel kinase (Fleig and
Gould, 1991).

Flow cytometry, light microscopy and image processing A cell lysate of aU. maydiswild-type strain separated by

Flow cytometry was performed as (_je_scribed previously_ (Garrido an8DS-PAGE and probed with an anti-PSTAIRE antibody
Pérez-Martin, 2003). Nuclear staining was done using DAPI agevealed the presence of two bands that migrated around 34-
described previously (Garrido and Pérez-Martin, 2003). WGA an¢tpa (Fig. 1C). To determine which one of these cross-reactive
calcofluor staining was performed as described previously (Wedlictyy5nq represented the Cdkl protein, the chromosautiel

Soldner et al., 2000). Microscopy analysis was performed using _ .
Zeiss Axiophot microscope. Frames were taken with a cooled cherle_watsr,] r?placgd by tbekl 1a]1|etlr?’ V\'/:hl_lzféproqtjces atth:]kl C
camera (Hamamatsu C4742-95). Epifluorescence was observed usfigten that carries a copy o e epitope at the

standard FITC and DAPI filter sets. Cfp (cyan fluorescent protein) wa&minus. An extract of the strain carrying tbekl-1allele
analyzed with specific filter set (BP436, FT455, BP480-500). Imag@robed with an anti-PSTAIRE antibody showed that one of the
processing was performed with Image Pro Plus (Media Cibernetic§)ands shifted to a lower electrophoretic mobility (because of
and Photoshop (Adobe). the size increase caused by the FLAG tag) with concomitant
staining with the anti-FLAG antibody (Fig. 1C).
Mating and plant infection .ThgaS. pombeprotein Sucllis_ known to bind specifically to

, . , mitotic CDKs with high affinity (Ducommun and Beach,
To test for mating, compatible strains were co-spotted on charcoai-ggo)_ Consequently, Sucl binding would provide a convenient

containing PD plates (Holliday, 1974), which were sealed with - : :
Parafilm and incubated at 21°C for 48 hours. assay for characterizing thd. maydis Cdkl protein. Cell

Plant infections were performed as described previously (Gillisseh’Sates from both a W|Id-type strain and Fhe strain carrying the
et al., 1992) with the maize cultivar Early Golden bantam (Old Seed§dk1-1 allele were then incubated with Sucl-conjugated
Madison, WI, USA). Filaments inside the plant tissue were staineepharose beads, and the precipitates were separated by SDS-
with chlorazole black E as described previously (Brachmann et alPAGE followed by immunoblotting with anti-FLAG or anti-
2003). PSTAIRE antibodies (Fig. 1D). From total extracts, Sucl
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Fig. 1. Characterization of Cdk1, the catalytic subunit of the mitotic
kinase fromUstilago maydis(A) Scheme of the Cdk1 protein. Cdk1
contains all motifs typical for members of the Cdc2 family. This
includes Ty#>, which is the putative Weel phosphorylation site; a
PSTAIRE domain; and TH$/, which is the putative CAK
phosphorylation site. (B) Alignment of selected members of the
fungal Cdc2 family. Accession numbers for these proteinsSare:
pombeCdc2: AAA35293;,U. maydisCdk1l: AY260971S. cerevisiae
Cdc28: NP009718Candida albican<dc28: P43063.

(C) Identification of the Cdk1 molecule. Lysates were prepared from
exponential cultures of wild-type FBitdkl), and tagged-strain

TAU17 (cdk1-]) cells. The whole cell lysates were separated by
SDS-PAGE and immunoblotted with anti-PSTAIRE (upper panel) or
anti-FLAG (lower panel) antibodies. (D) The Cdk1 protein binds
Sucl. The same lysates used in C were incubated with Sucl-beads to
cdki1 cdki1-1 FLAG IP pull down Cdc2-like proteins. Precipitates were immunoblotted with
- anti-PSTAIRE and anti-FLAG antibodies. (E) Immunoprecipitation

kot ol v
E gs ¢ $£ 2 F & & of Cdk1 tagged with the FLAG epitope. Lysates from F&ik{)
Go o ie L& 8 o and TAU17 ¢dk1-1 cells were subjected to immunoprecipitation
- — with the anti-FLAG M2 antibody. Crude extract or
Calk1-1  —— immunoprecipitates (FLAG IP) were immunoblotted with anti-
Cdki % — Wi ‘ PSTAIRE. (F) H1-histone kinase activity of the immunoprecipitates
CESEAIRE recovered in E

precipitated only one of the two polypeptides recognized byo growth, we inactivated one of the twmlk1 alleles by
the anti-PSTAIRE antibody, and in the tagged strain, the antreplacement with a hygromycin B resistance cassette (giving
FLAG antibody detected the Sucl-bound protein. Controlshe cdklA::hph null allele) in the diploid strain FBD11, and
were made in which protein extracts of wild-type and taggedfter sporulation we analyzed the meiotic progeny. No viable
strains were incubated with Sepharose beads, in order to deteeploid hygromycin B resistant cells were obtained in the
non-specific interaction between Cdkl and the matrix. Neneiotic products indicating that thedkl gene encodes an
Cdk1 was recovered in the bound fraction in these assays (regsential mitotic CDK iJ. maydis
shown).

To determine the specific kinase activity associated with
Cdk1, cell lysates of the tagged strain were then incubated witthe ¢/b1 and c/b2 genes encode B-type cyclins
an anti-FLAG M2 affinity gel and the immunoprecipitates wereTo isolate genes encoding B-type cyclins frtmmaydis a
analyzed by western blot assays with anti-PSTAIRE antibodiedegenerate PCR approach using oligonucleotide primers
(Fig. 1E) or assayed for histone H1 kinase activity (Fig. 1F)corresponding to conserved regions of fungal B-type cyclins
Cell lysates from the wild-type strain were used as a negatiwgas utilized. Two different fragments were recovered, and the
control. The precipitated complex was able to phosphorylateespective full-length genes were isolated as described in
histone H1 quite efficiently, while the negative control showedVaterials and Methods. The genomic sequences of these ORFs
no kinase activity (Fig. 1F). The kinase activity correlates withwere designatedlbl and clb2, and they encoded putative
the presence of a band detected by the anti-PSTAIRE antibogyoteins of 707 and 539 amino acids respectively (accession
in the immunoprecipitate (Fig. 1E). numbers AY260969 and AY260970). Comparison of genomic

These lines of evidence strongly suggest that the SucDNA and cDNA indicated that both genes were intronless (not
associated, and anti-PSTAIRE-recognized 34-kDa protein ishown). The conceptual translationaithl andclb2, indicated
likely to be the catalytic subunit of thé maydismitotic CDK.  that the predicted proteins contained typical motives shared
To prove that indeed ttezlk1gene encodes a protein essentialamong all members of the B-type cyclin family, such as the
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Fig. 2. Characterization of B-type cyclins froth Clb1 [ L]  r—— S T
maydis (A) Scheme of Clb1 and Clb2 proteit. . CYCLIN CORE
maydiscyclins contained the FLRRXSK motif (white Clb2 | 1
boxes) and ‘destruction box’ consensus sequences (gray m

boxes). (B) Dendrogram of selected B-type cyclins from
fungi. U. maydisCIb1 groups with the S- and M-phase
cyclins fromS. pombgwhile U. maydisCIb2 groups with

a heterogeneous B-type cyclins. Accession humbers forB [ Rl C
the proteins are: ScClb5, P30283; CaCyb1, U40430; CaCyb1

ScClb2, S14166; SpCigl, P24865; CaCyb4, AAC79857; :s.:cmz
ScClb3, A60048; UmCIb2, AY260970; UmCIb1,

AY260969; SpCig2, P36630; SpCdc13, P10815. Bar: e L
0,05 substitutions per aa. (C) Clbl and Clb2 are highly aCyba
abundant in S- and G2/M-arrested cells, but present at cClb3

low levels in G1 cells. Extracts from cells carrying an
epitope-tagged copy of Clbl and Clb2 were analyzed by UmGib2
immunoblotting. Samples are as follows;, Gulture UmCIb1
enriched in G1 phase cells; Ben, cells arrested at G2/M SpCig2
transition after treatment with benomyl for 1 hour; HU,
cells arrested in S phase by treatment with hydroxyurea
for 90 minutes; As, asynchronous cells. The same filters
were also probed with anti-PSTAIRE antibodies (bottom D
panel), showing that the abundance of Cdk1 varied less
than twofold. (D) Clb1 associates with Cdk1. Lysates 2
prepared from wild-type FB1 and Clb1l-tagged UMP19 8
(clb1-1) cells were incubated with Sucl beads to pull 24 y Clb2>
down Cdk1 (upper panel) or were immunoprecipitated Clb1e] r ovsy :k
with anti-VSV antibody to pull down Clb1 (lower panel). o
The whole cell lysates as \?vell as the precipitatespwere Cdkis>  ®s s -PSTARE  Cdki>- —— - CPSTAIRE
separated by SDS-PAGE and immunoblotted with anti-
PSTAIRE and anti-VSV to detect Cdk1 and Clb1 proteins
respectively. (E) Clb2 associates with Cdk1l. Lysates clb1 clb1-1 cl
prepared from wild-type FB1 and Clb2-tagged UMP27 -
(clb2-1) cells were incubated with Sucl beads to pull
down Cdk1 (upper panel) or were immunoprecipitated
with anti-MYC antibody to pull down Clb2 (lower panel). cum:;..i
—
~
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The whole cell lysates, as well as the precipitates, were
separated by SDS-PAGE and immunoblotted with anti-
PSTAIRE and anti-MYC to detect Cdk1 and Clb2
proteins respectively. The different bands with higher
electrophoretic mobility detected in the anti-MYC IP are
degradation products of Clb2.

Clb2 a-MYC

- a-PSTAIRE W a-PSTAIRE

FLRRXSK motif-less conserved in Clb2- (Fitch et al., 1992)the cell cycle, falling as cells enter G1 and rising again as cells
and the ‘destruction box’ motif, which is involved in the enter S/G2/M. To examine these requisites, we exchanged the
degradation of cyclins mediated by the APC/cyclosome&hromosomal locus aflbl andclb2 with the functionaklbl-
(Glotzer et al., 1991) (Fig. 2A). Sequence comparison indicatelsandclb2-1alleles, encoding VSV- and MYC-tagged versions
an overall 30% sequence identity betwéeénmaydiscyclins  of Clbl and Clb2, respectively. To determine whether the levels
and B-type cyclins from other fungi (not shown). A dendrogranof Clb1 and Clb2 fluctuate through the cell cycle, because no
analysis (Fig. 2B) indicates that the tWomaydisproteins fall  reproducible synchronization method is available so faJ.in
in two different branches. In one brandh, maydisCIbl is  maydis we used cell cultures arrested in different cell cycle
grouped along with thé&. pombecyclins Cig2 and Cdcl3, stages. Protein extracts were prepared from cultures of the
which are involved in the G1 to S and G2 to M transitionstagged strains enriched in G1 phase or arrested in the presence
respectively (Fisher and Nurse, 1995). The second brandf hydroxyurea (S phase) and benomyl (G2/M phase). Clbl
groupedJ. maydisClb2 protein with théS. cerevisia€lb3, the and ClIb2 protein levels were measured by western blotting
S. pombeCigl andC. albicansCyb4 proteins. From these with the use of anti-VSV and anti-MYC antibodies (Fig. 2C).
cyclins only a clear role has been assigned to Clb3, which islaow amounts of Clb1 and Clb2 proteins were detected in cells
G2/M phase cyclin (Fitch et al., 1992; Richardson et al., 1992gnriched in G1 phase, while they were clearly present in cells
For clbl andclb2 to qualify as the genes encoding true B-arrested either in S phase or G2/M phase.
type cyclins, their protein products must fulfill at least two To show a physical association between the B-type cyclins
criteria: they must associate with the catalytic subunit Cdkl1 tand Cdk1, we used a double approach. Firstly, cell lysates of
form the mitotic CDK, and their levels must fluctuate duringthe tagged strains were incubated with Sucl-beads that bind
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Fig. 3. Conditional removal of cyclins. (A) Levels
of clbl andclb2 mRNA in the conditional strains.
Wild-type FB1 and conditional strains TAU41

(FB1 clbT@) and TAU42 (FB1 clb?') were

grown for 3 hours in permissive conditions
[minimal medium with nitrate (N§)] or restrictive
conditions [minimal medium with ammonium
(NHag), or rich medium, (YPD)] and then RNA was
extracted and subjected to northern analysis, after
loading 10ug total RNA per lane. The filters were
hybridized with probes farlbl1 or clb2. A probe

for 18s rRNA was used as loading control.

(B) Growth of conditional strain in solid medium.
Serial tenfold dilutions of FB1, TAU41 (FB1
clbin@) and TAU42 (FB1 clb®") cultures were
spotted on solid rich medium (YPD), and minimal
medium amended with nitrate (NDQor ammonium
(NHa4). YPD and ammonium plates were incubated
for 2 days, while nitrate plates were incubated for 3
days. All incubations were at 28°C. (C) Flow
cytometry analysis of wild-type, TAU41 and
TAUA42 cells grown in permissive and restrictive
conditions. Cells grown in MM-N@were
centrifuged, washed twice in minimal medium
without nitrogen, and resuspended in the
appropriated medium. Samples were taken for
FACS analysis at the indicated times. Because of
the shorter generation time of cells in rich medium,
samples were taken every hour for a total of 3
hours.

haploid cells, whilst we were successful in
the removal of a single copy of each gene in
diploid strains (not shown). Since these
results strongly suggest thatbl and clb2
represent essential genes, we constructed
strains in which the cyclin function could be
conditionally  controlled. To  achieve
conditional expression of cyclin genes, the
maydisPnar1 promoter, which is induced by
nitrate and repressed by ammonium (Banks et
al., 1993; Brachmann et al., 2001), was used.
Two chimeric alleles were constructed
composed of the dgr1 promoter fused to
the coding region otlbl (clbi"@) and the
coding region otlb2 (clb2"a). In both cases,

specifically to CDKs, and the precipitates were separated ke respective native allele was replaced by the conditional

SDS-PAGE followed by immunoblotting with anti-VSV and allele.

anti-MYC antibodies. As shown in Fig. 2D,E (upper panels), In theclbl conditional strain, TAU41, thelbl mRNA was
both CIbl and Clb2 were recovered in the fraction of proteinelevated around tenfold with respect to wild-type in minimal
bound to Sucl-beads. Secondly, protein extracts from botihedium containing nitrate (MM-N§), and it was not
tagged and wild-type cells were prepared, and VSV- and MY Cdetectable in minimal medium supplemented with ammonium
tagged proteins were immunoprecipitated and analysed for tiiIM-NH4) and rich medium YPD (Fig. 3A). TAU41 cells
presence of Cdkl (Fig. 2D,E, lower panels). High levels ofjfrew on solid minimal medium containing nitrate at a rate
Cdk1 co-precipitated with CIb1-VSV and Clb2-MYC, while similar to control wild-type cells, but they were unable to form
none was detected in precipitates of untagged extracts. Takeolonies when shifted to solid minimal medium containing
together, these results indicate that ditel and clb2 genes ammonium or YPD (Fig. 3B), indicating an essential role of
encode B-type cyclins ib. maydis the Clb1 function.
In theclb2 conditional strain, TAU42, thelb2 mRNA was

N ) _ elevated around fourfold with respect to wild-type in
Conditional removal of cyclin function permissive conditions (MM-N§), whereas it was decreased
We tried unsuccessfully to delete ttld1 andclb2 genes in  fivefold in MM supplemented with ammonium (MM-NHand
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Fig. 4. Morphology ofclb1 conditional cells.

(A) Morphology of the wild-type and mutant cells in
restrictive conditions. FB1 and UMP25 cells were
incubated for 9 hours in MM-NH Two clear

morphologies can be seen: unbudded and budded cells, all
of them with a single nucleus per cell (right panel shows
DNA stained with DAPI). Scale bar: 10n.

(B) Microtubule organization in UMP25 cell arrested after
6 hours in rich medium. Note that in arrested cells long
microtubules reach from the neck to the growing tip.

(C) UMP25 cells incubated for 25 hours in rich medium
have a distinct phenotype characterized by a extensive
polarized growth (upper horizontal panel) disorganized
tubulin cytoskeleton (middle horizontal panel) and empty
sections behind that are separated by septa (stained with
calcofluor in lower horizontal panel, arrows point the
septa) generated by formation of basal vacuoles (arrow;
vertical panel). Scale bars: (horizontal panelspi
(vertical panel) fum.

cells stop dividing in approximately two generations
after the transfer to restrictive conditions (MM-NH
or YPD). This cell duplication arrest is concomitant
with the accumulation of cells, of which approx. 50%
have 1C and 50% have 2C DNA content (Fig. 3C).
The clb2 conditional cells growing in MM-N@
had a slight decrease in the duplication time (around
240 minutes) and the proportion of cells passing
e through G1 decreases to 50% of the population. No
CALCOFLUOR = differences were apparent in cells growing in MM-
= NHas, while after the transfer of cultures to rich

CFP-TUB1

. medium, the cells stop dividing in three generations,

A 44 & A with the cell population having a 2C DNA content
' (Fig. 3C).

it was barely detectable in YPD medium (Fig. 3A). ConsistenfIbl is required to enter in S and M phase
with this pattern of expression, theb2 conditional strain  The DNA content analysis of the arresteldl conditional
showed no difference in colony growth with respect to a wildstrain suggested that Clbl is required at different cell cycle
type strain in minimal medium containing nitrate orstages. To characterize the phenotype of conditional cells, we
ammonium, and was clearly defective in growth in YPDintroduced theslbl conditional allele in a FB1 strain carrying
medium (Fig. 3B). The differences of transcriptional repressioa Cfp-a tubulin fusion (Wedlich-Séldner et al., 2002),
in non-permissive conditions between thfbl and clb2  generating the UMP25 strain which showed all the previously
conditional alleles could be explained by the different tightnesdescribed phenotypes of the conditional TAU41 strain (not
in the control of the R promoter depending on the shown). UMP25 cells incubated in permissive conditions for 9
chromosomal context (our unpublished observations). hours were morphologically wild type (not shown). However,
We analyzed the growth of the conditional strains in liquidafter 6 hours of incubation in restrictive conditions (rich
medium by following the duplication time (by measuring themedium), the conditional strain arrested with the cells showing
colony forming unit increase) and DNA content (by FACStwo alternative morphologies (Fig. 4A): around 47% of the cell
analysis) of the cells during at least three generations aft@opulation was composed of unbudded cells, while the rest of
transfer from conditional medium (MM-N§p to tester the cells showed a developed bud that frequently (25% of total
medium.U. maydisFB1 cells had a duplication time of 260, cells) was larger than the mother cell. In contrast, in wild-type
210 and 90 minutes growing in MM-NOMM-NH4 and YPD,  cells growing in the same conditions, different stages of bud
respectively. More than 80% of the wild-type cells growing information can be found (Fig. 4A, left panel). All arrested
MM-NO3z had a 1C DNA content, indicating that they wereconditional cells contained a single nucleus (Fig. 4A).
passing through G1 phase. In MM-MHmedium, this Measurement of the relative fluorescence of the nuclei by
proportion decreased to less than 40% and in rich medium rticrophotometric methods (Snetselaar and McCann, 1997)
was only around 10% of the cells (Fig. 3C). indicated that fluorescence in budded cells were usually about
For TAU41 strain, we observed that in permissive conditionswice as intense as that in unbudded cells (not shown). These
(MM-NO3) the duplication time and DNA content profile of the data strongly suggest that Clb1 depletion resulted in a cell cycle
population was similar to the wild-type strain. However, thearrest at two different points: a pre-replicative arrest (unbudded
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cells with 1C DNA content) and a post-replicative arrest A = no bud
(budded cells with 2C DNA content). Of note, in budded 1o . el i
arrested cells, the nucleus could be found either in the mothe
neck or bud compartments (Fig. 4A). Becaus&immaydis
there is a migration of the nucleus to the bud compartment pric
to mitosis (Holliday, 1974; O’Donnell and McLaughlin, 1984;
Snetselaar, 1993; Banuett and Herskowitz, 2002), w
investigated the organization of microtubules to define whicl
kind of post-replicative arrest is taking place after Clbl
depletion. InU. maydisthe microtubule cytoskeleton changes
from a G2 cytoplasmic array, which is characterized by thre —
to four bundles of microtubules that point towards the growtt NO,  NH, YPD NO,  NH, YPD
region, to a mitotic spindle that elongates after the metaphas WT clb2nar
anaphase transition (Steinberg et al., 2001; Banuett ar
Herskowitz, 2002). After shift to restrictive conditions,
conditional cells that made large buds contained lon
microtubules bundles that extend to the apical growth regio
(Fig. 4B), supporting a G2 arrest. Taking together all thes
lines of evidence, we conclude that Clb1 is required both fc
G1to S and G2 to M transitions.

In the course of these experiments, we observed that ma
than 24 hours incubation of conditional cells in rich mediurr
resulted in a bizarre phenotype consisting of large polarize
cells (more than 6Qum in length), with an altered MT
cytoskeleton, which formed basal vacuoles and hac
posteriorly, empty sections that were separated by septa (F
4C). Although we have no clear explanation for this behaviol
we suspect that this could be the usual responkk maydis
to a continuous polar growth in a situation of arrested ce
division. For instance, these cells are reminiscent of the grow:
mode of the dikaryotic hyphae produced after a successf..
mating, conditions in which a cell division arrest and aFig. 5.Morphology ofclb2 conditional cells. (A) Quantification of
permanent polarized growth are present (Steinberg et aFB1 (WT)and UMP26 (cIb2) cells growing in different media
1998). showing the proportion of unbudded cells, cells with a bud shorter

than the mother cell and cells with a bud larger than the mother cell.
More than 100 cells were recorded in each condition. (B) UMP26
ClIb2 is required to enter in mitosis cells were grown in rich medium for 6-9 hours and cell morphology

. L . . (B1), microtubules organization (B2), and nuclear morphology
The clb2 conditional cells arrested in rich medium with a ZC(C’ DAPI staining) were observed. Scale baruii@

DNA content, suggesting a post-replicative arrest. As before,
to characterize the phenotype of arrested cells, we introduced
the clb2 conditional allele in cells carrying a Ctp-+tubulin
fusion. We utilized this new strain, called UMP26, to study theshorter G2 phase. To examine this hypothesis, we inserted in
differences between the conditional mutant and wild-type cella wild-type strain an ectopic copy of tbk2 coding sequence
in the various growth conditions. The most obvious differenceinder the control of thecBg1 promoter (Brachmann et al.,
between the conditional strain and wild-type cells growing ir2001). The expression of this transgene was repressed in
liquid medium was the appearance in the mutant culture of glucose-containing medium and induced in arabinose-
subpopulation of cells in which the bud was elongated t@ontaining medium, leading to more than 30-fold increase in
the extent that it was larger than the mother cell. Thighe levels of Clb2 after 3 hours incubation in complete medium
subpopulation was around 25% of the conditional cell€ontaining arabinose (not shown). In these conditions,
growing in MM-NHs, and more than 60% in rich medium (Fig. overexpression oflb2 resulted in a dramatic phenotype. The
5A). A detailed analysis of the elongated cells arrested in ricbells lost their typical budding pattern and acquired an
medium, indicated that they carried a single nucleus (Fig. 5®@longated shape. Each cell was divided by septation into
with a MT cytoskeleton that was consistent with G2 phaseompartments that each contained a single nucleus (Fig. 6A,B).
(Fig. 5B2). Each compartment was smaller than a norchainaydiscell

One plausible interpretation of the above results could béverage of less than 3@n in length, versus 15-2(m in
that CIb2 levels are responsible for marking the end of G®ild-type cells). FACS analysis indicated that these cells
phase and the beginning of mitosis. In the conditional strainccumulated DNA in genome sized multiples, consistent with
growing in restrictive medium, the absencelb expression a normal DNA replication (Fig. 6B). Our interpretation of such
resulted in the inability of the cells to enter mitosis and thes hyphal-like growth is that the high levels of Clb2 promoted
unlimited growth of the bud. Should this interpretation bea premature entry into mitosis resulting in the inability to
correct, an increase in the levels of Clb2 would result in @roduce the bud and then a division by septation. Because of
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Fig. 6. Consequences of Clb2 overexpression. (A) Cells overexpressing a wild-type copy of Clb2 under the contrgyoptbemBter

(TAU52-1 cells) were grown in CM with 2% arabinose for 9 hours and samples were DAPI stained (upper panel), or WGA stténedhie d
presence of septa (lower panel). Scale bargimd0(B) Flow cytometry analysis of wild-type and TAU52-1 (FB1 Pcrg-clb2) cells grown in no
induction (CMD) and induction (CMA) conditions. Cells grown in CMD were centrifuged, washed twice in water, and resuspgbeded in
appropriated medium. Samples were taken for FACS analysis at the indicated times. The extra peak in TAU52 cells grownrieSpliAdso
to a 4C DNA content. (C) Cell morphology of TAU26 (FB&declb2) cells growing in liqguid CMD medium after 24 hours of incubation.
Right panel show DAPI staining. Scale bar:pt0.

the dramatic change in morphology observed, we wondereatabinose-containing medium gave a 50-fold increase in the
whether the cells were able to support a constitutive high levédvels of Clbl with respect to a wild-type strain (not shown).
of cIb2 expression. We have introduced in wild-type cells anlWe observed that such high levels of Clb1 correlated, in liquid
ectopic copy of thelb2 gene cloned under the control of the cultures, with cells of different sizes that showed altered
strong constitutivdhsp70promoter (which produces around a morphology (Fig. 7A). There were differences in intensity of
40-fold increase in the levels of CIb2; not shown). TheDAPI staining between cells in these cultures, suggesting
resulting strain, TAU26, was viable, but it grew in adifferences in DNA content per cell (Fig. 7A). Consistently,
filamentous way in liquid medium (Fig. 6C). Taken togetherFACS analysis of thelbl-overexpressing cultures indicated
these results indicate a correlation between the bud formatiotie presence of cells with a DNA content lower than 1C as well
the length of the G2 phase and the levels of Clb2, supportiregs a population of cells with a DNA content higher than 2C
the conclusion that the levels of Clb2 could mark the length ofFig. 7B). Furthermoreglbl-overexpressing cells growing in
G2 and the onset of mitosis. solid medium accumulated phloxine B (a vital stain excluded
by living cells) (Fig. 7C), indicating that high levels of Clbl
) ) protein resulted in a loss of viability.
Overexpression of Clb1 alters chromosomal segregation S. cerevisiaecells overexpressing cyclin Clb5 showed an
In addition to CIb2, the transition from G2 to M also requiresaltered chromosome segregation (Sarafan-Vasseur et al., 2002)
the presence of Clbl. To evaluate if Clb1 could also be involveand mammalian cells overexpressing cyclin E and cyclin B1
in the control of the length of G2 ld. maydis we examined also show defects in the segregation of the chromosomes and
the consequences of the overexpressiaritdf To do this, we aneuploidy (Spruck et al., 1999; Yin et al., 2001). Taking into
introduced into a wild-type strain an ectopic copglbfiunder  account these reports, a plausible interpretation for our results
the control of the &y promoter. In this strain, growth in is that high levels of Clbl interfere with a normal chromosomal
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Fig. 7.Consequences of Clb1 overexpression. (A) Cell morphology of TAU36-1 cells growing in YPA (inducing conditions). Observe in the
cells stained with DAPI the diverse intensity of fluorescence from various nuclei. Scale joar:: (B) Flow cytometry analysis of wild-type

(FB1) and TAU36-1 cells grown in no-induction (YPD) and induction (YPA) conditions. Cells grown in YPD were centrifuged,twashed

in water and resuspended in the appropriated medium. Samples were taken for FACS analysis at the indicated times. otétthBgaak
content below 1C and above 2C. (C) Serial tenfold dilutions of exponential cultures in YPD of wild-type FB1 and TAU36-IqfBil)Pc

cells were spotted on induction plates (YPA, YP medium with 2% arabinose) uggimb phloxin B and incubated at 28°C for 4 days. Phloxin

B accumulates in dead cells and subsequently red colonies are indicative of a loss of viability. (D) Benomyl sensiaiitpeisrpressing
Clbl. Serial tenfold dilutions of exponential cultures of FB1 and TAU36-1 cells were spotted on induction plates contaiging 0f6

benomyl. Plates were incubated at 28°C for 4 days.

segregation, resulting in aneuplody. 3n pombejt has been CIbl has two putative D-boxes as judged by inspection of its
reported that high levels of Cdc13 resulted in disassembly afequence (Fig. 8A). One of them is located at the N terminus
microtubules (Yamano et al., 1996). In line with this argumentywhile the second one is located at the very C terminus. Clb2
we found thatU. maydis cells overexpressinglbl were has a single putative D-box in its N terminus (Fig. 8A). We
hypersensitive to the microtubule-destabilizing drug benomytonstructed truncated versions of both Clb1 and Clb2, in which
(Fig. 7D). Itis plausible to assume thatUinmaydis high levels  the various D-boxes were removed (Fig. 8A). These mutant, as
of Clbl interfere with the microtubule assembly, providing anwvell as the full-length versions, were tagged at the C terminus
explanation for the observed DNA segregation defects. either with the VSV epitope (Clbl derivatives) or the MYC
epitope (Clb2 derivatives) and they were cloned under the
_ ) ) o ) control of the Rg1* promoter (Brachmann et al., 2001). This
Expression of indestructible B-cyclins interferes with promoter is a less-active version of thggPromoter that in
progression through mitosis in U. maydis induction conditions gives only a 10-fold and a 7-fold increase
The previous results highlight the importance of a strict contrdh the levels of Clbl and Clb2 proteins, respectively, compared
in the level of mitotic cyclins ilJ. maydis One of the ways to wild-type levels (not shown). The use of this promoter
that eukaryotic cells control the levels of mitotic cyclins isavoids the harmful effects of hyperexpressiomrlbfl or clb2,
regulated proteolysis mediated by APC/C (Zachariae anckported in previous sections (not shown). We observed that
Nasmyth, 1999). Cyclin destruction is thought to be mediatedxpression of Clb1l derivatives lacking a single D-box had no
by a conserved motif, the destruction box (D-bax)maydis  effect on the ability of the cells to form colonies. However, the
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Fig. 8.Clb1 and ClIb2 proteins carry functional destruction boxes. (A) Scheme showing the Clb1 and CIb2 proteins, as well the different
deletion mutants. The sequences for the destruction boxes are indicated. These constructs were expressed under thHessattvef a
version of the Pcrgl promoter to avoid the problems associated to high cyclin levels (see text for details). (B) ExpetssibGliel and

Clb2 derivates. Cells were grown in non-induction (complete medium with 2% glucose, CMD) and induction (complete medium with 2%
arabinose, CMA) conditions for 6 hours. Whole cell lysates were separated by SDS-PAGE and immunoblotted with anti-VSWVté@ib1l wes
upper panel) or anti-MYC (Clb2 western, lower panel) antibodies. Similar amount of total extract was loaded per lane. éJppaUpe
(Clbl), TAU30 (Clbdbl), TAU45 (Clbndb2) and TAU31 (ClbAdb1-2) cells that express VSV-tagged versions of Clbl and derived
proteins. The different level of protein expression could be attributed to a lower translation efficiency in the derivagethéakkterminal
destruction box. Lower panel: TAU52-2 (CIb2) and TAU53 (@iiR) cells that express MY C-tagged versions of Clb2 and/cibproteins.

(C) Serial tenfold dilutions of exponential cultures of FB1 (control), TAU36c&%EIb1), TAU30 (Rrg*-Clb1Adbl), TAU4S5 (Rrg*-

Clb1Adb2), TAU31 (Rrg*-Clb1Adbl-2), TAU52-2 (Bg*-Clb2), and TAU53 (Rg*-Clb2Adb) strains were spotted on complete medium plates
with glucose (CMD) or arabinose (CMA) as sole carbon source. Plates were incubated at 28°C for 3 days. (D) Deletion efdbilivags
Clbl and Clb2. TAU36-2, TAU31, TAU52-2 and TAU53 cells were grown for 1 hour in complete medium with 2% arabinose, and then
transferred to completed medium with 2% glucose andugjd®l cycloheximide. Samples were taken at the indicated time, and Clb1, Clb2 and
Cdk1 levels were analysed by immunoblotting with anti-VSV, anti-MYC and anti-PSTAIRE antibodies respectively.

expression of the truncatetblallele lacking the two D-boxes, under the control of theclgi* promoter were incubated in
clb1Adb1-2 or the expression of the mutaiib2 allele lacking  arabinose-containing medium to allow the expression of the
the D-box,clb2Adb, prevented colony formation (Fig. 8C). proteins, and after 2 hours of incubation, glucose and
This effect is consistent with previous reports of expression afycloheximide were added to shut-off the production of further
cyclins lacking D-boxes in other yeast systems and it has beg@notein. Samples were removed at different times for western
attributed to the inability of the mutant cyclins to be degrade@nalysis (Fig. 8D). We observed that while Clbl and Clb2
by the proteasome, which results in a cell cycle arrest (Ghiaggotein levels declined, the levels of the mutant versions
et al., 1991; Surana et al., 1993; Yamano et al., 1996; Yamateacking the D-boxes, Clifdb1-2 and Clb&db remain high

et al., 2000). To examine this notion further, first we sought tand almost constant, consistent with more stable proteins.
demonstrate that the. maydiscyclin variants devoid of D- To assess whether the expression of the stabilized versions
boxes were more stable than their wild-type counterparts. Faf mitotic cyclins induce some specific cell cycle arrest, we
this, cells carrying either the wild-type or the mutant allelesntroduced the constructions expressing the mutant alleles in a
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Fig. 9. Effects of the expression of a stable version of Clb1. (A) Cell morphology of TAU57 strain grown in CMA for 9 hours. This strai
carries thelblAdbl-2transgene and a Cfp-tubl fusion. All cells were arrested with a bud about the size of the mother cell. Three different
condensed nucleus morphologies were apparent: a single nucleus near the neck, two nuclei nearby and a nucleus spiédrirviieel oegk
(arrows point to nuclei). Scale bar: fith. (B) Cells expressing ClAtib1-2 arrested with a 2C DNA content. Flow cytometry analysis of wild-
type FB1 and TAU57 cells grown in no-induction (CMD) and induction (CMA) conditions. Cells grown in CMD were centrifuged, washe
twice in water, and resuspended in the appropriated medium. Samples were taken for FACS analysis at the indicated toresb(@d Mi
organization in TAU57 cells growing in non-induction conditions (CMD) and induction conditions (CMA). Observe the absenoetdfute
structures in inducing conditions.

strain carrying a Cfmr tubulin fusion, and the cells growing  The cells overexpressing the stall2Adb allele also

in induction conditions were analyzed (Figs 9 and 10). Liquicarrested with a 2C DNA content (Fig. 10A). However, the
cultures of the strain expressing tbi1Adb1-2 allele were  morphology was different from cells expressing indestructible
composed of budded cells in which three different nuclea€lbl. The arrested cells showed no buds, although they had
morphologies were apparent. Around 60% of the cells carrietivo well separated nuclei (Fig. 10B). This morphology is
a single condensed nucleus located near the neck; in 14% sfmilar to the first stages observed wioii? is overexpressed
the cells the nucleus appeared split in two halves and locatésee Fig. 6A), and supports the notion that high levels of Clb2
in the neck, and 26% of the cells had two condensed nuclenpaired the budding process (most probably because it
located not far apart (Fig. 9A). The FACS analysis indicatedthduces a premature entry into mitosis). However, in contrast
that all cells had a 2C DNA content (Fig. 9B). Of note, in spitdo the overexpression of wild-tymh2, no septa were formed

to the fact that cells growing in non-inducing conditions gavéetween nuclei (Fig. 10C), and microtubule spindles were
a clear microtubule pattern, the incubation in inducingpresent (Fig. 10D). Our interpretation of these results is that a
conditions results in cells where no clear microtubulefailure in Clb2 degradation results in a cell cycle arrest after
structures were apparent, indicating that the spindles aemnaphase, with the cell unable to exit mitosis.

somewhat unstable in the presence of the muiitnitallele

(Fig. 9C). A probable explanatlon of these phenotypes is that

the stabilized mutant version of Clbl interferes withProgression through the infective process requires an
microtubule assembly, impairing the proper execution oficcurate control of Clb2 levels

mitosis, and resulting in a cell cycle arrest. The growth of the fungus inside the plant involves distinct steps
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Fig. 10.Effects of the expression of a stable version of Clb2. (A) Cells expressingdblia2rested with a 2C DNA content. Flow cytometry
analysis of wild-type and TAU58 cells grown in no-induction (CMD) and induction (CMA) conditions. Cells grown in CMD weifagehtr
washed twice in water, and resuspended in the appropriated medium. Samples were taken for FACS analysis at the ind{@&taAtises.
cells grown in CMA for 9 hours were stained with DAPI to observe nuclei. (C) TAU58 cells grown for 9 hours in CMD or CM#aimerke s
with WGA to detect the presence of septum in the cells. Note that no septa are apparent in cells growing in CMA. (D) &btineatnitotic
spindle in TAU58 cells treated as before, observed with epifluorescence. Compare the MT pattern in non-induction conditjarsl(CMD
induction conditions (CMA). Scale barsum.

that have been described from microscopic studies (Snetselazlls that produce constitutively high levels of Clb2 protein and
and Mims, 1992; Banuett and Herskowitz, 1996). After fusiorhad in a hyphal-like growth (Fig. 6C), were able to cause
of haploid fungal cells and penetration inside the plant, thdisease symptoms upon inoculation into corn seedlings. We
fungal hypha continues to grow as an unbranched tip cethixed TAU26 cells with the wild-type compatible haploid
leaving highly vacuolated portions behind. As the infectiorstrain FB2 and we inoculated plants to test the virulence of the
progress, the hypha proliferates and septa partition cellikaryon produced upon fusion. These inoculations included
compartments, containing a pair of nuclei each. Polar growthositive controls of crosses between wild-type strains (FB1
continues along the main hypha that begins to form clamp-likand FB2). As indicated in Table 3, disease symptoms were
structures and branches. Finally, the hyphae undergabserved on more than 90% of the plants inoculated with the
fragmentation to release individual cells that will produce the&eompatible wild-type strains FB1 and FB2. In contrast, of the
diploid spore (teliospore). During all this process, the hos67 plants inoculated with the combination of TAU26 and FB2,
plant responds with the symptoms of infection. Induction 066% showed no observable symptoms and the remaining 44%
chlorosis is known to be one of the earliest detectabldemonstrated only mild symptoms. The latter plants showed
symptoms ofU. maydisinfection (Christenesen, 1963). It is mostly chlorosis emanating from the point of inoculation
followed by anthocyanin production, a known stress reactiofFig. 11A). Interestingly, anthocyanin production was never
in plants. Finally, the hyperproliferation of plant cells in observed in these plants. To asses at which level TAU26 cells
response to the fungus produces the typical plant tumors. Givane defective, we first tested the ability of TAU26 cells to mate
the connections between morphogenesis and pathogenesidgrircharcoal mating plates (Holliday, 1974). The visible white
U. maydis we were interested in determining whether TAU26filamentous growth indicative of the dikaryon was slightly
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B Fig. 11.Influence of high levels of Clb2 in
FB1 mating and pathogenicity. (A) Disease symptoms
on the leaf blades of young maize plants 14 days
post inoculation with the strains indicated.
Observe the anthocyanin production (arrow a)
and small tumors (arrow t) in the wild-type
infection and the chlorosis (yellowing of the
green tissue of the leaf, arrow c) in the mutant
infection. (B) Mating assay of Clb2-
overexpressing cells and wild-type strains. The
appearance of white filaments indicates formation
of dikaryotic hyphae. Note that the mutant cross
produced fewer hyphae. (C) Dikaryotic hypha
resulting from a wild-type FB% FB2 cross. Note
the empty compartments to the right of the
elongated tip cell. (D) Dikaryotic hypha resulting
from a mutant TAU26& FB2 cross. Note the
‘spiky’ appearance of the elongated tip cell.
(E) Hyphal development of wild-type cells inside
the plant tissue. Cross walls separate the long
cylindrical cells of hyphe. The inset shows a
lower magnification of the filamentous network.
(F) Hyphal development of mutant cells inside
the plant tissue. These cells appeared to generate
incipient branches at a higher frequency than
wild-type cells. Scale bars: %0n (B,C); 20um
(E-F).

FB2

apparent difference is the ‘spiky’ aspect of
the mutant hypha. These results indicate that
high levels of CIb2 decreased but did not
negate dikaryotic formation. The observation
of chlorosis around the site of inoculation
indeed suggested that the mutant filaments
were capable of growing within the plant
tissue. Consequently, symptomatic leaves
were sampled, stained and examined
microscopically for the presence of the
fungus (Fig. 11E,F). Fungal growth was
clearly present in maize tissue in plants
inoculated with either wild-type or mutant
strains. The most obvious difference between
mutant and wild-type filaments was the
absence of teliospores in mutant mixtures,
indicating that mutants failed to complete
reduced in the mutant mixture (Fig. 11B). We analyzed thsexual development. In addition, we noted that the frequency
dikaryotic hyphae and observed both in wild-type and mutaraf incipient branches appeared to be higher for filaments in
mixtures the typical filament where hyphal extension occurs iplants infected with the mutant mixture. These results indicate
the absence of mitosis and a fixed volume of cytoplasrthat an extra dose of Clb2 impairs the ability of fungal cells to
migrates forward with the expanding apex, leaving behind acause symptoms and progress in the infective cycle.
extensively vacuolated and otherwise empty distal cell In order to gain further evidences about the role of CIb2 in
compartment (Steinberg et al., 1998) (Fig. 11C,D). The onlyirulence, we analyzed the ability to cause disease symptoms

Table 3. Pathogenicity assays

Chlorosis Anthocyanin formation Tumor formation
Inoculum Genotype Total Percentage Total Percentage Total Percentage
FB1x FB2 al blx a2 b2 51/54 94 50/54 92 49/54 90
TAU26 x FB2 al bl, cbx:Phsp7€lb2-1x a2 b2 30/67 44 0/67 0 0/67 0
FBD11 ala2 blb2 56/68 82 54/68 79 54/68 79
UMP21 ala2 b1b2 clblclA::hph 60/77 78 58/77 75 55/77 71

UMP32 ala2 blb2 clb2clb®:cbx 82/97 84 82/97 84 0/97 0
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FBD11 UmMP21 UMP32

Fig. 12.Infectivity of diploids carrying a single dose of B-cyclin genes. (A) Morphology of a wild-type diploid cell (inset, FBDd atcsdime
magpnification) and a diploid cell with a single gene dosgh# (UMP32). Cells were grown in CMD to exponential phase and DAPI stained.
Scale bar: 1@um. (B) Charcoal assay of diploid strains heterozygous for mating type. FBD11 is a wild-type strain, UMP21 has a single dose of
theclblgene, and UMP32 has a single dose ofth2 gene. (C) Disease symptoms on the leaf blades of young maize plants 14 days post
inoculation with the strains indicated. Strong anthocyanin production was induced by infection with UMP32 but no tumopaveste ap

(D) Hyphal development of wild-type, UMP21 and UMP32 cells inside the plant tissue. Observe that mutant UMP32 cells appeared to

fewer branches and the hyphae look wider the wild-type hyphae. Scale bans: 20

in plants of a diploid strain carrying a single allele of¢li®  never observed. Interestingly, the anthocyanin production was
gene (UMP32). Previously, we have observed that the UMP3&ven stronger in plants infected with the UMP32 strain that in
cells were larger than wild-type cells, with elongated buds thailants infected with FBD11 strain. We also studied the fungal
sometimes carried more than one nucleus (Fig. 12A). Wegrowth inside the plant tissue. The hyphae of the UMP21 cells
considered this phenotype as a consequence of the lower levelsre similar to those of wild-type cells. In contrast, several
of CIb2 in these cells, which could result in a delay in mitosiglifferences were observed in the UMP32 hyphae: they were
— as we showed in haploab2 conditional strains incubated wider, less septate and they showed fewer branches than wild-
in restrictive conditions (Fig. 5B1). This haploinsufficiency type hyphae. No teliospores were present in the UMP32-
was specific forclb2, since a diploid strain carrying a single infected plants (not shown).

copy of theclbl gene (UMP21), had a wild-type phenotype Taken together, these results strongly suggest that Clb2
(not shown). First, we have tested for colony morphology ottevels inU. maydismust be accurately controlled during the
charcoal mating plates. The filamentous growth phenotype thatfection process, and that inability to do so blocks the
arises from mating between haploid strains is also displayezbmplete sexual development.

by diploid strains ofU. maydisthat are heterozygous for

both thea and b mating-type loci. As shown in Fig. 12B, )

filamentous colonies are formed by the wild-type diploid strairfPiscussion

FBD11 as well as by the mutant diploid strains UMP21 andn the current study, we have characterized the genes encoding
UMP32, indicating that half a dose ofbl or clb2 is not the CDK catalytic subunit, Cdk1l and two regulatory subunits,
detrimental at this step. Second, we inoculated plants witthe B-type cyclins Clbl and CIb2 in the phytopathogenic
cultures of FBD11, UMP21 and UMP32 cells. As shown infungusU. maydis The cdkl gene is essential and encodes a
Table 3, the strain carrying a singl1 allele was as virulent protein with high sequence similarity to other members of the
as the diploid wild-type control. In contrast, we found thatCdc2 protein family. Thelbl andclb2 genes encode B-type
diploid cells defective in onelb2 allele were capable of cyclins. Analysis of their coding sequences indicates typical
causing chlorosis and anthocyanin production but tumors wersequence signatures of B-type cyclins. Both proteins interact



504  Journal of Cell Science 117 (3)

with Cdk1 and their levels change in cells arrested at differergt al., 2000). The expression of tleth1Adbl-2 allele, in
cell cycle stages. A search performed inthenaydisgenome  contrast, produces a cell cycle arrest at some point between
indicated that no other B-type cyclins were presentnetaphase and anaphase, with cells unable to assemble
(http://www.broad.mit.edu/annotation/fungi/ustilago_maydis/spindles. We cannot determine whether the inability to proceed
index.html). This situation is in contrast to other well-knowthrough mitosis in these cells is a consequence of the
fungi such a$. cerevisiaer S. pombgwhere there is a certain microtubule disassembly or whether the cell cycle arrest
degree of redundancy in cyclin content and in the roles theggomotes such disorganization. However, we favored the first
cyclins play. However, the situation th maydisis likely to  explanation. InS. pombet has been reported that high levels
be more general. For instance, the human pathGgedida  of Cdcl3 resulted in disassembly of microtubules (Yamano et
albicansappears to have only two B-type cyclin (J. Bermanal., 1996). Furthermore, consistent with the idea that.in
personal communication). maydis high levels of Clbl interfere with microtubule
Clbl plays an essential role in the cell and is required tassembly, we showed that overexpressiogliof resulted in
perform the G1 to S and the G2 to M transitionsSIpombg  cells that were hypersensitive to the microtubule inhibitor
the G1 to S and G2 to M transitions are performed by Cighenomyl and had anomalous DNA content. A general feature
and Cdcl3, respectively (Booher and Beach, 1987; Hagan ebserved in basidiomycete yeast is the presence of an extensive
al., 1988; Bueno and Russell, 1993; Connolly and Beachmicrotubule network in G2 that disassembles prior to mitosis
1994), although irS. pombecells deleted for theig2 gene, and then forms the mitotic spindle (Steinberg et al., 2001;
Cdc13 substitutes for Cig2 to bring about the G1 to S transitioopecka et al., 2001; Banuett and Herskowitz, 2002). We
(Fisher and Nurse, 1996; Mondesert et al., 1996). Interestinglgntertained the idea that an initial step to enter in mitosis could
in a dendrogram analysis of B-type cyclins from differentbe the premitotic activation of Cdk1-Clb1 that could induce the
fungi, U. maydisClb1 was clustered along with the Cig2 anddisassembly of the cytoplasmic microtubule network. Such a
Cdc13 cyclins. How does Cdk1-Clbl kinase first promote GIole of Cdk1-Clbl in the induction of mitosis could help to
to S transition early in the cell cycle and then prevent thexplain the fact that irclbl conditional cells incubated in
reinitiation during G2? A hypothesis that seems reasonable isstrictive conditions, when the bud is present, the nucleus
to assume that additional elements, specific for each transitiomigrates to the daughter compartment (a pre-mitosis step)
modify the scope of target molecules of this complex. Clbdut the microtubule cytoskeleton still keeps a typical G2
appears to be specific for G2/M transition and it seems to beagpearance. In this line of argument, it could be possible
rate-limiting regulator for entry into mitosis. Cells carrying athat the posterior inhibition of Clb1-Cdkl activity (i.e. by
conditionalclb2 allele growing in restrictive conditions were proteolysis of Clbl) allows the assembly of microtubules to
arrested in G2 phase with an elongated bud displaying an actif@m the mitotic spindles. If this is the case, the presence of an
polarized growth. In contrast, high levels of Clb2 expressiofindestructible version of Clbl could preclude the spindle
resulted in short cells that divided by septation, producing assembly, as we observed.
hyphal-like growth. IrJ. maydisthe G2 phase is characterized Taking all the above conclusions into account we suggest a
by polar growth that results in the elongation of the bud. Iworking model of how the cell cycle proceeddJinmaydis In
could well be that the levels of Clb2 mark the length of G2 andur model, the G1 to S transition requires Cdk1-Clb1 activity.
then the size of the bud. This could be related with a G2/MVhether Cdk1-Clbl is the only requirement or additional
size control operating through the levels of Cdk1-Clb2. Theelements (i.e. G1 cyclins) are needed to induce the G1/S
postulated role of CIb2 is reminiscent of the roles proposed fdransition remains to be clarified. Once DNA replication ends,
cyclin A in humans (Furuno et al.,, 1999) and cyclin B2 inthe formation of the bud marks the beginning of G2. Once, the
plants (Weingartner et al., 2003) as promoters of mitosis. Iproper bud size is reached, mitosis is induced. The onset of
human cells it has been demonstrated that cyclin A/CDK2nitosis requires both Cdk1-Clbl and Cdk1-Clb2, with a
activity is a rate-limiting component for entry into mitosis specific role of Cdk1-CIb2 determining the length of G2 phase.
because exogenous active cyclin A/CDK2 will drive cellsOnce mitosis is induced, cyclins must be degraded, most
prematurely into mitosis (Furuno et al., 1999). In plantsprobably by APC/C. Based upon the results with stabilized
induction of ectopic cyclin B2 expression drives cells to entecyclins, we postulate that Clbl should be removed earlier in
mitosis earlier, causing developmental abnormalities imitosis, whilst CIb2 should be removed later. We believe that
transgenic plants (Weingartner et al., 2003). We do not yet hatkis working model will provide a basis where additional
a clear view of how Clbl and Clb2 cooperate in the G2/Megulatory elements, like APC/C, CDK inhibitory elements and
transition. For instance, Clb2 could regulate Clbl activity inother additional cell cycle regulators could be added in future.
G2 or both cyclins could act in different targets to jointlylsolation of specific cell cycle termosensitive mutants and
induce mitosis. Because of the different phenotypes observestudies with synchronous cultures could help us come to a
in cells overexpressing eithelb1 or clb2, we favored the latter better understanding of these issues.
hypothesis. In Ustilago maydisan accurate control of cell cycle must
The Clbl and Clb2 mitotic cyclins contain typical be required not only in cells growing in vegetative conditions,
destruction boxes. By deletion analysis we demonstrated thhut also during the infection process. Hyphal growth within
they are functional. The inability to down-regulate the cyclinthe plant is a dynamic process that requires several stages of
levels properly resulted in cell cycle arrest. We have shown thdifferentiation and then, pathogenesis, morphogenesis and
cells expressing a mutant version of Clb2 lacking thecell cycle are predicted to be connected in this fungus. Our
destruction box are unable to exit mitosis and arrest aftdindings strongly suggest that progression through the
anaphase, as has been demonstrated with stabilized versionslifferent steps in infection requires a careful control of cell
mitotic cyclins in other organisms (Surana et al., 1993; Yamanoycle. We had found that infection of a plant by fungal cells
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with high levels of CIb2 produces only symptoms of the control of mitosis in fission yeast; dissociation of the G1 and G2 roles
chlorosis, while infection with fungal cells carrying half a _of thecdc2 protein kinaseEMBO J.6, 3441-3447. ,
dose of Clb2 induces the production of anthocyanin by th@ottln, A., Kamper, J. and Kahmann, R. (1996). Isolation of a carbon

. . source-regulated gene froostilago maydisMol. Gen. Genet253 342-
plant, but tumor production does not occur. We believe that 35,
the accurate control of cyclin levels could be required noBsiker, M., Béhnert, H. U., Braun, K. H., Gérl, J. and Kahmann, R.
only to adjust the fungal morphogenesis inside the plant, but(1995). Tagging pathogenicity genes lifstilago maydisby restriction

; enzyme-mediated integration (REMMNLol. Gen. Genet248 547-552.
a:|SO to Fgoperly induce theh devel(l)pnt\?ntal pro_granl”n_ thaéras:hmann, A., Weinzierl, G., Kamper, J. and Kahmann, R.(2001).
a, ows o ?I’ processes such as p'an : L!”QUS S|gna NG OFgentification of genes in the bW/bE regulatory cascadiésiitago maydis
biosynthesis and release of tumor inducing chemicals, for mol. Microbiol. 42, 1047-1063.
instance. Interestingly, the phenotypes foundll’2 mutants  Brachmann, A., Schirawski, J., Miller, P. and Kahmann, R.(2003). An
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