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We describe the identification of a new meiosis-specific gene of Saccharomyces cerevisiae, NDT80. The ndt80
null and point mutants arrest at the pachytene stage of meiosis, with homologs connected by full-length
synaptonemal complexes and spindle pole bodies duplicated but unseparated. Meiotic recombination in an
ndt80A mutant is relatively normal, although commitment to heteroallelic recombination is elevated two- to
threefold and crossing over is decreased twofold compared with those of the wild type. ndf80 arrest is not
alleviated by mutations in early recombination genes, e.g., SPO11 or RAD50, and thus cannot be attributed to
an intermediate block in prophase chromosome metabolism like that observed in several other mutants. The
ndt80 mutant phenotype during meiosis most closely resembles that of a cdc28 mutant, which contains a
thermolabile p34, the catalytic subunit of maturation-promoting factor. Cloning and molecular analysis reveal
that the NDT80 gene maps on the right arm of chromosome VIII between EPT1 and a Phe-tRNA gene, encodes
a 627-amino-acid protein which exhibits no significant homology to other known proteins, and is transcribed
specifically during middle meiotic prophase. The NDT80 gene product could be a component of the cell cycle
regulatory machinery involved in the transition out of pachytene, a participant in an unknown aspect of meiosis
sensed by a pachytene checkpoint, or a SPO11- and RAD50-independent component of meiotic chromosomes

that is the target of cell cycle signaling.

During meiosis, two rounds of chromosome segregation fol-
low a single round of DNA replication. In the first meiotic
division, pairs of sister chromatids (homologs) disjoin; at the
second meiotic division, sister chromatids segregate to oppo-
site poles as in mitosis.

Meiotic prophase, the period between DNA replication and
the first nuclear division, involves a complex series of changes
in the chromosomes, which include association of sister chro-
matids, organization of each homolog into a linear array of
loops connected at their bases by an axial or lateral element,
and interactions between homologs. Interhomolog interac-
tions, in turn, comprise three aspects: pairing, recombination,
and formation of synaptonemal complexes (SCs). Pairing and
recombination appear to be two different manifestations of a
single series of events occurring at a number of interstitial
locations along the chromosomes (37, 74). At early stages in
this process, homologs become coaligned along their lengths;
the first chemical steps of recombination, the formation of
meiosis-specific double-strand breaks (DSBs), also occur dur-
ing these early stages (50, 51). At intermediate stages, the
coaligned homolog axes become intimately connected via a
prominent structure, the SC; at about this same time, some or
all DSBs are converted to double Holliday junctions (58, 59).

At the next stage of meiotic prophase, pachytene, SCs occur
along the entire lengths of all homolog axes. The recombina-
tion process is completed at about the end of pachytene; ma-
ture crossover and noncrossover recombination products both
occur at about this time (51, 68). At pachytene, chromatin
loops are tightly condensed (16). Another diagnostic feature of
pachytene in Saccharomyces cerevisiae is that spindle pole bod-
ies (SPBs) are duplicated but not yet separated, with mother
and daughter SPBs lying side by side within the nucleus (11).
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Exit from pachytene is signaled by the disassembly of SCs and
the reorganization of the chromosome structure in preparation
for the first nuclear division. In organisms with large chromo-
somes, dramatic compaction can occur at this stage, but in S.
cerevisiae no further compaction is apparent (16, 50). SPBs also
separate following SC disassembly (51) to form a short spindle
that corresponds approximately to metaphase I (48, 52).

The transition from pachytene to metaphase I is an impor-
tant point for regulation of meiotic development in many or-
ganisms. Meiosis in some organisms involves a very extended
arrest at the end of prophase (see, e.g., reference 41). In S.
cerevisiae, exit from pachytene is a crucial regulatory point. A
mutation in the gene encoding the catalytic subunit of matu-
ration-promoting factor (MPF), CDC28, causes meiotic cells to
arrest at pachytene (62). A mutation in the gene for the reg-
ulatory subunit of MPF, CLBI, also causes arrest prior to
meiosis I, presumably at pachytene (23). Pachytene arrest is
also conferred by mutations in two genes, CDC36 and CDC39,
which resemble CDC28 in that mutations in them confer arrest
at the G, stage during the mitotic cell cycle (62). Shuster and
Byers (62) suggest that pachytene serves as a cell cycle regu-
latory checkpoint and that this stage is crucial because it rep-
resents the last point at which S. cerevisiae can return to the
mitotic cell cycle without having undergone a reductional di-
vision.

Pachytene also appears to be an important meiotic cell cycle
checkpoint. Meiotic cells monitor the progression of chromo-
some metabolism and arrest at pachytene in response to cer-
tain critical defects, presumably via changes in MPF activity. In
particular, mutations in a number of genes cause intermediate
blocks in the meiotic recombination pathway and lead to cell
cycle arrest. The first genes identified in this category were
DMCI, encoding a meiosis-specific RecA homolog (9), and
RADS50, with which arrest is conferred by certain meiosis-spe-
cific alleles (rad50S [4]). Other genes in this category include
four newly isolated intermediate-block genes, SAEI, SAE2,
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TABLE 1. Experimental strains used
Strain Genotype
NKYO611 ..o aja ho::LYS2/ho::LYS2 lys2/lys2 ura3/ura3 leu2::hisG/leu2::hisG

NKY895..
NKY1276

..ala HO/HO ste7-1/ste7-1 ade2/ade2 lys2/lys2 ura3/ura3 leu2::hisG/leu2::hisG
a/a HO/HO ste7-1/ste7-1 ade2/ade?2 lys2/lys2 ura3/ura3 leu2::hisG/leu2::hisG spol3A::LEU2/SPO13 spollA::hisG-

URA3-hisG/spol1A::hisG-URA3-hisG with pNKY1159

NKY1063 o ho::LYS?2 ade2 lys2 ura3 leu2::hisG

NKY2172.... ..a/a HO/HO ste7-1/ste7-1 ade2/ade2 lys2/lys2 ura3fura3 leu2::hisG/leu2::hisG ndt80-1/ndt80-1

NKY2205.... ..alat ho::LYS2/ho::LYS?2 lys2/lys2 ura3/ura3 leu2::hisG/leu2::hisG ndtSOA::LEU2/NDT80

NKY2296.... ..a/a ho:LYS2/ho::LYS?2 lys2/lys2 ura3/ura3 leu2::hisG/leu2::hisG ndtSOA:LEU2/ndtSOA::LEU2

NKY2534.... ..ala ho:LYS2/ho::LYS?2 lys2/lys2 ura3/ura3 leu2::hisG/leu2::hisG spollA::hisG/spollA::hisG

NKY2535 a/a ho::LYS2/ho::LYS?2 lys2/lys2 ura3/ura3 leu2::hisG/leu2::hisG spollA::hisG/spollA::hisG ndtS8OA::LEU2/ndt80A
=LEU2

NKY2536...cceeeniereeeneeeeenens a/o ho::LYS2/ho::LYS?2 lys2/lys2 ura3/ura3 leu2::hisG/leu2::hisG rad50A::hisG/rad50A::hisG

NKY2537 ..o aja ho::LYS2/ho::LYS2 lys2/lys2 ura3/ura3 leu2::hisG/leu2::hisG rad50A::hisG/rad50A::hisG

ndt8OA::LEU2/ndt80A::LEU2
NKY2201
NKY2310
URA3/his4BLEU2-Mlul
NKY1464
NKY2647

a/a ho::LYS2/ho::LYS?2 lys2/lys2 ura3/ura3 leu2::hisG/leu2::hisG his4XLEU2-MIul-URA3/his4BLEU2-Mlul
aja ho:LYS2/ho::LYS2 lys2/lys2 ura3/ura3 leu2::hisG/leu2::hisG ndtS8OA::LEU2/ndt80A::LEU2 his4XLEU2-Mlul-

aja ho::LYS2/ho::LYS2 lys2/lys2 ura3/ura3 leu2::hisG/leu2::hisG arg4-Bgl/arg4-Nsp
a/a ho::LYS2/ho::LYS?2 lys2/lys2 ura3/ura3 leu2::hisG/leu2::hisG arg4-Bgl/arg4-Nsp ndt80A::LEU2/ndt80A::LEU2

and SAE3 (43) and MEI5 (47). Mutations in all of these genes
except MEI5 also cause either a delay or a defect in the for-
mation of SCs. In addition, mutations in the ZIPI gene, which
encodes an important component of the SC central region,
causes recombination defects and arrest at the end of prophase
(71). In all of these cases, the mutant arrest phenotype is
eliminated by mutations that block the meiotic chromosome
metabolism pathway at a very early stage, e.g., mutations in
SPO11 (36), RAD50 (4), or MEI4 (45). Presumably an up-
stream block prevents the process from ever reaching the
critical intermediate block. Arrest in these mutants has been
attributed variously to defects in the progression of inter-
homolog interaction complexes (77a) and to defects in the
formation of the SC (71).

Arrest at the end of meiotic prophase, prior to SPB separa-
tion, is also conferred by mutations in three other genes,
SPO15 (80), TOP2 (53), and SEPI (6, 72, 73). None of these
mutations yet falls cleanly into the general category described
above.

(i) The SPOI5 gene encodes a dynamin-like protein (81),
and spol5 arrest is alleviated by a mutation in the R4D50 gene
(79); it has been proposed that a defect in spindle development
leads to a defect in chromosome metabolism.

(ii) TOP2 encodes DNA topoisomerase II. fop2 arrest is also
alleviated by a rad50 mutation, but both recombination and SC
formation in a fop2 mutant are normal (53). In this case, arrest
may be triggered by some unidentified defect in chromosome
metabolism; alternatively, topoisomerase II might be a struc-
tural component of meiotic chromosomes whose activity is
required directly for SC disassembly, which in turn may be
required for SPB separation.

Existing observations are consistent with and suggestive of a
dependency of SPB separation upon SC disassembly. Most
strikingly, in wild-type SK1 meiosis, nuclei that contain par-
tially disassembled SCs always have SPBs unseparated, while
nuclei that contain separated SPBs never contain any trace of
either tripartite SC structure or axial elements (48, 51). It
seems improbable that such complete separation of the two
events would be observed without some specific dependence of
the latter event on completion of the former.

(iii) SEPI is involved in many mitotic processes, including
mRNA turnover and rRNA processing in mitotic cells (27, 31,
39, 49, 66, 67); recent observations suggest a role of SEPI in

microtubule function (32). A sep! mutation causes meiotic
chromosome metabolism defects (6, 73), but arrest is not al-
leviated by a rad50 mutation (72). Perhaps more than one
defect confers arrest in this case.

Pachytene may also be an important control point when the
meiotic process is interrupted by exposure to nutrients. Yeast
cells undergo meiosis and sporulation in response to starvation
for critical nutrients, but this process can be interrupted by the
reintroduction of appropriate sources of carbon and nitrogen.
In such a “return-to-growth” regimen, cells that are in stages
up to and including pachytene can return to a mitotic cell cycle
without carrying out two meiotic nuclear divisions and spore
formation, whereas cells that have completed meiosis I also
complete meiosis II and spore formation before initiating a
mitotic cycle (17, 29, 61, 62). Cells are capable of returning to
the mitotic cycle at later stages only if meiosis is arrested in
some way, and even then resumption of the mitotic cycle takes
much longer than it does in cells at or prior to pachytene (30).

Finally, it is possible that pachytene represents a checkpoint
for processes other than chromosome metabolism (see Discus-
sion).

We describe below the identification and characterization of
a new meiosis-specific gene, NDT80, which is required for exit
from the pachytene stage.

MATERIALS AND METHODS

Strains. Escherichia coli MM294 (F~ endA hsdR supE44 thiA) was used for all
plasmid manipulations (24). All yeast strains are derivatives of SK1 (34, 75) and
are listed in Table 1. Markers of yeast strains include ho:LYS2, lys2, ura3,
leu2::hisG, arg4-Bgl, arg4-Nsp, ste7-1, ade2, ndt80-1, ndt8OA::LEU2, spollA::hisG-
URA3-hisG, spollA::hisG, rad50A:hisG, spol3A::LEU2, his4XLEU2-MIul-URA3,
and his4BLEU2-Mlul (3, 4, 12, 21, 43; this work).

Media. Media for growth of yeast strains were prepared as described previ-
ously (60). YPD contained 1% yeast extract, 2% Bacto Peptone, and 2% glucose.
YPA was 1% yeast extract, 2% Bacto Peptone, and 1% potassium acetate.
Synthetic complete medium consisted of 0.67% yeast nitrogen base without
amino acids (Difco), 0.09% amino acid powder, and 2% glucose. The compo-
nents of the amino acid powder were as described by Bishop et al. (9). Dropout
media are synthetic complete medium that lacks a specific amino acid(s). Reg-
ular medium for sporulation (SPM) contained 0.3% potassium acetate and
0.02% raffinose. For plates, 2% Bacto agar was added. Rich SPM plates con-
tained 0.25% yeast extract, 2% potassium acetate, 0.09% dropout powder, 0.1%
glucose, and 2% Bacto agar.

Plasmids. pNKY1159 is a centromere-containing plasmid carrying the ADE2
and SPOI1 genes (43). It can replicate in yeast cells because of the ARS function
provided by sequences in ADE2 and SPOI1 (5, 56). pYe511 is a 3.0-kb HindIII
fragment of ARG4 cloned into pBR322 (7). pNKY155 and pNKY291 contain the
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HIS4 sequence and sequence downstream of HIS4, respectively, and have been
described previously (12, 77). pNKY422 is a pBluescriptII derivative harboring a
0.9-kb DMC1 cDNA insert (9). Plasmids pNKY1210 and pNKY1211 are the
original NDT80-complementing plasmids isolated from a YCp50-based genomic
library (54). Other plasmids were constructed by standard procedures (55).
Subcloning of a 4.3-kb Clal fragment derived from the insert of pNKY1210 into
pRS316 (63) resulted in pNKY1212. pNKY1213 is the smallest nested deletion
subclone of pNKY1212 that still complements the ndt80-1 mutation. In
pNKY1214, a 2.7-kb Xhol-BglIl fragment of LEU2 from YEp13 replaced the
1.2-kb Eco47III-BamHI fragment of pNKY1213.

Isolation of mutants. Mutants were obtained by using a newly developed
approach for identification of recessive meiotic mutants (42). This approach
utilizes a homothallic strain bearing a ste7-1 mutation, which blocks mating at
nonpermissive temperatures (25). A culture of such a strain (NKY1276) was
mutagenized with 3% ethylmethane sulfonate, mutagenized cells were taken
through meiosis, and the resulting individual spores were plated and germinated
on growth medium at 34°C, a temperature nonpermissive for the ste7-1 mutation.
Under these conditions, the resulting single colonies contain haploid cells of both
mating types. These colonies were then treated in parallel in two ways. (i) To
identify mutants, cells from such colonies were patched onto a growth plate and
incubated at 18°C, a permissive temperature to permit diploidization. These
grown patches were then replica plated onto a nitrocellulose filter on a sporu-
lation plate, the plates were incubated to permit sporulation, and patches were
examined for spore formation by dityrosine fluorescence (10). Mutations of
interest were examined further (see Results). (ii) Mutations of interest were
recovered into heterozygous diploid strains by patching a second aliquot of cells
from the original colony onto a plate seeded with an appropriately marked
heterothallic haploid strain (NK'Y1063). After incubation at a permissive tem-
perature, the desired heterozygous diploids form and can be selected with ap-
propriate markers. Recessive mutations in such diploids can be subjected to
standard genetic analysis to determine whether the phenotype of interest exhibits
2:2 segregation as expected for a trait resulting from a single mutation.

Other genetic procedures. Yeast transformations were carried out by electro-
poration (8). To disrupt the NDT80 locus, plasmid pNKY1214 was cut with Bg/IT
and the 3.8-kb fragment was targeted for substitution. Substitutive transforma-
tions were verified by Southern blot analysis (65). Cells were assayed for sensi-
tivity to methylmethane sulfonate according to the procedure of Bishop et al. (9).
Return-to-growth experiments were performed by methods described previously
(17, 61).

Cytology. The occurrence of meiotic divisions and spore formation was mon-
itored by staining with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPT)
and fluorescence and/or phase-contrast microscopy. Meiotic cells were taken at
various times after initiation of meiosis and fixed with 50% ethanol before being
stained with 1 wg of DAPI per ml. To visualize SCs by light or electron micros-
copy, cells were lysed, spread, and stained with silver nitrate according to the
method of Loidl et al. (40). Tubulin staining of yeast cells was performed as
described previously (4). For electron microscopy, cells were examined with a
JEOL 100 CXII electron microscope set at 40 kV and a 4,800X magnification.
For light microscopy, cells were visualized with a Zeiss Axiophot immunofluo-
rescence microscope.

DNA sequence analysis. Nested deletion subclones were generated from
pNKY1212 by using exonuclease IIT (26). Dideoxy sequencing reactions were
carried out with 3*P-labeled universal T3 and T7 primers (New England Biolabs)
and Taq DNA polymerase by using the double-stranded DNA cycle sequencing
system (Gibco BRL).

Other nucleic acid techniques. Cells were taken through synchronous meiosis
as described previously (12), and aliquots were collected at various times during
meiosis. DNA was extracted (9, 12), digested with the appropriate restriction
enzyme, fractionated on a 0.8% agarose gel in TAE buffer, and transferred onto
a nylon membrane (Hybond N+; Amersham) (55, 65). RNA was isolated by a
method described by McKinney et al. (44). About 10 pg of total RNA was
fractionated on a 1% formaldehyde agarose gel. RNA was blotted onto a nylon
membrane (55). The probe DNAs used for Southern and Northern (RNA)
analyses were derived from pNKY155, pNKY291, pNKY1212, pYe511, and
pNKY422. 32P-labeled probes were prepared by the random priming method
(18). Hybridization was carried out as described by Church and Gilbert (14).

Nucleotide e accessi ber. The GenBank accession number for
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the sequence of NDT80 is U35122.
RESULTS

Identification of ndt80-1. The ndt80-1 (for non dityrosine)
mutation was identified in a general screen for mutants defec-
tive in spore formation as assayed by dityrosine fluorescence
(see Materials and Methods). Mutant candidates were
screened initially to determine whether the spore formation
defect was alleviated by elimination of the SPOII gene, as is
known to be the cases for a number of mutations that block
meiotic chromosome metabolism at an intermediate stage (see
the introduction).

MoL. CELL. BIOL.

TABLE 2. Sporulation and spore viability”

. Sporulation .Spo'r'e
Strain Relevant genotype 0 viability
(%) (%)
NKY895 NDTS80/NDTS0 85 95
NKY2172  ndt80-1/ndt80-1 <0.5
NKY2205  NDT80/ndt80A::LEU2 87 95
NKY2296  ndt80A::LEU2/ndtSOA::LEU2 <0.5

“ Yeast strains were grown on YPD plates and then patched on SPM plates
and incubated at 30°C for 24 to 36 h. Spore formation was examined by phase-
contrast microscopy. Spore viability was determined by dissecting 10 tetrads from
each diploid strain.

A total of 25 mutants whose arrest were not SPOI1 depen-
dent and for which the responsible defect exhibited 2:2 segre-
gation were identified (2). Screening of these 25 mutants for
the occurrence of meiotic nuclear divisions, the formation of
SCs and meiotic spindles, and spore formation revealed a
single mutant, the nd¢80-1 mutant, that is completely defective
in producing ascospores (Table 2) and arrests at the pachytene
stage with full-length SCs and with SPBs duplicated but un-
separated, as described in detail below.

Cloning of NDT80. The NDT80 gene was cloned from a
YCp50-based yeast genomic library (54) by complementation
of the ndt80-1 sporulation defect. Pools of library DNA were
transformed into an ndf80-1 mutant strain (NKY2172). Ura™
transformants were selected and replica plated onto sporula-
tion medium containing a trace of nutrients (rich SPM plates;
see Materials and Methods). After 5 to 7 days of incubation at
30°C to permit sporulation, colonies that had given rise to
spores were identified by their ability to give blue fluorescence
when illuminated with long-wavelength UV light, indicating
the presence of spore walls containing dityrosine (10). The
presence of spores in these colonies was confirmed by light
microscopy, and plasmid DNA was recovered from the corre-
sponding colonies on the original transformation plates.

Three transformants proficient for sporulation were identi-
fied. These transformants yielded two complementing plas-
mids, pNKY1210 and pNKY1211, carrying inserts of about 12
and 15 kb, respectively. These two inserts overlap by about 9
kb. Subcloning localized the complementing region to a 4.3-kb
Clal fragment (Fig. 1). Neither of two component Xhol-Clal
fragments (1.9 and 2.4 kb; Fig. 1) can complement the ndt80-1
mutation, indicating that the Xhol site lies within the gene of

Region identified by deletion analysis
L]

CIIaI Xhol Clal
LR EPT1 ‘
Bglll Eco47Ill BamHI Bglil
1 kb
1 ] | LEUZ ]

FIG. 1. Restriction map and LEU2 disruption of the NDT80 locus. Shown is
a 4.3-kb Clal fragment which complements the ndt80-1 mutation when present
on an ARS-CEN plasmid. The arrow depicts the direction and extent of the
NDT80 coding region. The boundaries of NDTS80 were identified by deletion-
complementation analysis. The EPTI gene was located by sequence analysis of
the region 5’ to NDT80 together with published EPT! sequence information
(28). In the ndtSOA::LEU?2 allele, a 1.2-kb Eco4711I-BamHI fragment of NDT80
was replaced by a 2.7-kb XhoI-Bg/II fragment of the LEU2 gene from YEp13.
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interest. Two sets of nested deletions (26) of the original 4.3-kb
Clal segment were made and tested for their effects on com-
plementing activity. This analysis narrowed the region contain-
ing the complementing gene to a segment of about 2.3 kb (Fig.

1).

Disruption of the NDT80 gene. A deletion-disruption allele
of NDT80 was constructed. The 1.2-kb Eco4711I-BamHI frag-
ment of NDT80 was replaced with a 2.7-kb LEU2 fragment
from YEp13 (Fig. 1). In this construct, two-thirds of the
NDT80 coding region has been deleted, and the resulting allele
thus likely represents a null mutation. The ndt80A::LEU?2 allele
was introduced into a wild-type diploid strain (NKY611) by
substitutive transformation. The resulting strain (NKY2205),
which was heterozygous for ndt80A::LEU2, was sporulation
proficient, and all four spores of each tetrad ascus, two Leu™
and two Leu™, were viable (Table 2). An ndt80A::LEU2/nd1t80-1
heterozygous diploid, made by mating the two corresponding
haploid strains, is sporulation defective (data not shown).
Thus, the gene cloned is bona fide NDTS80 and not a suppressor
gene.

NDT80 encodes a novel protein. DNA sequence analysis
shows that NDT80 comprises a single 1,881-bp open reading
frame encoding a putative protein of 627 amino acids (Fig. 2).
The NDT80 amino acid sequence was compared with se-
quences available in the GenBank database. No significant
homology was found between the NDT80 gene product and
other known proteins. The protein encoded by NDT80 exhibits
several notable features, as follows.

(i) The protein is rich in charged amino acids, including both
positively (7.3% [46 of 627] lysine and 5.7% [36 of 627] argi-
nine) and negatively (8.5% [53 of 627] aspartic acid and 5.6%
[35 of 627] glutamic acid) charged amino acids.

(ii) The protein contains 11.2% (70 of 627) serine and 4.9%
(31 of 627) threonine. These high levels of serine and threo-
nine residues raise the possibility that the Ndt80 protein might
be subject to phosphorylation by certain protein kinases. How-
ever, no sequence within the protein has been found to match
the consensus sequence for the targets of any of several protein
kinases, including cyclic AMP-dependent protein kinase, pro-
tein kinase C, and cyclin-dependent kinase p34<P<2% (19, 22,
35, 38).

(iii) The protein contains the sequence K-R-D-K (positions
176 to 179), which conforms to the consensus sequence of
nuclear location signals in mammalian cells (K-R/K-X-R/K
[13]). It is not known whether the requirements for nuclear
localization are the same in yeast cells and mammalian cells,
however.

Mapping of NDT80. The sequence upstream of the NDT80
gene, positions —365 to —182, was found to be identical to the
sequence downstream of the EPTI gene (28). Recently, the
DNA sequence of the whole chromosome VIII has been re-
ported (33), and NDT80 is located on the right arm of chro-
mosome VIII, between EPTI and a Phe-tRNA gene.

Cytological analysis of ndt80 mutants. The ndt80 phenotype
has been analyzed most extensively for the ndf80 null mutant
(Fig. 3). Meiotic cells of isogenic wild-type and ndt80A::LEU2
strains were taken through a meiotic time course (see Materi-
als and Methods). The occurrence of meiotic divisions was
analyzed by examining DAPI-stained cells by fluorescence light
microscopy (Fig. 3A). For the wild-type strain, 90% of cells
had completed meiosis after incubation in SPM for 10 h; for
the ndt80A strain, in contrast, fewer than 0.5% of cells exhib-
ited any meiotic division(s).

The formation of SCs was monitored by examining silver-
stained spread nuclei by phase-contrast microscopy (Fig. 3B
and C). In the wild-type strain, SCs were observed transiently,
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at 4 and 5 h of meiosis, and no SC was observed at time points
later than 6 h. In the ndt80A mutant, in contrast, SCs appeared
at the same time as in a wild-type strain (4 h) but then con-
tinued to accumulate. By 10 h, about 90% of the ndtS0A cells
contained SCs (Fig. 3C). The SCs persisted at these high levels
in the ndt80A cells for at least 15 h, i.e., as long as it takes for
wild-type cells to complete spore formation (data not shown).

The absence of SPB separation in arrested ndf80-1 mutant
cells has been demonstrated by an antitubulin immunofluores-
cence assay. Each arrested cell contains a single tubulin-stain-
ing focus having an “umbrella” or “bush” morphology (data
not shown). This morphology is characteristic of cells held
aberrantly long at the pachytene stage and results from hyper-
proliferation of microtubules at the site of duplicated and
unseparated SPBs (1). Electron microscopic images of these
structures in arrested dmclA cells were presented by Bishop et
al. (9). For technical reasons, SPBs are not visible by light
microscopy in ndt80A nuclei prepared for examining SCs.

The ndt80 pachytene arrest phenotype has been confirmed
by electron microscopic examination of silver-stained spread
nuclei (Fig. 4). In an ndt80A strain, at 6 h of meiosis, essentially
every nucleus (26 of 26 nuclei examined) contained full-length
tripartite SCs and duplicated but not-yet-separated SPBs (Fig.
4A). SCs may eventually begin to decay at late arrest points.
SCs have been examined at a very late time point (15 h) in the
ndt80-1 mutant (Fig. 4B). The majority of nuclei still contained
SCs, but the SCs were of variable thickness, suggesting some
decay of lateral elements. In addition, virtually every nucleus
contained a polycomplex. Polycomplexes comprise aggregated
SC material and are very rare in isogenic wild-type cells (50,
51).

The meiotic defect of the ndf80A mutant is not dependent
upon SPOI11 or RAD50 function. In confirmation of the pre-
liminary analysis of the ndt80-1 mutant, the arrest conferred by
ndt80A::LEU?2 is not dependent upon functions that act very
early in the meiotic recombination pathway. While spol1A and
rad50A mutants formed spores normally, spolIA ndt80A and
rad50A ndt80A double mutants exhibited the same failure to
undergo meiosis I and consequent defect in spore formation as
observed in the ndt80A::LEU? single mutant (Table 3).

Reversibility of pachytene arrest. Pachytene-arrested ndtSOA::
LEU? cells are fully capable of returning to mitotic growth. Even
after being held in pachytene in SPM for 24 h, 90% of the
cells formed colonies when plated on growth medium (Fig.
3D).

The ndf80A mutant exhibits elevated levels of commitment
to heteroallelic recombination. Commitment of cells to meiotic
levels of recombination can be analyzed for cells that have not
completed meiosis by plating meiotic cultures on a growth
medium selective for recombinants of interest (17, 61). The
ndt80A::LEU2 mutation had essentially no effect on commit-
ment to heteroallelic recombination at up to 5 h in SPM, at
which time commitment to recombination reached maximal
levels in a wild-type strain (Fig. 3D). Prolonged incubation of
ndt80A::LEU?2 cells at pachytene arrest resulted in slightly el-
evated levels of commitment to gene conversion. In return-to-
growth experiments, an ndtS0A::LEU2 diploid heteroallelic at
HIS4 (his4X/his4B) (NKY2310) reproducibly gave threefold
more His" recombinants at 24 h than a wild-type strain
(NKY2201): the frequency of gene conversion at HIS4 was
about 1.5% in a wild-type strain and 4.6% in the ndf80A mu-
tant. The slight elevation in commitment to gene conversion in
an ndtSOA mutant is also observed at the ARG4 locus: an
ndt80A diploid heterozygous for closely linked ARG4 markers,
arg4-Bgl and arg4-Nsp (21), gave twice the level of Argd™
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ctata -361
aaggtccttgaatatacatagtgtttcattcctattactgtatatgtgactttacattgttacttccgcggctatttgacgttttctgct -271
tcaggtgcggettggagggcaaagtgtcagaaaateggeccaggeegtatgacacaaaagagtagaaaacgagatctcaaatatctegagyg  -181

cctgtcctctatacaaccgcccagctctctgacaaagctccagaacggttgtcttttgtttcgaaaagccaaggtccctta;ga;;gccc -91

TATA box
tccattttgtgtcacctatttaagcaaaaaattgaaagtttactaacctttcattaaagagaaataacaatattataaaaagegettaaa -1
atgaatgaaatggaaaacacagatccagtattacaggatgatctcgtatccaaatatgagagggaattaagcacagaacaggaagaggat 90

M NEMENTTDZPVUIL QDDLU VS XK Y ERTETLTGSTTETZGQTEE D 30
acgcctgttatccttacgeagttgaatgaagatggcaccacttcgaattatttcgacaaaaggaaactaaaaattgeccctagatcaaca 180
T PV I L T QLN EDSGTTSNVYU FUDIZ KT RIE KT LTI EKTIU ATPT RIS ST 60
ctacagttcaaagtgggacctccatttgaattagtgagagattattgtccagtcgttgagtctcataccggaagaacactagatttacga 270
LQFKVGPPFELVRDYCPVVESHTG GT RTULUDTULR 920

attattccaagaattgacagagggttcgaccatattgatgaagagtgggtaggttataaaagaaattattttaccttagtatcaacgttt 360
I T PRIDU RGP FDUHTIDETEWV VS GYZ XK RNYT FTTU LUV STTF 120
gaaacggcaaattgtgatttggatacttttttaaagagcagttttgatettetegttgaagactcttcagtagaaagcagattaagagty 450
ETANCDTULDTT FULI K S SFDULULVEDSSVET ST RTLTZ RYVY 150
caatatttcgctatcaaaataaaagctaagaatgacgacgacgacacggaaatcaatctegtecagecatacagegaaacgegacaaaggt 540
Q Y F A I XK I XKAI KNDUDUDT DTE ETINTILVYVOQHTA ATZ KT RTUDIZEK G 180
cctcaattttgtecttecagtatgteecgttggtgecttecectttgecaaaacatcaaatcataagagaagecttcaaatgttcgaaatate 630
P QPF CP SV CPLV?PSPILUPI KHO QTITII®REUA ASNIV VT RNTI 210
actaaaatgaaaaaatacgattccactttttatttgecacagagaccacgttaattatgaagaatatggagtggactctttattgttttee 720
T KM K KYD STV FYULHIRUDUHVYVNYZETZETYGVDSULULF S 240
tatccagaagattctattcagaaagttgccegttatgaaagagttcaatttgettcatcaattagegtgaagaaaccatcccaacaaaat 810
Y P ED S I QKVARYETRUVOQFASSTISVIEIKI KT PSOQQOOQN 270
aaacactttagcttgcatgtaattttaggtgcagtggtagatccagatacctttcatggggagaatcccggaattecttatgatgaacty 900
K HF S L HVIULGAVVYDUZPUDTU FHTGENZPGTIU®PYT DTETL 300
gctttaaaaaatggatcaaaagggatgtttgtgtatttgcaagaaatgaaaacgectectettattattagaggaagatcaccttctaac 990
A L KNGS XGMVPFVYLQE EMIEKTU®PUZ®PULTITIU®RGT RS SUZ PSN 330
tatgcgtcatctecagegaataactgtgagaacaccgtegagtgtcaattectcacaaaacagcacaaaaagaaaaatgccatcaatggeg 1080
YA S S Q@QRITVZRTU?PSSVNISSQENSTI KU RIEKMMPZSMA 360
cagccgttaaatgaaagttgcttaaatgcaagaccttegaaaaggcgatccaaagtggegetaggtgcaccgaactetggggectecate 1170
Q PL NESCLDNARU PSI KU RI RS KV ALGA AZPNIZSGA ASTI 390
tcgcctatcaaatctcgtcaatccacaccaatggaagcttcgaaggaaaatgaggatccgttcttcaggccaaataaaagggtggagact 1260
S P I K SRQ@ S TPMEWA ASZ KENEUDTZPTFTFI RUZPNIEKTZ RV YVET 420
cttgaacatatccagaacaaactgggtgctttgaaaaatcaatgtccagattectetetgaaatatccgagttcatettcaagaggtatg 1350
L EH I Q N XKL GALIZXKNDNA O CUPUDS S SLI KYU®PS S S SRGM 450
gaagggtgtttagaaaaggaggatttagtttactcaagtagtttttctgttaatatgaagcaaatcgaactgaaaccggcacgetetttt 1440
EGGCLEZIKEDILVY S S SF SVNMIEKGOTIETLIZ KU PA AT RSTF 480
gaacatgagaatattttcaaagtaggctcattagcattaaaaaaaatcaatgaattacctcatgaaaattatgatataacaatagagaag 1530
EHEDNTIU FZ KV G SL ALIZXI KINZETLUPHENTYUDTITTITE K 510
aaatcaatggaacagaattatctaagaccagagataggctcacgttcetgaatgcaaaacaagctatggtaacgaactctcecctttcaaat 1620
K S M EQNYLRUPETIGS SU R SET CIE KT SYGNUZETLSTULSN 540
atttctttctetatactacctaactcagcagaaaattttcacttggaaactgcactttteccagetacggaagaggatgtgaacaggaca 1710
I S F S I L PNSAENVFHULZETA ALTFUZPATUETEU DV VNDNHZ RT 570
ttttcaagaatattagaaacaggttcgtttcaaaattattatcaaaaaatggatgcagaaaatgcagatagggtatattcgaaaggggte 1800
F S RIULIET G SV FQNVYY QQKMDA AEIUNA ADI RUYVY S KOGV 600
aagttgattgcaagcggtactctaccatctggtatatttaatagggaagaattgtttgaggaagatagtttctataagtattaaataaac 1890
K L T A s GG TULUPSGTIVFDNI REETLTFETEDST FYVYIZ XKZY
taatgattttaaatcgttaaaaaaatatgcgaattctgtggatcgaacacaggacctecagataacttgaccgaagttttttcttcagte 1980

tggcgectoteccaactgagetaaateegettactatttgttatcagtteccttcatatctacatagaataggttaagtattttattagtt 2070
gccagaagaactactgatagttgggaatatttggtgaataatgaagattgggtgaataatttgataattttgagattcaattgttaatca 2160

atgttacaatattatgtatacagagtaactagaagttctctteggagatettgaagttcacaaaagggaategat

FIG. 2. NDT80 sequence. The NDT80 coding region and flanking sequences and the predicted amino acid sequence of the Ndt80 protein are shown. Also shown
is the putative TATA transcriptional start signal.
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FIG. 3. Time course analysis of ndfS80A mutant strain. Meiosis was initiated by transferring cells of strains NKY2201 (wild type [wt]) and NKY2310 (ndt80A) from
YPA cultures into SPM. (A) The occurrence of meiotic divisions was monitored by DAPI staining and fluorescence microscopy. Cells that had completed a meiotic
division(s) were bi- or tetranucleate and contained two (meiosis I) or four (meiosis I plus meiosis II) DAPI-staining bodies. Cells that failed to carry out meiosis
remained mononucleate and contained only one DAPI-staining body. (B) The formation of SCs was examined by light microscopy. Shown are nuclei of an ndf80A strain
containing SC structures at 5 h. (C) Percentages of nuclei containing SCs. In the wild-type strain, SCs were only transiently observed at 4 and 5 h. In the ndt80A cells,
SCs were formed at the same time as in wild-type cells, but they accumulated: at 10 h, 90% of the ndt80A cells were at pachytene, whereas >90% of the wild-type cells
had completed two meiotic divisions. (D) Meiotic cells were returned to vegetative growth by plating on synthetic complete medium. The viability was obtained by
dividing the total number of CFU at the indicated times by the total number of CFU at time zero. Meiotic cells were also plated on histidine dropout medium to select
His* recombinants. The frequency of recombination was determined by the ratio of His* CFU to total CFU at the indicated times after initiation of meiosis.

recombinants as did a wild-type strain (9.9% in NKY2647
versus 4.8% in NKY1464) (data not shown).

The ndt80A::LEU2 mutant exhibits normal levels of DSB
formation and 50% of the wild-type level of crossovers. An
early step in many or all meiotic recombination events is the
occurrence of site-specific DSBs, which have been observed at
specific recombination hot spots and throughout the genome
as a whole (12, 20, 70, 76, 82). These breaks occur transiently
during prophase, prior to SC formation (51), and are then
converted to interhomolog joint molecules which are now
known to be double Holliday junctions (58, 59). Mature cross-
over and noncrossover products arise at approximately the end
of pachytene (51, 68).

The effects of the ndf80A mutation on meiotic recombina-
tion have been examined at a recombination hot spot, the
HIS4LEU2 locus, where two meiosis-specific DSBs and high
levels of reciprocal exchanges occur (12). Restriction frag-

ments diagnostic of DSB formation were observed after diges-
tion with PstI and probing with HIS4 distal sequence (probe
291; Fig. 5A). In the ndt80A mutant, normal levels of DSBs
were formed in early prophase I, just as in wild-type cells (Fig.
5B). DSBs were not observed at 6 h in wild-type cells; however,
residual levels of DSBs were still observable at a late time point
(10 h) in an ndt80A::LEU?2 strain. The occurrence of crossovers
is reflected in the appearance of two novel restriction frag-
ments after Xhol digestion and probing with HIS4 coding se-
quence (probe 155; Fig. 5A). Crossovers were also present in
the ndt80A mutant, although at a somewhat reduced level: in a
wild-type strain, recombinant fragments represented 20% of
the total DNA, whereas in the ndt80A strain, recombinant
bands constituted only 10% of the total DNA (Fig. 5C).
NDT80 is a meiosis-specific gene. Phenotypic analysis sug-
gests that NDT80 should function specifically in meiosis. Nei-
ther the ndt80-1 nor the ndtSOA::LEU2 mutation has any dis-
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FIG. 4. Pachytene arrest of the ndt80 mutants. The ndtSOA:LEU2 (NKY
2310) and the original ndt80-1 (NK'Y2172) diploid strains were pregrown in YPA
and then transferred to SPM. At 6 h (A) and 15 h (B) after initiation of meiosis,
cells were collected and subjected to electron microscopy analysis according to
the procedure of Loidl et al. (40). (A) Nucleus of the ndtSOA::LEU2 strain. All
nuclei examined (26 of 26) exhibited full-length SCs and duplicated but unsepa-
rated SPBs (arrow). (B) Example of ndt80-1 nuclei at a very late time point.
Ninety percent of the nuclei of the ndt80-1 strain contained SCs. At this point,
wild-type cells had already completed two meiotic divisions and spore formation.

cernible effect on vegetative growth rate, colony size, or
morphology. Furthermore, ndf80 mutants are not sensitive to
methylmethane sulfonate, a radiomimetic DNA-damaging
agent (data not shown).

Northern blot analysis of NDT80 RNA levels confirms the
meiosis-specific nature of this gene (Fig. 6). No NDT80 tran-
script could be detected in mitotic cells or in meiotic cells
shortly after transfer to SPM. A dramatic increase in NDT80
mRNA levels occurred in mid-prophase, at the time of lepto-
tene and zygotene (3 to 4 h), with maximal accumulation at 6
h. The level of a control message, ARG4, remained essentially
constant during this period (Fig. 6).

MoL. CELL. BIOL.

TABLE 3. ndt80 arrest is not alleviated by a spolI or
rad50 mutation”

Cells completing one Sporulation

Strain Relevant genotype or both meiotic
BERONP divisions (%) (10 by (%) (241)
NKY611 SPOI11 RAD50 NDT80 92 90
NKY2296 SPOI11 RADS50 ndt80A <0.5 <0.5
NKY2534 spollA RAD50 NDT80 89 81
NKY2535 spollA RADS50 ndt80A <0.5 <0.5
NKY2536 SPOI11 rad50A NDT80 87 65
NKY2537 SPOI11 rad50A ndtSOA <0.5 <0.5

“ Isogenic diploid strains homozygous for the indicated ndt80, spol1, and rad50
mutations were analyzed. Meiosis was initiated by pregrowth in YPA medium
followed by transfer into SPM. The occurrence of meiotic divisions was moni-
tored by DAPI staining and fluoresence microscopy of samples taken at the
indicated time after transfer to SPM. Cells that have completed one or both
meiotic divisions contain two, three, or four DAPI-staining bodies. Spore for-
mation was examined by phase-contrast microscopy. At least 200 cells were
counted.

Meiosis-specific genes can be categorized as early, middle,
or late according to the timing of their expression in meiosis
(46). NDT80 is probably a member of the middle class. The
NDTS80 transcripts appear about 2 h later than those of an early
meiotic gene, DMCI (Fig. 6).

DISCUSSION

Summary. NDTS0 is a new yeast gene which is required only
during meiosis and is needed for exit from the pachytene stage.
NDTS0 is transcribed in mid-prophase of meiosis and not in
mitotic cells. ndt80 cells arrested at pachytene remain viable
and can return efficiently to vegetative growth. The ndt80 ar-
rest is not dependent upon SPOI1 or RADS50 function. The
ndt80A mutant is substantially normal for meiotic recombina-
tion but exhibits an enhanced commitment to heteroallelic
recombination and a deficit in crossing over in real-time mea-
surements.

Relationship of ndf80 mutant phenotypes to those observed
in other pachytene arrest mutants. A number of mutations
that confer pachytene arrest have been examined with respect
to the nature of meiotic recombination by genetic and/or phys-
ical assays.

The ndt80 mutant phenotype is very similar to that conferred
by mutations in the CDC28 gene, even in relatively subtle
aspects. ndt80 and cdc28 mutations both confer a modest ele-
vation in the level of commitment to heteroallelic recombina-
tion (62; this work). Furthermore, in parallel examinations of
isogenic SK1 strains, the ndtS80A and cdc28-63 mutations both
confer a twofold reduction in the final level of crossovers (77a).
Also, both are relatively normal with respect to the appearance
and disappearance of meiosis-specific DSBs. Also, not unex-
pectedly, the cdc28 mutant arrest is not dependent upon
SPO11 function (78).

An enhanced commitment to heteroallelic recombination
and a deficit of crossovers have also been observed genetically
in pachytene-arrested cells of strain AP-1 (15). It would be
interesting to test whether AP-1 arrest is SPOI] dependent.

The ndt80 phenotype is also generally similar to that of an
arrested fop2 mutant strain (53). In the latter case, commit-
ment to gene conversion and recombination appear to occur at
essentially normal levels, however.

The ndtSOA phenotype is clearly distinct from those of most
mutants that confer an intermediate block in recombination
(see the introduction). rad50S, dmclA, sael, sae2, sae3, and
mei5 mutants all accumulate meiosis-specific DSBs (4, 9, 43,
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FIG. 5. Meiotic recombination in an ndtSOA mutant. (A) Map of the HIS4LEU2 construct. DNA fragments diagnostic of DSBs at site I (DSB I) and site II (DSB
II) and the unbroken parental fragment (Par) are shown. Also shown are X#ol restriction fragments diagnostic of reciprocal exchanges (Rec 1 and Rec 2) and the
nonrecombinant (parental) fragments (Par A and Par B). Chr., chromosome; P, PstI; X, Xhol; B, BglII; *, restriction site destroyed. (B) DSB formation. DNA was
isolated from meiotic cells of isogenic wild-type (wt) (NKY2201) and ndt80A (NKY2310) strains at the indicated times during meiosis. DNA was digested with PstI,
fractionated on a 0.8% agarose gel, transferred to a nylon membrane, and hybridized with probe 291. (C) Reciprocal recombination. The same DNA samples as in panel
B were digested with Xhol, separated on a 0.6% agarose gel, and subjected to Southern analysis with probe 155.
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FIG. 6. Meiotic induction of the NDT80 transcript. Total cellular RNA was
isolated from cells taken at the indicated times after initiation of meiosis in a
wild-type strain (NKY2201), fractionated on a 1.0% formaldehyde gel, and
subjected to Northern blot analysis. The NDT80 transcripts were detected by
using the 1.2-kb Eco471II-BamHI fragment of the NDT80 gene (Fig. 1) as a
probe. Transcription of the ARG4 and DMCI genes, as controls, was also mon-
itored during meiosis by using ARG4 (2.0-kb Sall-BgIII fragment of pYe511) and
DMC1 (0.9-kb Sty fragment of pNKY422) coding sequences as probes. While
ARG4 transcript levels remained constant during meiosis, transcription of
NDTS80 and DMC1 exhibited a dramatic induction during meiosis. It is notewor-
thy that the NDT80 transcripts appear about 2 h later than those of the DMC1
gene.

47). The ndtSOA phenotype is also clearly distinct from that of
an SK1 zipl A mutant, which is severely defective in the forma-
tion of crossovers at the time of normal meiotic prophase and
yields crossover recombinants only much later (69).

Possible roles of NDT80 during meiotic prophase. Unfortu-
nately, sequence analysis has not provided any insight regard-
ing the function of the NDT80 gene in meiosis. Several possi-
bilities can be considered. First, Ndt80 protein may be
important in cell cycle regulatory processes; for example, it
might influence the activity of MPF either directly or indirectly
via effects on the expression of important components. The
close similarity of the ndt80 and cdc28 phenotypes supports
this possibility. The fact that the NDTS0 gene is expressed in
the middle of prophase, along with other genes required dur-
ing or after the transition out of pachytene, is also consistent
with a role specifically at this point.

Second, Ndt80 might be a required component of some
important aspect of meiotic prophase that is monitored by the
pachytene arrest checkpoint. Since this aspect is not a gross
disruption of meiotic recombination (see above), it might be
either some feature of chromosome metabolism that has not
yet been identified or some totally different process which is
monitored by the pachytene checkpoint in addition to chro-
mosome metabolism. We could speculate, for example, that
cells monitor the accumulation of critical components required
for completion of the two divisions and spore formation or
monitor the presence of intermediate molecules required for
synthesis of such components.

Third, if cells do use pachytene as a transition point when
they return to mitotic growth in response to the presence of
nutrients (see the introduction), the absence of Ndt80 might
create a condition that mimics the presence of nutrients and
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thus causes pachytene arrest. Complete transition to vegetative
growth might be blocked, however, because of the absence of
additional required components.

Fourth, Ndt80 might be a structural component of meiotic
chromosomes whose functioning is required for disassembly of
SCs. This possibility is not highly likely, however. Neither a
spol1A ndt80A nor a rad50A ndt80A double mutant makes SCs
in the first place, but they still exhibit prophase arrest during
meiosis. Moreover, since an ndt80 mutant also fails to undergo
SPB separation, this explanation requires in addition that SPB
separation be dependent upon SC disassembly. However, sep-
aration of SPBs in cells containing full-length or partially dis-
assembled SCs has been observed in some cdc36 and cdc5
mutant cells (57, 62, 64).
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