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We used high-density oligonucleotide microarrays to analyse the genomes and meiotic expression patterns of two
yeast strains, SK1 and W303, that display distinct kinetics and efficiencies of sporulation. Hybridization of genomic
DNA to arrays revealed numerous gene deletions and polymorphisms in both backgrounds. The expression analy-
sis yielded approximately 1,600 meiotically regulated genes in each strain, with a core set of approximately 60%
displaying similar patterns in both strains. Most of these (95%) are MATa/MATa-dependent and are not similarly
expressed in near-isogenic meiosis-deficient controls. The transcript profiles correlate with the distribution of

defined meiotic promoter elements and with the time of known gene function.

Introduction

Meiosis is a key feature of eukaryotic sexual reproduction. Diploid
parental cells replicate their DNA once and then undergo two
rounds of chromosome segregation to produce haploid daughter
cells. Gametogenesis in budding yeast has been a useful model for
uncovering the genetic architecture of the meiotic processt. The
major aspects of chromosome behaviour during meiosis are con-
served from yeast to mammals and often use homologous gene
functions®®. Initiation and completion of meiosis in yeast
depends on heterozygosity at the mating-type locus and depriva-
tion of nitrogen and fermentable carbon sources. Classical
approaches have thus far identified approximately 200 genes
required for meiotic development. Transcriptional analyses of
approximately 40 of these have defined several expression groups:
very early, early, middle, mid-late and late, with complex induction
and re-repression profilest®, Three major transcription factors
(Ume6p/Imelp (refs 7-11), Abflp (refs 12,13) and Ndt80p (refs
14,15)) are known to activate the meiotic program. mRNA stabil-
ity also varies during development, with early meiotic transcripts
being highly unstable relative to those expressed later!8. Several
hundred additional induced genes (many of which contain pro-
moter elements responsive to the factors noted abovel?) revealed
by recent PCR microarray expression analysis generally support
these prior group designations.

We present here a comparative genomic and meiotic transcrip-
tome analysis of two genetically distinct yeast strains often used in
meiotic studies (along with non-sporulating starvation controls)
to determine the complete profile of regulated transcripts related
to gametogenesis. One strain, W303 (closely related to the proto-
typical S288C whose genome was sequenced), is widely used in
cell-cycle and other studies of vegetatively growing cells. The
other, SK1 (genetically distant from W303), yields poor spore via-
bility, often reflective of genome rearrangements in outcrosses to

most other laboratory strains. Although both form asci with rela-
tively high efficiency, SK1 sporulates faster, more synchronously
and to higher levels than W303, and hence allows greater resolu-
tion of the timing of specific events in meiosis.

Our studies define a common set of meiotically regulated
genes in both strains, identify genes displaying strain-specific
meiotic expression patterns (which may account in part for their
different sporulation properties) and distinguish genes involved
in the response to nutrient deprivation from those specifically
required for sporulation. The set of meiotically regulated genes
described here contains most previously identified sporulation
genes! and many hundreds of additional loci not found in an
independent whole-genome expression studyl’. These data
should facilitate the identification of all essential meiosis-specific
components of this critical developmental pathway. Web sites in
the United States (http://re-esposito.bsd.uchicago.edu and http://
171.65.26.27:592/meiosis_2/) and Europe (http://www.igh.cnrs.fr/
equip/primig-meiosis) allow downloading of raw data and access to
a searchable, cross-referenced database.

Results

Genomic variation between SK1 and W303

An overview of the genetic differences between SK1 and W303 was
determined by hybridizing genomic DNA to oligonucleotide
microarrays made on the basis of the DNA sequence of S288C. The
presence of a sequence is reflected by an increase in hybridization to
an oligonucleotide that is a perfect match (PM), relative to a control
mismatch (MM) sequence, in the array. For gene deletions, the PM
signal is similar to the MM signal for most probes representing a
gene. Single-nucleotide polymorphisms (SNPs) can be detected by
decreased hybridization efficiency to specific PM sequences,
depending on where the SNP is in the probe and how well it is
accommodated in the duplex!8. By these criteria, SK1and W303 are
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Fig. 1 Genomic variation in SK1 and
W303. Genomic DNA prepared from
SK1 and W303 was labelled with the
fluorophor phycoerythrin and
hybridized to high-density oligonu-
cleotide arrays (Ye6100). False-colour
images of the fluorescence signal pat-
terns (SK1 in red and W303 in green)
were superimposed to Vvisualize
genetic differences. A region of the
array containing a signal pattern
oy o indicative of gene deletions is

1 el enlarged and genes deleted in SK1
and W303 indicated. Eight genes
deleted from SK1 and meiotically
induced in W303 are highlighted in
green; one gene deleted from W303
and induced in SK1 is marked in red.

SKla/a As W303a/a As Genes deleted in both strains are
YALOB5C YDR312W/SSF2  YIR042C YLR162W YARO73W shown in italics.

YAR047C YDR544C YIR043C YNL336W YBRO12W

YAROS0W/FLOL YER188W YJL113W YOL160W Y BRO48W/RPS18B

YAR069C YGLO51W YJL114W YOL162W YBRO084C-a/RPL19B

YARO070C YGLO052W YLRI55C/ASP3-1  YOL163W YDR544C

YARO73W YGLO53W YLR156W YOL164W YMR326C

YBRO12W YGR289C/AGTL YL RIS8C/ASP3-3  YPRI197C YNRO70W

YCLO21W Y GR290W YLR159W YPR199C/ARR1 YNRO72W/HXT17

YDRO36C YHR043C/DOG2  YLR160C/ASP3-4  YPR200C

YDRO38C/ENAS  YHR21IW/FLO5  YLR161W

approximately 89% and approximately 93% similar to S288C,
respectively (assuming a 100% hybridization efficiency for S288C),
with respect to positively hybridizing oligonucleotides in the array
(Fig. 1). Relative to S288C, we identified 39 gene deletions and 2025
polymorphisms in SK1, and 8 gene deletions and 318 polymor-
phisms in W303. The data show that, compared with S288C, SK1
has more sequence variation than W303. The relatively large
amount of genetic variation (polymorphisms, deletions) detected
in this analysis is @ minimum estimate based on genomic DNA
hybridization to oligonucleotides representing the ORFs and
ignores potential differences in intergenic regions.

Distinct sporulation kinetics and efficiencies of SK1 and
W303

Progression through the meiotic landmarks was monitored and
shown to be consistent with prior studies'®19 (Fig. 2). The data
highlight the very rapid and efficient sporulation properties of
SK1, and demonstrate that in W303 even the earliest of known

Fig. 2 Meiotic landmarks in
SK1 and W303. a, The kinet-
ics of DNA replication moni-
tored by FACS analysis. The
DNA content of G1 and G2
cells is indicated as 2C and
4C, respectively. b, Recombi- b
nation frequencies (squares),
and percentages of cells

landmarks (the initiation of DNA replication) is delayed, with
completion of other events occurring progressively later. Sporu-
lation-deficient SK1 MATa/MATa and W303 MATa/MATa con-
trol strains, which are near isogenic to their MATa/MATa
counterparts, fail to enter meiosis (data not shown).

Identification of transcripts regulated during meiosis in
SK1 and W303

We sampled sporulating and non-sporulating cultures of both
strains throughout meiosis and spore development. Probes were
prepared and hybridized to oligonucleotide microarrays2%2L, We
searched the resulting data sets for developmentally regulated
genes on the basis of minimum and maximum fluorescence
intensity signals measured for each gene over the entire time
course. Criteria for inclusion were determined using known mei-
otic genes and set at a fourfold difference for the more synchro-
nous SK1 strain, and at a 2.5-fold threshold for W303 to
compensate for its lower degree of synchrony.
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Fig. 3 Regulated transcription in SK1 and W303 during sporulation a
and starvation. GeneSpring 2.3 was used to visualize the pattern of
expression of meiotically regulated genes in SK1 (1568) and W303
(1608), ordered by time of initial induction. Columns represent time
during sporulation, shown in hours at the bottom. Horizontal lines
represent expression of individual genes (not aligned in the two
strains), with red and blue indicating highest and lowest levels of
induction, respectively. a, SK1 and W303 MATa/MATa. b, Starvation
controls, SK1 MATa/MATa and W303 MATa/MATa. ¢, Venn diagrams
summarizing the numbers of genes regulated in common in each
strain during sporulation and starvation, and comparison with pre-
vious datal”.

The expression patterns of approximately 1,600 genes
varied over the course of the experiment in both strains
(Fig. 3). Among the genes detected as transcriptionally
regulated during sporulation of SK1 (1568) and W303
(1608), a core set of 915 display differential expression in
both strains (Fig. 3a,). This group includes 94 genes
whose transcripts are detected in only sporulating cells
(data not shown). The same analysis for starving cells
yields 290 genes in SK1 MATaMATa and 372 genes in
W303 MATa/MATa as differentially regulated (Fig. 3b).
Among these, 75 are expressed similarly in both control
strains, with 41 being also upregulated in sporulating
MATa/MATa cells (Fig. 3b,c). Although up to 25% of all
yeast genes appear to be meiotically regulated (depending
on the genetic background), a smaller subset of approxi-
mately 900 core genes displays a strain-independent pat-
tern of meiotic transcriptional regulation. Only a small
percentage (5%) of the core meiotic genes (41/915) are
induced in both starved, non-sporulating control strains,
demonstrating the critical importance of heterozygosity at
the MAT locus for meiotic gene expression.

We compared these data with those reported for
induced genes from PCR microarray analysisl (Fig. 3c,
Venn diagram). Nearly all of the genes detected in the
PCR microarray study were upregulated in our analyses,
but some at levels below the minimum standard set for
inclusion for either SK1 or W303. Approximately 76%
(361/473) met the criteria for a meiotically regulated
gene, with 57% (269/473) being detected in the core in both
strains. In addition, this study identifies approximately 650 pre-
viously unreported meiotically induced genes (gene lists from
these comparisons are available at our web sites). It should be
noted that IMEL, a key positive regulator of meiosis (upregulated
in early stationary phase and meiosis), did not meet the criteria
for inclusion in either this study or the PCR microarray analysis’
because its transcript is already present at high levels at the time
of transfer of cells to sporulation medium.

Expression classes during sporulation and starvation
The expression data were next analysed by using pair-wise corre-
lation statistics?? (clustering) followed by gene-by-gene compari-
son. First, the 1,568 meiotic expression profiles included in the
SK1 data set were correlated and clusters delineated based on the
positions of the major branch points in the dendrogram. We then
ordered the resulting clusters with respect to initial time of
induction. Genes from sporulating W303 and starving controls,
corresponding to those present in the SK1 clustergram (which
includes the 915 core meiotic genes), were subsequently aligned
(Fig. 4, horizontal bars). This comparison reveals a very similar
global transcriptional response in both sporulating strains.

We identified seven broad clusters. As expected, many meta-
bolic and stress response genes are induced first (clusters 1 and
2), followed by genes required for DNA replication, recombina-
tion and synaptonemal complex formation (3 and 4), for the
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meiotic divisions (5 and 6) and for ascus formation/germination
(7). Within clusters 5, 6 and 7 at least two subclasses (a and b) are
evident based on peak levels of expression and other pattern fea-
tures such as re-repression, which may reflect different promoter
strength and/or structure. The timing of transcription and time
of function correlate well for meiotic genes that have important
roles in different landmark events. Finally, nearly all of the early,
middle and mid-late meiotic genes either fail to be induced or
display altered expression in starving controls, revealing a global
pattern of strain-independent transcriptional upregulation that
is largely absent from non-sporulating cells.

Correlation of expression in SK1 and W303
The transcription profiles obtained from SK1 and W303 were com-
pared by calculating the Pearson correlation coefficient for each
pair of expression patterns for the approximately 900 core genes
(independent of induction time, which is often delayed in W303)
and sorted into groups (Fig. 5). Approximately 60% of the genes
showed well-correlated expression patterns (displaying a Pearson
correlation coefficient of >0.5) in both backgrounds. As this group
contains a majority (60%) of genes previously shown to be impor-
tant in gametogenesist, many of the highly correlated uncharacter-
ized genes may have functional significance as well.

We also determined the mean expression patterns (by cluster)
for core meiotic genes whose patterns are particularly well corre-
lated (coefficients equal to or higher than 0.8; Fig. 6). Clusters 1, 2
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Fig. 4 Clustered patterns of gene expression during sporulation. The 1,568 genes differentially regulated in sporulating SK1 were clustered after pair-wise corre-
lation analysis, and then aligned with the expression data from the same genes in sporulating W303 and starved SK1 MATa/MATa and W303 MATa/MATa cells
using programs written in Matlab 5.0. The data is organized into vertical clustergrams for each strain. Columns reflect hours of sporulation and horizontal rows,
the expression of a particular gene. Each time point is coloured following a scale of signal strength from low (blue) to high (pink). The clustergram is divided into
seven clusters based on groups of genes with similar expression patterns (clusters 1-7, as indicated). The functions attributed to the clusters, that is, DNA synthe-
sis (DS), recombination (Rec), synaptonemal complex (SC) and ascus formation/germination (Ascus/Germ), are given as a general guide, and are not meant to rep-
resent a set of genes exclusively involved in a response. Horizontal bars (right) represent core genes containing the promoter elements UAS,, (green), URS1, (red),
URS1; (blue) and MSE (yellow). A graphical view of expression is shown at the far right; for clusters 5-7 the subgroups (a and b) are shown, which display similar

patterns, but distinct expression profiles.

and 3 contain numerous stress-response and metabolic genes
required for nitrogen uptake, amino acid biosynthesis and mito-
chondrial function. Cluster 1 genes are also often upregulated in
starving cells, whereas clusters 2 and 3, which are induced later,
both require MATa/MATa. Cluster 3 is distinguished by some-
what higher and significantly different expression patterns. Clus-
ter 4 contains key known early genes required for pre-meiotic
DNA replication (RFAL, RFA2), recombination (SPO11, REC102,
REC104, REC114, RAD52, MSH5, MEI5), SC formation (HOP1,
HOP2, RED1Y), sister chromatid and centromere cohesion
(HHT1, SCC2, SPO13), and pachytene checkpoint functions
(PCH2). They have similar induction and re-repression patterns
in both sporulating strains, with signals consistently weaker and
slightly delayed in W303. Although low-level induction of some
of these genes also occurs in non-sporulating control strains,
most upregulation is MATa/MATa dependent, consistent with
prior reports that some early meiotic genes display low transient
transcriptional induction during starvation23.24,

Clusters 5a and 5b contain two groups induced at the same
time (in late pachytene during commitment to meiosis), but dis-
play distinct expression levels. The induction of nearly all genes is
dependent on MATa/MATa, but their expression is often not

418

limited to sporulation, reflecting the participation of mitotic
functions like B-type cyclins (CLB3, CLB4), anaphase-promoting
complex (APC2, APC4, APC5, CDC26, CDC27) and other factors
involved in cell division (PDS1, CDC5, CDC14, KAR1, SPC42,
SPO12) during meiotic M-phase. Many known meiosis-specific
genes (NDT80, SPR1, SPR3, SPR6, SPR28, SSP2) and factors ulti-
mately required for proper spore maturation (SPS1, SMK1,
SPO19, SPO20) are also in this group. A pronounced delay of
transcriptional onset in W303 was reiterated in subsequent
expression clusters, indicating that the slow meiotic progression
of W303 may result from delayed induction of genes during com-
mitment to sporulation.

Cluster 6a shows massive induction and remains highly
expressed. DIT1, needed for spore-wall maturation?, occurs in this
group. Cluster 6b peaks at lower levels and shows re-repression dur-
ing exit from M-phase. It contains genes acting in re-repression of
early and middle loci (IME2), transition through meiosis Il
(SPO14, CLB5), cell structure (CWP1, ECM37) and various meta-
bolic activities (PHO4, ALG5, EHD2, ERO1). It should be noted
that IME2, previously classified as an early gene, displays biphasic
expression in this analysis; it is first induced in SK1 at approximately
three hours and reaches maximal levels at eight hours, causing the
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Fig. 5 Correlation of gene expression in SK1 and W303. Correlation coefficients
were calculated and plotted for the 915 genes regulated during meiosis in
both SK1 and W303. Genes showing a correlation coefficient indicating highly
similar expression patterns (>0.5) are shown in dark grey; those with low coef-
ficients are in light grey.

clustering algorithm to place it in this group. Finally, clusters 7a and
7b are upregulated at low levels late in meiosis, persisting through
spore development. They contain known genes expressed in late log
phase that may act in stress response as well as ascus maturation
and germination, required for maintenance of cell structure
(CWP2, ECML1), transcription (RBP10), the spindle checkpoint
(MAD3) and translation (RPS2, RPS8A, RPS12, RPS26b, RPS27h).

Low-abundance early mRNAs are more efficiently
detected in SK1 than in W303

The comparison of meiotically induced genes in SK1 and W303
yielded a large number of strain-specific developmentally regu-
lated loci. We generated a cluster distribution (Fig. 7a) of the total
number of meiotically regulated genes in SK1 (1568), including
core genes regulated similarly in both strains (915), and those
which appear to be regulated only in SK1 (653; data for genes
expressed only in W303 not shown). Cluster 4, corresponding to
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the classical early meiotic expression class known to encode highly
unstable and relatively lower-abundance mRNAs (ref. 16), shows
the biggest strain difference (168 of 313 genes are detected only in
SK1). Cluster 5, containing highly induced middle meiotic genes,
display the smallest strain difference (only 44 of 217 genes have
SK1-specific induction). The distributions of core- and SK1-spe-
cific genes in clusters 1, 2, 3, 6 and 7 are similar (see web sites for
details). We also compared these data with the previous microar-
ray analysis of SK1 (ref. 17), in which the more highly induced
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Fig. 6 Average expression profiles of well-correlated genes in SK1 and W303. Ten distinct meiotic expression patterns, plotted by hybridization fluorescence
intensity (y axis) during sporulation (x axis), are shown for 477 selected genes with a correlation coefficient 20.8; MATa/MATa SK1 (red) and W303 (blue), starva-
tion controls MATa/MATa SK1 (dashed red line) and MATa/MATa W303 (dashed blue line). The graphs representing various clusters or sub-clusters are given on

different scales to emphasize distinct levels of expression.
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Fig. 7 Cluster comparisons. a, Distribution by cluster of meiotically induced loci
detected in SK1 (total), in both SK1 and W303 (core), in only SK1 (strain-spe-
cific) and in an independent gene array analysis!’. b, Distribution by cluster of
starvation-induced genes. c, Distribution by cluster of known regulatory ele-
ments as indicated.

middle and mid-late genes were detected most efficiently (Fig. 7a).
Stress-response and starvation genes (clusters 1, 2 and 3) were vir-
tually absent, and early and late genes (clusters 4 and 7, respec-
tively) were under-represented, presumably because lower
synchrony and sporulation efficiency prevented their detection.
These comparisons suggest that the major differences in mMRNA
detection may be related to the level of population synchrony
during meiosis, particularly in revealing lower abundance, or
transient, species.

Genes transcribed during starvation are predominantly
in stress-response expression clusters

The distribution of starvation genes expressed in SK1
(MATa/MATa) and W303 (MATa/MATa) is shown in Fig. 7b.
Most of them are in clusters containing known genes involved in
starvation and stress responses, such as those required for nitrogen
metabolism and methionine biosynthesis (cluster 3). Early and
middle classes expressed in sporulating cells are under-represented
(clusters 4 and 5). Several genes involved in amino-acid and RNA
metabolism are induced late in both sporulating and starving cells
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(cluster 7). This indicates the presence of a regulatory system gov-
erning the expression of genes required for various metabolic func-
tions during starvation, independent of mating type.

Transcription factor binding sites upstream of
developmentally regulated core genes

The distributions of known DNA promoter motifs was deter-
mined (within 600 bp upstream of the ATG) among the 1,568
meiotically regulated genes in SK1. Those for proteins implicated
in meiotic progression, Abflp, Ume6p and Ndt80p, are shown
for the 915 core genes (Figs 4 and 7a). The Abflp binding site
(UASy, 5-RTCRYYNNACG-3'; refs 12,26,27) occurs at slightly
higher frequency among stress response, early meiotic, and cer-
tain middle and late meiotic genes (20% versus 13% in the
genome), consistent with the known role of Abflp in the tran-
scriptional regulation of numerous metabolic and meiotic
genes!228-30, The Ume6p protein recognizes two related target
sites, one of which (designated URS1,, 5-DSGGCGGCND-3’;
ref. 31), shown to be critical in regulating SPO13 (ref. 24) and
other early meiotic genes!, is highly over-represented in the
upstream regions of genes in cluster 4 (16% versus 4.5% in the
genome). The other element (termed URSg, 5-SGWGGMR-
RNANW-3), identified in the promoter of a DNA-damage-
response gene32, is only moderately over-represented in cluster 4
(12% versus 8% in the genome). Some URS1, and URSg-con-
taining genes also display late expression patterns, suggesting that
Ume6p functions more broadly during sporulation than previ-
ously thought”10, Lastly, the Ndt8Op target sequence (MSE,
5-VKNCRCAAAWD-3’; refs 13,33) is particularly prevalent in
the upstream regions of genes in clusters 4-7 (~30% versus
10.5% in the genome). Their expression patterns support the
idea that Ndt80p regulates transcription of many genes involved
in the meiotic divisions and later steps of spore formation!4,
Apart from these well-characterized regulatory elements, the
sequences 5'~TATATA-3" and poly(A)g are also moderately over-
represented in the middle expression classes. The above binding-
site survey correlates the presence of known meiotic regulatory
motifs to specific meiotic expression patterns, but numerous
meiotic genes do not contain matches to any of these sites, and
many genes with these sites are not induced during sporulation.
The promoter sequences and transcription factors governing
these genes remain to be identified.

Discussion

Getting to the core of the meiotic question. We have defined the
meiotic transcriptome of budding yeast by high-density oligonu-
cleotide microarray analysis. Using the described criteria, we
found approximately 1,600 genes to be meiotically regulated in
sporulating SK1 or W303. This number is compatible with an
independent estimate based on genomic analysis of lacZ transla-
tional fusions during sporulation34. Gene-by-gene comparison
in SK1 and W303 identified approximately 900 “core” loci meiot-
ically regulated in both strains (including 650 meiotically
expressed genes not previously reportedl’) that comprise most
known sporulation genes and other ORFs essential for the
process (European Functional Analysis Project3®; A. Nicolas,
pers. comm., and R.M.W. and RW.D., unpublished data).
Besides the core loci, several hundred SK1- or W303-specific reg-
ulated genes were uncovered. The presence of SK1-specific tran-
scripts may be explained, in part, by the strain’s highly
synchronous sporulation properties, which yield more abundant
populations of induced messages. The detection of approxi-
mately 700 genes regulated exclusively in W303, in which meio-
sis proceeds more slowly and with less synchrony, indicates that
promoter sequence polymorphisms may also contribute to
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strain-specific transcription (in both W303 and SK1). We found
8 of 39 genes deleted in SK1 to be transcriptionally induced in
sporulating W303 cells, and 1 of 8 genes deleted in W303 to be
upregulated in sporulating SK1 cells, indicating that these loci
may also be important for controlling the different sporulation
properties of the strains. Finally, RMEL, a negative regulator of
meiosis3® expressed more than 10-20-fold higher in W303
than in SK1, may also participate in delaying the onset and
progression of meiosis in this strain.

Meiosis-specific genes. The starvation control experiments
revealed that most meiotically induced genes are dependent on
the MATa/MATa locus (>95%). Among the approximately 300
genes transcriptionally induced in starving MATo/MATa or
MATa/MATa cells, only a small fraction expressed in both con-
trols (45) are found among the approximately 900 ‘core’ meiotic
genes described above (particularly genes required for methion-
ine biosynthesis). The presence of a large number of starvation-
regulated genes that vary between the two controls (~200) may
arise from mating-type—specific starvation responses and/or
other variation between strains. It should be noted that SK1 and
W303 have numerous genetic differences that may contribute to
strain-specific expression profiles (Fig. 1). Similarly, the sporulat-
ing and non-sporulating counterparts for each background,
although highly related, are not completely isogenic. Although
appropriate nutrients are added to sporulation media to mini-
mize effects of different auxotrophic markers, these and possibly
other undetected point mutations may also influence expression
profiles. Given these considerations, the data thus provide a min-
imum estimate of the overlap or core genes in each case.

Among the genes identified, those that are meiosis-specific
(transcribed exclusively in meiotic cells) are of particular interest
because they may encode critical determinants that reprogram
mitotic cells to undergo meiotic development. Our analysis
revealed that approximately 250 of the approximately 1,600 mei-
otically regulated genes in SK1 are expressed in a meiosis-specific
manner (after excluding genes expressed in starving and mitoti-
cally growing cells). Among these, approximately 70 appear in
the core meiotic group. They include many known essential
sporulation genes (for example, SPO13, HOP1, DMC1), under-
scoring the biological importance of this class of genes. As many
of the non-core meiosis-specific genes in SK1 may also be rele-
vant, but of too low abundance to be detected in W303, we esti-
mate that as many as 150 genes in the yeast genome may be
meiosis-specific. This estimate is close to that made based on
recovery of sporulation-specific mutants (~200 genes) more than
20 years ago®7:38,

Algorithms and meiosis. Several lines of evidence support the
proposed categorization into seven broad expression clusters and
their functional designations (Figs 4 and 7). First, expression
clusters are reproducibly detectable in sporulating, but not starv-
ing, control SK1 and W303 strains. Second, the well-defined mei-
otic clusters 4 and 5 contain many known sporulation genes that
fail to be induced in sporulation-deficient control cells, whereas
the starvation and largely metabolic clusters 1, 2 and 3 contain a
substantial number of genes upregulated in starving cells. Third,
there is a good correlation between the presence of specific motifs
in the promoters of genes that are co-regulated in specific clus-
ters. These and other studies demonstrate that genomic expres-
sion can reproducibly and reliably provide a broad overview of
mRNA abundance associated with a biological process. It is also
important to note potential limitations of such analyses. mMRNA
measurements based on average transcript levels in a population
do not necessarily reflect what happens in a single cell. Moreover,
changes in a population’s pattern of mMRNAs may result from
other factors besides transcriptional regulation. For example, the
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50-70% decrease in RNA recovery typically seen during sporula-
tion (due to changes in RNA extractability and/or intracellular
degradation), may itself alter the number of RNA species
detected, even though the same total amount of labelled RNA
produced the same sum of hybridization intensities.

From the message to the function. The general correlation
between specific clusters and meiotic function suggests that clus-
ter designations of unknown genes may be useful in providing
clues about their function. Indeed, we found that two previously
uncharacterized genes (YILO73C and YPL130W, now designated
SP0O22 and SPO19, respectively), expressed as part of the early
and middle groups (clusters 4 and 5), are essential for proper
timing of M1 and for completion of the nuclear divisions, respec-
tively, similar to several other genes in these clusters (G.G.T. and
R.E.E., unpublished data).

Earlier studies®® and whole-genome analysis of deletions have
demonstrated that the presence of transcriptional induction dur-
ing meiosis does not necessarily imply an essential role for a gene
in the meiotic process. Why do genes that appear to have no
essential role in sporulation show meiotically regulated tran-
scription? One explanation is genetic redundancy and/or the
ability of some gene functions to substitute for others (for exam-
ple, cyclins). Another is that promoters may become activated
cotemporally with meiotically important genes because their reg-
ulatory motifs have evolved a ‘meiotic’ role during the course of
evolution. Given the similarity of meiotic chromosome behav-
iour and homology of genes in different organisms, the genome-
wide identification of meiotically regulated genes in budding
yeast, together with deletion analysis to evaluate their relevance
to gametogenesis, should ultimately lead to a more comprehen-
sive view of how this process occurs in all eukaryotes.

Methods

Yeast strains. The sporulation-proficient W303 strain (REE3201/REE3182:
MATa/MATa ade2/ADE2, can1-100/CAN1, CYH2/cyh2, his3-11,15/his3-
11,15, LEU1/leul-c, LEU2/leu2-3,112, trpl-1:URA3:trp1-3’A/trpl1-1, ura3-
1/ura3-1) is near isogenic to the non-sporulating W303 control strain
(REE3063: MATa/MATa, ade2/ade2, can1-100/can1-100, his3-11,15/his3-
11,15, leu2-3,112/leu2-3,112, trpl-1/trpl-1, ura3-1/ura3-1). REE3201 was
derived from W303-1A by integration of pRS19 (ref. 40) at trp1-1 to create
atrpl duplication for monitoring recombination. REE 3182 was derived by
multiple backcrosses between W303-1B and K264-10D (a strain highly
related to W303 from our laboratory). W303-1A, W303-1B and W303
MATa/MATa were provided by R. Rothstein. The sporulation-proficient
SK1 strain (NKY1551: MATa/MATa ho:LYS2/ho:LYS2, ura3/ura3, lys2/lys2,
leu2:hisG/leu2:hisG, arg4-Nsp/argd-Bgl, hisdx:LEU2-URA3 /hisdB:LEU?2) is
near isogenic to the non-sporulating SK1 control strain (NKY471:
MAT a/MAT a ho:LYS2/ho:LYS2 ura3/ura3 lys2/lys2, differing by the pres-
ence of integrated markers for monitoring recombination (provided by
N. Kleckner).

Media and culture conditions. We used rich medium (YPD), pre-sporula-
tion medium (YPA) and sporulation medium (SPII and SPIII), supple-
mented with specific amino acids and nitrogen bases (each at 50 pg/ml) to
compensate for auxotrophic markers in the strains, following standard
protocols®L. Induction of sporulation was carried out as described*142 with
modifications (see our web sites). We took aliquots of sporulating cells
from the W303 culture at 0, 2, 4, 6, 8, 10 and 12 h and from the SK1 culture
at0, 1,2, 3,4,6,8and 10 h. These time points were chosen to reflect the
progression of meiotic landmarks in each strain. Non-sporulating control
samples were collected from SK1 MATa/MATa at 0, 2, 4, 6 and 8 h, and
from W303 MATa/MATa at 0, 2, 4 and 6 h, respectively.

FACS analysis. We fixed 1x107 cells with 70% ethanol, resuspended in
sodium citrate (50 mM) and sonicated for 10 s at 20% power with a Bran-
son Sonifier 250. Samples were digested with RNase H (250 pg;
Boehringer) for 1 h at 50 °C, stained with propidium iodide (20 pg/ml),
diluted 1:10 in 1xPBS and analysed by FACS (Becton-Dickinson).
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Recombination assays. We determined recombination frequencies in
W303 and SK1 using auxotrophic tryptophan and histidine gene duplica-
tion markers (trpl-1:URA3:trp1-3’A and hisdx:LEU2-URA3/his4B:LEU2,
respectively) as described1042, At the intervals indicated, [5x107 cells were
removed, sonicated briefly with a Branson Sonifier 250 at 20% for 5 s,
washed in sterile water, and plated on media lacking tryptophane or histi-
dine to select for prototrophic recombinants, and on synthetic complete
media to determine viability.

Light and fluorescence microscopy. Cells were fixed with formaldehyde,
and ascus formation monitored by Nomarski light microscopy. Samples
were also fixed in ethanol and mounted in Moviol 4.88 containing Hoechst
33258 (1 pg/ml; CalBiochem) to detect M1 and MII chromatin segregation,
using a Zeiss Axiophot microscope equipped with a Xenon ultraviolet
lamp. We counted [B00 cells per sample in each case.

RNA preparation and DNA probe synthesis. We collected aliquots (400
ml) and stored them as pellets at —80 °C. Each pellet was thawed rapidly
and resuspended in phenol (20 ml; Amersham), 20 ml breakage buffer (75
mM ammonium acetate, 10 mM EDTA), 10% sodium dodecyl sulphate (2
ml; SDS) and 5 g glass beads (0.3-0.5 um; Thomas Scientific). The cells
were vortexed vigorously for 2 min, incubated in a 65 °C water bath for 15
min, re-vortexed for 1 min and spun at 10,000 r.p.m. for 10 min. After re-
extraction with phenol/chloroform (20 ml; 1:1), total RNA was precipitat-
ed (750 mM ammonium acetate, 2 volumes of ethanol), resuspended in
Tris (10 mM, pH 7.5) and stored at —80 °C. Total RNA ([2 mg per sample)
was applied to a Qiagen Oligotex maxi column for poly(A)* RNA isolation,
following the manufacturer's recommended protocol. Poly(A)* RNA ([R0
Hg) was reverse transcribed using SuperScript 11 (GIBCO); the cDNA was
digested with DNase | (Gibco) and biotinylated with a ddATP analogue
NEL-508 (NEN) using Terminal Transferase (Boehringer). The RNA yield
from these samples indicated a 50-70% drop in intracellular total RNA
(including tRNA and rRNA) during the course of sporulation. When
quantified on an array, however, equivalent amounts of labelled RNA (1%
of total RNA) produced the same sum of hybridization intensities at the
start and completion of sporulation.

Genomic DNA preparation. We grew W303 and SK1 MATa/MATa strains
to 5x107 cells/ml in 100-ml YPD cultures. The cells were collected and
washed once with sterile water. We isolated genomic DNA using Genomic-
tip 500/G columns (Qiagen) according to the manufacturer’s instructions.

GeneChip probe array hybridizations. The labelled cDNA probes were
hybridized to antisense Ye6100 GeneChip probe arrays (Affymetrix) as
described?, Genomic DNA was digested, labelled as described above and
hybridized to sense Y6301 GeneChips!8.

Expression data analysis. We analysed GeneChips in a Hewlett-Packard
Gene Array Scanner and collected primary data using GeneChip 3.0 soft-
ware. Data analysis was done in three stages. First, the average difference
was calculated for each gene probed on the array for all hybridizations (26
time pointsx4 arrays) using GeneChip 3.0. The average difference has been
shown to quantitatively reflect the abundance of a particular mMRNA mole-
cule in a population, and is based on the mean of the differences between
the hybridization intensity for the perfect match (PM) features and the
mismatch (MM) features for a particular gene*3. Second, the average dif-
ference values were normalized: for each array, the average difference of
every gene was divided by the mean of all average difference values probed
by that array. This procedure accounted for any variation in hybridization
intensity between the individual arrays. Finally, these normalized data were
analysed using a computer script to identify a set of (11,600 genes compris-
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ing the best candidates for meiotically regulated genes. Criteria for inclu-
sion were based on the ratio of the normalized average difference for each
transcript to the mean average difference in the array (where >2 indicates
an abundant transcript, and <2 indicates a low-abundance transcript). \We
selected genes expressing abundant transcripts that showed at least a four-
fold change (for SK1) or a 2.5-fold change (for W303) in normalized aver-
age difference between the minimum and maximum normalized values
during the time course. These criteria were chosen based on the expression
data of a set of well-characterized loci regulated during meiosis! (see our
web sites). The less-stringent criterion of 2.5-fold for W303 compensates
for its lower sporulation synchrony, which decreases signal intensity. We
used a more rigorous criterion for selection of low-abundance transcripts
to recover genes with higher expression over basal levels. In this case, to be
considered significant, the ratio between minimum and maximum expres-
sion levels had to be at least fourfold greater than the maximum for SK1
and 2.5-fold greater for W303. Genes whose maximum values during
sporulation were less than the mean value for the array (ratio >1) were
excluded from further analysis (although some meiotically regulated loci
may be omitted by this procedure, these data were considered less reliable).
The expression patterns of meiotically induced genes were statistically
analysed (clustered) and processed for presentation using GeneSpring 2.3.4
and software written in Matlab 5.0 (The MathWorks). Clustering was car-
ried out using a standard correlation coefficient of 0.95 as the measure for
significant statistical similarity. The branching behaviour of the tree was
controlled by a minimum distance setting of 0.001 and a separation ratio
between clusters of 0.5. The minimum distance dictates how far down the
tree discreet branches are depicted and reflects the fact that the expression
patterns for most genes are not more closely correlated than 0.001. The
separation ratio determines how large the correlation differences between
groups of clustered genes has to be for them to be considered discrete
groups and to be represented separately (set between 0 and 1). Expression
clustergrams were visually examined and manually ordered over initial
time of induction. Processed expression data of [1,600 yeast genes
obtained using sporulating and starving cells were organized in a relational
database (see web sites). Meiosis-specific genes (not expressed during vege-
tative growth) were detected using the fluorescence signal values at t=0 of
known sporulation genes as selection criteria (SPO13, REC102, MEI4,
SMK4, REC104, MEK1, SPS1, DMC1, HOP1, HOP2, NDJ1, IME2, SPS4,
SPS18, SPO11, ZIP1, RED1, REC114).

Search for regulatory DNA motifs. Regulatory motifs were detected using
the ‘Find-Regulatory-Sequences’ subroutine in GeneSpring 2.3.4, which
iteratively scans upstream sequences from four nucleotides to a specified
maximum length. It reports the position of each sequence (with respect to
the ATG start codon), expected probability of occurrence, observed fre-
quency, and P value for those with a significantly small P value
(default=0.05).
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