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We have developed a large-scale screen to identify genes expressed at different times during the life cycle of 
Saccharomyces cerevisiae and to determine the subcellular locations of many of the encoded gene products. 
Diploid yeast strains containing random lacZ insertions throughout the genome have been constructed by 
transformation with a mutagenized genomic library. Twenty-eight hundred transformants containing fusion 
genes expressed during vegetative growth and 55 transformants containing meiotically induced fusion genes 
have been identified. Based on the frequency of transformed strains producing 13-galactosidase, we estimate 
that 80-86% of the yeast genome (excluding the rDNA) contains open reading frames expressed in vegetative 
cells and that there are 93-135 meiotically induced genes. Indirect immunofluorescence analysis of 2373 
strains carrying fusion genes expressed in vegetative cells has identified 245 fusion proteins that localize to 
discrete locations in the cell, including the nucleus, mitochondria, endoplasmic reticulum, cytoplasmic dots, 
spindle pole body, and microtubules. The DNA sequence adjacent to the lacZ gene has been determined for 91 
vegetative fusion genes whose products have been localized and for 43 meiotically induced fusions. Although 
most fusions represent genes unidentified previously, many correspond to known genes, including some 
whose expression has not been studied previously and whose products have not been localized. For example, 
Sec21-13-gal fusion proteins yield a Golgi-like staining pattern, Tyl-13-gal fusion proteins localize to 
cytoplasmic dots, and the meiosis-specific Mekl/Mre4-13-gal and Spol 1-13-gal fusion proteins reside in the 
nucleus. The phenotypes in haploid cells have been analyzed for 59 strains containing chromosomal fusion 
genes expressed during vegetative growth; 9 strains fail to form colonies indicating that the disrupted genes 
are essential. Fifteen additional strains display slow growth or are impaired for growth on specific media or in 
the presence of inhibitors. Of 39 meiotically induced fusion genes examined, 14 disruptions confer defects in 
spore formation or spore viability in homozygous diploids. Our results will allow researchers who identify a 
yeast gene to determine immediately whether that gene is expressed at a specific time during the life cycle 
and whether its gene product localizes to a specific subcellular location. 

[Key Words: Gene expression; protein localization; S. cerevisiae; fusion protein] 

Received January 5, 1994; accepted in revised form March 14, 1994. 

Eukaryotic genomes are estimated to contain 6,000- 
100,000 genes. Even in the best characterized organisms, 
the functions of the vast majority of genes are unknown. 
Relatively little information is available concerning the 
fraction of the genome that is expressed in particular cell 
types and the cellular processes in which the gene prod- 
ucts participate. In an attempt to gain further informa- 
tion concerning the structure and function of eukaryotic 
genomes, efforts have begun to sequence the genomes of 
Saccharomyces cerevisiae, Drosophila melanogaster, 
Caenorhabditis elegans, and humans. 

S. cerevisiaeis an ideal model organism for the study 
of eukaryotic genomes. Basic cellular processes in yeast 

~These authors contributed equally to this work. 
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are similar in most respects to those of other eukaryotic 
organisms, yet the haploid nuclear genome consists of 
only 14 million bp that encode 6000-8000 genes (Lauer 
et al. 1977; Link and Olson 1991; Olson 1991}. In gen- 
eral, yeast genes do not contain introns, and those in- 
trons that do exist are small (average size, 300-500 bp) 
and usually located near the 5' end of the gene (Woolford 
1989). Hence, open reading frames (ORFs) can be identi- 
fied easily. Finally, the functions of individual ORFs can 
be evaluated readily, as it is easy to create mutations in 
cloned genes and to substitute the altered versions for 
the genomic copies (Rothstein 1991). 

Excluding the rDNA, -25% of the yeast genome has 
been sequenced thus far (estimated from sequences in 
GenBank), and efforts to sequence the entire genome sys- 
tematically have already been initiated (Oliver et al. 
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1992; B. Dujon and A. Goffeau, pers. comm.). From the 
existing sequence data, it is clear that the yeast genome 
is densely packed with ORFs. For example, chromosome 
III, which is 315,000 bp in length, contains 182 ORFs 
that are >100 bp in length (Oliver et al. 1992). Of these, 
37 ORFs correspond to known genes, and the amino acid 
sequences predicted by another 29 ORFs are similar to 
sequences in current data bases. For most predicted pro- 
teins, no significant sequence similarity is observed. 
Whether or not similarity is detected, the information 
obtained directly from sequence analysis is relatively 
limited. In most cases, it remains unknown whether the 
gene product is important at a particular stage of the life 
cycle, where in the organism the protein acts, or in what 
cellular process the gene product participates. 

A variety of different approaches have been used to 
characterize genes and their products. In several organ- 
isms, fusions to the bacterial lacZ gene have been ex- 
tremely useful in identifying genes expressed at different 
times during the life cycle (e.g., Drosophila; O'Kane and 
Gehring 1987) or under different growth conditions (e.g., 
Escherichia coli; Casadaban and Cohen 1979; Casadaban 
et al. 1983). Fusions to lacZ have also been used widely 
for subcellular localization of gene products by indirect 
immunofluorescence with antibodies to f~-galactosidase 
(~-gal, see below). Another approach for analyzing gene 
function is to disrupt the gene in vivo and determine the 
resulting phenotype (Rothstein 1991). 

Described below is an insertional mutagenesis scheme 
for the large-scale characterization of genes in S. cerevi- 
siae. This scheme permitted the rapid analysis of gene 
expression during vegetative growth and meiosis as well 
as the subcellular localization of the products of many 
yeast genes. The scheme also allowed the analysis of the 
phenotypes resulting from disruption of the muta- 
genized genes. Data on gene expression, protein localiza- 
tion, and disruption phenotypes are presented for a large 
number of known and novel genes. 

Results 

Generation of yeast strains with lacZ inserted 
at random locations 

Yeast strains carrying lacZ fusion genes were con- 
strutted according to the scheme outlined in Figure 1. 
First, a yeast genomic library was constructed in a vector 
suitable for transposon mutagenesis in bacteria. The li- 
brary was mutagenized in E. coli with a mini-Tn3::LEU2 
transposon containing lacZ-coding sequences (Seifert et 
al. 1986a) to generate a large number of independent lacZ 
insertions. The transposon contains 38-bp terminal re- 
peats; the ORF in one repeat extends into the adjacent 
lacZ-coding region. The lacZ gene lacks both a promoter 
and an initiator ATG codon; thus, B-gal production in 
yeast depends on insertion in-frame into the coding re- 
gion of an expressed gene. The mutagenized yeast DNA 
sequences were released from vector DNA by digestion 
with a restriction enzyme and introduced into a diploid 
yeast strain by transformation and selection for the 

lacZ LEU2 AMP 

......... ~n3 transposon. .......... 

N o t l ~ N o t l  

lacZ LEU2 AMP 
I~'IIIilIIIIi//IA .....-" 

Notl ............... . ............... N~tl 
[ .  ,. . . . .  ! | 

yeast chromosomes 

I yeast::lacZ 

Ef//////'li/I////~ 

Generate library of 
lacZ insertions in yeast 
DNA library in E. coli 

Cut with Notl and 
transform diploid yeast 

Select transformants on SCqeu 

Identify yeast genes expressed 
during vegetative growth and 
sporulation using color assay 
on X-gal 

( ~ )  Localize fusion proteins 
with anti-13-gal antibodies 

Figure 1. Overall scheme for generation and analysis of 
yeast: :lacZ fusion genes. 

LEU2 marker in the transposon. Transformation is ex- 
pected to result from recombination between yeast DNA 
sequences flanking the transposon and homologous ge- 
nomic sequences, resulting in replacement of the geno- 
mic copy by the mutagenized version (Fig. 1). For most of 
our studies, a yeast strain lacking the 2~ circle plasmid 
was used; thus, most transformants are expected to con- 
tain insertions into chromosomal DNA. DNA gel blot 
hybridization analysis of 68 random transformants re- 
vealed that 60 contain one copy of the transposon and 8 
(11.8%) contain two copies. Thus, most yeast strains 
carry a single copy of the transposon inserted into geno- 
mic DNA. 

Identification of yeast genes expressed 
during vegetative growth 

To identify genes expressed during vegetative growth, 
independent transformants were patched onto synthetic 
complete medium lacking leucine (SC-leu) and then 
assayed for B-gal activity using plates containing X-gal 
(Xie et al. 1993). Of 20,250 patches analyzed, 2800 repro- 
ducibly turn blue. Assuming that the lacZ transposon 
inserted randomly throughout the genome and that 
11.8% of the transformants contain two copies of the 
transposon, these data indicate that 74.2% of the ge- 
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nome consists of ORFs that are expressed during vegeta- 
tive growth. Because 1-2 Mbp of rDNA is present in 
haploid yeast DNA (Link and Olson 1991) and the yeast 
genome is 13.5-14.5 Mbp in size (Olson 1991), 80-86% 
of the nonribosomal genomic DNA encodes proteins 
produced during vegetative growth. This figure is com- 
parable to the fraction of chromosome III DNA that is 
coding (Oliver et al. 1992), suggesting that most yeast 
ORFs are expressed, at least at some level, during vege- 
tative growth. The high fraction of transformants pro- 
ducing B-gal further suggests that the sensitivity of the 
patch tests is sufficient to detect almost all of the trans- 
formants carrying fusion genes expressed during vegeta- 
tive growth. 

Subcellular localization of fusion proteins 

The subcellular locations of 2373 fusion proteins were 
determined by indirect immunofluorescence using rab- 
bit anti-fbgal antibodies. To analyze a large number of 
yeast strains, procedures were developed for growing and 
processing cells in the wells of microtiter dishes, as de- 
scribed in Materials and methods. As a positive control 
for the immunofluorescence experiments, cells were 
stained simultaneously with a rat monoclonal antibody 
that recognizes tubulin (Kilmartin et al. 1982) and with 
the DNA-binding dye Hoechst 33258, which reveals the 
location of the nuclear and mitochondrial DNAs (Snyder 
and Davis 1988). Cells at different stages of the cell cycle 
(i.e., unbudded cells, and cells with small and large buds) 
were examined for each transformant. 

A summary of the immunofluorescence results is pre- 
sented in Table 1, and examples of different staining pat- 
terns are shown in Figure 2. For 68% of the transfor- 
mants examined, staining above background was de- 
tected. The majority, 58% of the total, exhibit general 
cytoplasmic staining (e.g., Fig. 2i) that is uniform, gran- 
ular, fibrous, or finely speckled. Ten percent of the fu- 
sion proteins reproducibly localize to a discrete subcel- 
lular location. One of the major classes (3% of the total) 
consists of fusion proteins that localize throughout the 
nucleus (e.g., Fig. 2a); these usually display a uniform 
fibrous or granular staining pattern. Other patterns in- 
clude localization to the spindle pole body, microtu- 
bules, mitochondria (e.g., Fig. 2c), or the nucleolus (e.g., 
Fig. 2b, as evidenced by double staining with anti-nucle- 
olar antibodies; Yang et al. 1989; H. Friedman, C. Cope- 
land, and M. Snyder, unpubl.). Two fusion proteins were 
identified that localize to bud tips, reminiscent of Spa2- 
~-gal fusions (C. Costigan and M. Snyder, unpubl.). Two 
other fusion proteins localize to the nuclear rim. For one 
of these, some cytoplasmic staining is also detected, con- 
sistent with localization to the endoplasmic reticulum 
(e.g., Fig. 2h): 

In addition to mitochondrial staining, a variety of 
other punctate patterns of cytoplasmic staining were ob- 
served (e.g., Fig. 2d-f). Some fusion proteins localize to a 
single dot per cell, others to 3-10 dots per cell (similar to 
See7 and Kex2 Golgi-staining patterns; Franzusoff et al. 
1991; Redding et al. 1991), and others are present in 50- 

Table 1. Immunofluorescence patterns observed 

Pattern Number 

Nuclear 
general 72 
nucleolus 4 
large dot on edge of nucleus 4 

Nuclear rim/endoplasmic reticulum 2 
Mitochondrial 

all 21 
clustered 3 

Cytoplasmic spots (punctate) 
1-10 dots 58 
10-100 dots 64 

Cell periphery 9 
Bud tip/site of cytokinesis 2 
Spindle pole body 2 
Microtubules 1 
Thick cytoplasmic fibers 3 
General cytoplasmic 

uniform 697 
finely speckled 327 
granular 195 
fibrous 158 

Background 751 

Total 2373 

Fusions in all of the categories (except General cytoplasmic and 
Background) have been tested more than once. Transformants 
displaying cytoplasmic spots represent a very heterogeneous 
category; for presentation purposes, they are divided into two 
classes, those containing 1-10 dots and those containing 10- 
100 dots. 

100 dots per cell. One example in which the dots are 
usually present at the cell periphery is shown in Figure 
2f. 

A number of the localization pattems observed have 
not been described previously. For example, three fusion 
proteins localize to thick cytoplasmic fibers (not shownl, 
and three other fusion proteins localize to mitochondria 
that are clustered, but not to isolated mitochondria (Fig. 
2g). It is likely that these latter fusions induce the clus- 
tering of mitochondria, as clusters are not evident in the 
untransformed strain (see below). In summary, many fu- 
sion proteins localize to discrete sites in the cell and a 
wide variety of different staining pattems are observed. 

Sequence analysis of fusion genes 

To determine the identity of some of the fusion genes, 
the DNA immediately adjacent to lacZ was cloned and 
sequenced using the strategy outlined in Figure 3. 
Briefly, a plasmid marked with the URA3 gene was in- 
tegrated into the transposon by recombination between 
the plasmid- and transposon-bome copies of the ampi- 
cillin-resistance gene. Yeast DNA was then cut with a 
restriction enzyme that releases the bacterial origin of 
DNA replication, lacZ, and the adjacent yeast DNA se- 
quences as a linear fragment; this fragment was then 
circularized and recovered in bacteria. The sequences 
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Figure 2. Examples of immunofluorescence pattems observed in 
vegetative cells. Staining with anti-[3-gal antibodies is shown in left- 
hand panels; DNA staining of the same cells with Hoechst 33258 is 
shown in right-hand panels. {a) General nuclear staining in transfor- 
mant V9. This fusion protein stains the entire nucleus, including the 
nucleolus, in a pattern of large granules. {b) Nucleolar staining in 
V145. This fusion protein localizes to the nucleolus but is not de- 
tected in the rest of the nucleus. The nucleolus is a crescent-shaped 
structure (arrowsl that occupies approximately one-third of the nu- 
cleus and stains less intensely than the rest of the nucleus with 
Hoechst. (cl Mitochondrial staining in V83. Staining corresponds to 
an area including, but slightly larger than, the mitochondrial DNA 
[arrows] detected by Hoechst staining. {d) The Sec21-[3-gal fusion in 
V112. This fusion protein localizes to three to eight brightly staining 
regions in the cytoplasm. Note that staining is present in a bud 
{arrow). (e) Cytoplasmic dots (-501 in V1. The dots are more diffuse 
than in most other transformants, if) Multiple t30-50) cytoplasmic 
dots, predominantly at the cell periphery, in V299. In the strains 
shown in e and f, the dots detected with anti-~3-gal antibodies usually 
do not coincide with regions stained by Hoechst. {g) Clustered mi- 
tochondrial stain (Arfl-J3-gal fusion in V33). This fusion localizes to 
mitochondria that are clustered {e.g., arrowhead) but not to mito- 
chondria that are dispersed {e.g., small arrows}. {hi Punctate pattem 
of staining of nuclear rim and/or endoplasmic reticulum in V370. 
Staining is most prominent around the edge of the nucleus, although 
extensions into the cytoplasm can be observed, ill General cytoplas- 
mic staining lin V32) typical of fusions expressed at a fair to moder- 
ate level as determined by B-gal assays. This particular fusion protein 
displays a granular pattern of staining. Cells that do not contain a 
[3-gal fusion protein do not display detectable staining at this expo- 
sure. 

fused to lacZ were  de te rmined  us ing  a pr imer  comple-  
m e n t a r y  to sequences  in the  t ransposon.  

Sequence analys is  was performed for 90 s t ra ins  tha t  
con ta in  a single ch romosomal  copy of the in se r t ion  and 
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Figure 3. Scheme for plasmid rescue and sequencing. 

whose B-gal fusion proteins localize to discrete sites 
within the cell; sequencing was also carried out for one 
strain that contains a fusion gene on the 2~ circle plas- 
mid. Thirty-one of the fusions correspond to previously 
known genes or ORFs (Table 9.), and another five encode 
proteins that are homologous, but not identical, to 
amino acid sequences present in the data bases (P 
<10-2). For the vast majority of fusion genes, the se- 
quence is novel. A summary of these results is presented 
in Table 2. 

Of the 22 strains that contain nuclear fusion proteins, 
two insertions are in genes known to encode nuclear 
proteins: histone H2A (Hall et al. 1984) and the 2~ circle 
Repl protein (Wu et al. 1987). Two other nuclear fusion 
proteins correspond to gene products involved in nuclear 
transcription, but whose localization has not been re- 
ported (Ada2, Berger et al. 1992; Bdfl, A. Sentenac and B. 
Seraphin, pers. comm.). Four mitochondrial fusion pro- 
teins correspond to genes known to be involved in mi- 
tochondrial function, including ATP1 (Takeda et al. 
1986), HEM15 (Labbe-Bois 1990), and NUC1 (Liu and 
Dieckmann 1989); two others are in known genes, 
RNA12 (Liang et al. 1992) and A R 0 3  (Paravicini et al. 
1988), whose products have not been localized previ- 
ously. The remainder of the nuclear and mitochondrial 
proteins are encoded by previously unidentified genes. 

Sequences were also determined for strains whose fu- 
sion proteins display a punctate pattern of cytoplasmic 
staining. A variety of known genes were identified (see 
Table 2), but none of these correspond to genes for which 
the precise subcellular location of the encoded protein 
has been determined previously by immunofluores- 
cence. However, one gene corresponds to SEC21 whose 
product is involved in protein transport to or within the 
Golgi apparatus (Hosobuchi et al. 1992). The Sec21-B-gal 

fusion protein localizes to approximately four to eight 
cytoplasmic dots per cell (Fig. 2d), consistent with local- 
ization to the Golgi (Frazusoff et al. 1991; Redding et al. 
1991). Two fusion proteins that localize to - 5 0  dots/cell 
result from insertions in Ty elements. One fusion is lo- 
cated in the TyA reading frame, which encodes the pu- 
tative Gag protein, a component of virus-like particles 
(Boeke and Sandmeyer 1991). The other fusion lies in the 
TyB ORF, in a region presumed to encode a protease that 
is also present in Ty particles. The location of Ty parti- 
cles in wild-type yeast strains is not known, but cyto- 
plasmic, virus-like particles have been detected in 
strains overexpressing a Ty element (Garfinkel et al. 
1985). The number of spots detected with anti-B-gal an- 
tibodies is consistent with the number of virus-like par- 
ticles expected per cell (J. Boeke, pers. comm.}. 

One fusion protein that localizes to one to four spots at 
the cell periphery corresponds to Cap/Srv2. The Cap/ 
Srv2 gene product stimulates adenylate cyclase (Fedor- 
Chaiken et al. 1990; Field et al. 1990). Adenylate cyclase 
and its activators, Cdc25 and Ras, appear to reside at the 
plasma membrane (Willumsen et al. 1986; Deschenes 
and Broach 1987; Mitts et al. 1990). 

One of the fusion proteins that localizes to clustered 
mitochondria and may be responsible for the clustering 
corresponds to the ARF1 gene product (Sewell and Kahn 
1988). The Arfl protein is thought to be involved in se- 
cretion (probably in the Golgi; DeMatteis et al. 1993)and 
is not known to have a role in mitochondrial function. 
Possible explanations for the Arfl-B-gal localization pat- 
tern include (11 Arfl functions in the mitochondria, (2} 
Arfl functions only in secretion and the region contain- 
ing the fusion protein contains secretory organelles har- 
boring the Arfl-B-gal fusion protein as well as mito- 
chondria, and (3) aggregation of the Arfl-B-gal fusion pro- 
tein causes clumping of subcellular organelles by an 
unknown mechanism. 

Some of the fusion proteins that localize to discrete 
sites are derived from previously sequenced ORFs whose 
functions are unknown. These include the fusions in 
transformants V76, V145, V8, V160, V319, and V60 (see 
Table 2; Discussion). Three of these ORFs were identi- 
fied in the course of systematic sequencing efforts, and 
the remainder are derived from other sources. 

Two fusions correspond to very short ORFs 

Surprisingly, in two transformants carrying fusion genes 
expressed during vegetative growth, lacZ is fused to se- 
quences that are present in the GenBank data base, but 
the fusions are not within long ORFs. One fusion defines 
an ORF that contains an ATG initiator and is capable of 
encoding a protein 21 amino acids in length. This ORF 
lies downstream of the coding region for the single- 
stranded DNA-binding protein, Ssbl (Jong et al. 1987), 
and the fusion protein localizes to the nucleus. Either 
this ORF encodes a small polypeptide, or this region rep- 
resents a small exon whose RNA is spliced to upstream 
sequences, perhaps the SSBl-coding region. The small 
ORF appears to be expressed in vivo, as strains carrying 
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T a b l e  2. Vegetative genes. S u m m a r y  of sequence  analysis and disruption phenotypes  

Strain Spots Codon/ Disruption 
no. Gene (no.) Function total phenotype 

Comment /  
reference 

Accession 
no. 

A. Known genes/ORFs-nuclear 
V9 REP1 2~ plasmid stability 124/353 

V10 H2A1 histone H2A 76/130 

V 16 BDF1 a bromodomam protein 22/393 
V130 BDF1 bromodomain protein 226/393 
V3 ADA2 transcriptional 330/434 

activation 
V76 YBR2016 ORF on chromosome 362/445 

U 
V170 ORFZ small ORF 20/21 b 

downstream of 
SSB1 gene 

V145 YCL59 

V83 ATPI 

V87 ATP1 

V231 A TPI 

V338 NUCI 

V15 HEM15 

V7 AR03 

V8 ORFX 

V30 RNA12 

V5 ARF1 

VI12 SEC2I 4-8 

V120 TYA 50 
V253 TYB 50 

VI60 c ORFW 50 

V360 GAC1 50 

V232 SEC61 25 

V296 P450-I4DM 50 

V319 VKL162 50-100 

V354 RTG2 50 

V236 CAP/SRVI 1-4 

none detected 

very slow growth; 
CafS; slightly 
salt-sensitive 

none detected 
not tested 
not tested 

not tested 

very slow growth 

B. Known genes/ORFs-nucleolar 
ORF on chromosome 265/326 not tested 

llI 

C. Known genes/ORFs-mitochondrial 
mitochondrial 447/544 

F1-ATPase 
a subunit  

mitochondrial 376/544 
F1-ATPase 
a subunit  

mitochondrial  243/544 
F1-ATPase 
a subunit 

mitochondrial  192/329 
nuclease 

mitochondrial 22/393 
ferrochelatase 

phospho-2-keto-3 110/370 
deoxyheptonate 
aldolase 

partial ORF upstream >141/>298 
of PPH3 

pre-rRNA maturation 626/850 

no growth on glycerol 

slow growth; no 
growth on glycerol; 
slightly car  s 

not tested 

no growth on 
glycerol; orange 
colonies 

microcolonies 

none detected 

slow growth on 
glycerol; slightly 
carS; ts 

none detected 

D. Known genes/ O RFs-clustered mitochondria 
ADP-ribosylation 31/181 none detected 

factor 

E. Known genes/ORFs-cytoplasmic punctate 
intra-Golgi transport 345/935 inviable; germination 

Ty transposon gag 
Ty transposon 

protease 
ORF next to BRF1 

possible phosphatase 
regulatory subunit 
affecting glycogen 
accumulation 

insertion of proteins 
into the ER 

cytochrome P450 

ORF on chromosome 
XI 

retrograde regulation 
gene 

failure 
162/440 not tested 

13/1328 not tested 

12/> 157 inviable; unbudded 
arrest 

407/794 none detected 

392/480 not tested 

145/530 inviable; unbudded 
arrest 

1268/1483 none detected 

122/394 not tested 

F. Known genes/ORFs-cell periphery 
associated with 231/526 not tested 

adenylate cyclase 

Hartley and Donelson 
(1980} 

Choe et al. (1982) 

Z18944 
Z18944 
Berger et a1.(1992) 

Holmstroem et al. 
{1994) 

Jong et al. (1987) 

Oliver et al. (1992) 

Takeda et al. {1986) 

Takeda et al. (1986) 

Takeda et al. {1986) 

Vincent et al. {1988] 

Labbe-Bois {1990) 

Paravicini et al. 
(1988) 

Ronne et  al. (1991) 

Liang et al. (1992) 

Sewell and Kahn 
(1988) 

Hosobuchi et al. 
(1992) 

Boeke et al. {1988) 
Boeke et al. {1988) 

Colbert and Hahn 
{1992) 

Francois et al. {19921 

Stifling et al. (1992) 

Ishida et al. (1988) 

Pascolo et al. (1992) 

Liao and Butow 
(1993) 

Fedor-Chaiken et al. 
{1990); Field et al. 
{1990) 

T17581 

T17554 

T17560 
T17632 
T17569 

T17577 

T17633 

T17558 

T17579 

T17580 

T17562 

T17572 

T17559 

T17576 

T17578 

T17570 

T17574 

T17555 

T17556 
T17565 

T17561 

T17635 

T17564 

T17568 

T17571 

T17573 

T17563 
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Table 2. (Continued) 

Strain Spots Codon/ Disruption C o m m e n t /  Accession 
no. Gene (no.) Function total phenotype reference no. 

G. Known genes/ORFs-diffuse cytoplasmic 
V60 ORFY D N A  from human  d none detected Z15419 

eDNA library 
contaminated with  
yeast sequences 

V288 RNR2 small subunit of 222/399 inviable; large budded l:.lledge and Davis 
ribonucleotide arrest { 1987) 
reductase 

V260 EXN1 short ORF lacking not tested Chen et al. {1991) 
ATG near 
LE U2-A TE 1 

V142 PUT4 proline-specific 176/627 none detected Vandenbol et al. 
permease (1989) 

H. New genes/ORFs-nuclear 
V129 inviable; unbudded 

arrest 
V25 none detected 

V53 not tested 

V239 
V34, V42 

V43, V124, 
V138, V152, 
V163, V228 

V41 
V227 

VI1 
V86 

V4 
V13 
V17 

V50, V78 
V287 e 

V363 
V242, V266 
V304, V306, 

V289 
V165 
V285 
V364 

V6 
V317 
V93 

1-5 
2-6 
5-10 

1 
1-2 

10-25 
1-5 

5 

10 
10 

4-5 
{globs) 

10-50 
1-50 

10-25 

none detected 
not tested 

homology to Sere5 
sex muscle  Ab. 
protein; 72%/54 
aa; P = 3.9 x 
10 - i s  {Clark et al. 
1992) 

homology to Nucpl; 
84%/13 aa; (P = 
1.5 X 10 -4 
(Vincent et al. 
19881 

60% spore lethality 
inviable (or very slow 

growth); most ly  
unbudded 

I. New genes/ORFs-mitochondrial 
not tested 
none detected 

J. New genes/ORFs-cytoplasmic punctate 
none detected 
none detected 
none detected 

none detected 
inviable; unbudded 

arrest 
none detected 
not tested 
not tested 

very slow growth 
none detected 
none detected 

none detected 
none detected 
none detected 

homology to Ybl03 
protein 825330; 
61%/63 aa; P = 
8.6 x 10-  lo 

CEN-linked 

homology to yeast 
Ala/Arg amino- 
peptidase; 70%/10 
aa; P = 2.9 x 
10 -~7 (Caprioglio 
et al. 1993) 

linked to TRP1 

T17575 

T17567 

T17566 

T17557 

T17586 

T17547 

T17624 

T17545 
T17610, T17620, 
T17621, T17585, 
T17588, T17592, 
T17593, T17600 
T17619 
T17599 

T17583 
T17629 

T17617 
T17587 
T17595 

T17622, T17628 
T17551 

T17611 
T17546, T17548 
T17602, T17603, 

T17552 
T17594 
T17550 
T17612 

T17626 
T17606 
T17630 

(Table 2 continued on following page) 
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T a b l e  2. (Continued) 

Strain Spots Codon/ Disruption Comment /  Accession 
no. Gene {no.)  Function total phenotype reference no. 

V31 25 none detected CEN-linked; T 17604 
homology to SYGP 
ORF 17 L10830; 
84%/19 aa; P = 
6.1 x 10  - 3  

V147 25 not tested T17590 
V148 25-50 none detected T17591 
V1, V146, 50 none detected T17582, T17589, 

V229, V237, T17601, T17544 
V313, V320 T17605, T17608 

V40 10-50 slow growth; ts; T17618 
CafS; slightly 
salt-sensitive 

V367 10-50 Caf s T17613 
V55 f 50 inviable; large budded T17625 

arrest 
V123, V321 50 not tested T17584, T17609 
V182 50-100 slow growth T17596 
V183 50 none detected weakly CEN-linked T17597 

K. New genes/ O RFs-diffuse cytoplasmic 
V22 none detected CEN-linked T17598 
V32, V369 none detected T17607, T17615 
V27, V291, not tested T17549, T17553 

V368 T17614 
V71 Caf s T17627 

L. New genes/ORFs-spindle pole body 
V94 inviable; no cdc T 17631 

phenotype 

M. New genes/ORFs-peripheral patch 
V51 microcolonies T 17623 

N. New genes/ORFs-nuclear rim 
V370 slow growth T17616 

The column labeled Codon/total indicates the codon at which lacZ is inserted and the total number of codons in the gene. For genes with homology to 
known sequences, the percentage of amino acid residues that are identical and the number of amino acids over which the homology extends are indicated. 
(P) The probability that the match is due to chance. For known genes whose sequences are not published, GenBank accession numbers are included in 
the column labeled Comment/reference.  The last column indicates the accession numbers at GenBank for lacZ-adjacent sequences. (ts) Temperature- 
sensitive; (Car s) caffeine-sensitive; (ER) endoplasmic reticulum; (aa) amino acids. 
aSome cytoplasmic staining as well in V16. 
bSize of ORF based on upstream ATG codon; could be an exon fused to SSB1. 
cSome cytoplasmic dots as well. 
dORF size unknown. 
eStaining near tubulin. 
lOne bright dot; - 5 0  less intense. 

a disruption form very small colonies at 25°C. Another 
fusion corresponds to a short ORF (called EXN1 in Table 
2) that lacks an ATG initiation codon; sequences ex- 
pressed from this ORF might also be spliced to upstream 
coding sequences. In summary, these data indicate that 
at least some small ORFs in yeast are expressed in vivo. 

Disruption of vegetative genes and analysis of 
mutant phenotypes 

The original transformants carrying lacZ fusions are het- 
erozygous for the insertion mutations. To determine the 
phenotypes of haploid cells carrying chromosomal inser- 
tion mutations, the diploid transformants were sporu- 

lated and tetrads were dissected. Spores from 59 strains 
carrying fusion proteins that localize to discrete sites, 
and for which DNA sequence had been obtained, were 
analyzed for growth at 25°C (Table 2). In nine cases 
(15%), two spores in each tetrad failed to produce colo- 
nies and the two viable spore colonies were Leu-, indi- 
cating that the disrupted gene is essential. In at least six 
of these transforrnants, the dead spores germinated and 
produced progeny ceils that arrest at a distinct stage in 
the cell cycle, suggesting that the disrupted genes corre- 
spond to CDC genes (Hartwell et al. 1973). From most 
(50) transformants, four viable spores, two Leu ÷ and two 
Leu-, were obtained, indicating that the disruption mu- 
tations are not lethal. Haploid strains derived from nine 
of the transformants exhibit moderate or severe growth 
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defects; in two of these, only microcolonies were visible 
after 1 week of growth. 

The 48 mutant  strains that formed sizable Leu + colo- 
nies were incubated under different growth conditions to 
determine whether they exhibit any detectable growth 
defects. Spore colonies were replica-plated to rich me- 
dium containing (1) glycerol as the primary carbon 
source, (2) a high concentration of salt, (3) EGTA (a cal- 
cium chelator), (4) caffeine (a purine analog), or (5) 
benomyl (an inhibitor of microtubule assembly). EGTA, 
caffeine, and benomyl were present at concentrations 
sublethal to the wild-type strain. Cells were also replica- 
plated onto rich growth medium and incubated at 37°C, 
and onto minimal medium (supplemented with appro- 
priate nutrients) and incubated at 25°C. 

Under the conditions tested, the majority of insertion 
mutants grow at the same rate as wild type (summarized 
in Table 2). None of the mutants  are auxotrophic and 
none are sensitive to EGTA or benomyl. Six mutants are 
sensitive to caffeine; four fail to grow in the presence of 
this drug, whereas another two exhibit impaired growth. 
Two mutants  fail to grow on rich medium at 37°C, and 
two mutants exhibit impaired growth in the presence of 
0.9 M NaC1. 

Nine transformants carrying fusion proteins that lo- 
calize to mitochondria were analyzed. Of these, four 
grow poorly or fail to grow on medium containing glyc- 
erol. Three insertions correspond to two genes whose 
products are known to be important for mitochondrial 
function (ATP1, Takeda et al. 1986; NUC1, Liu and 
Dieckmann 1989); the fourth is encoded by a gene 
(ORFX) that was sequenced previously (Ronne et al. 
1991), but was otherwise uncharacterized. 

Several transformants display a phenotype in more 
than one assay (Table 2). For example, transformant V10 
exhibits slow grow on rich medium at 25°C, fails to grow 
in the presence of caffeine, and is slightly sensitive to 
salt. A total of 15 of the 59 (25%) lacZ insertions tested 
affect nonessential genes but confer defects under some 
or many conditions of growth. 

Identification of genes expressed during meiosis 
and sporulation 

To identify genes expressed during meiosis and sporula- 
tion, the yeast transformants screened as described 
above were replica-plated to sporulation medium and 
then assayed for ~-gal activity on X-gal plates. As con- 
trols, cells were also replica-plated to S C -  leu, medium 
limited for nitrogen, and medium limited for glucose. Of 
19,000 patches analyzed, 55 strains were identified 
whose expression was induced significantly after trans- 
fer to sporulation plates, but whose ~-gal activity was 
undetectable or barely detectable on control plates. As- 
suming that there are 6000-8000 genes in the yeast ge- 
home (and correcting for insertions into rDNA and for 
the number of strains containing more than one inser- 
tion), these data predict that there are 93-135 meioti- 
cally induced genes in yeast. 

The DNA sequence adjacent to lacZ was determined 

for 43 independent meiotically induced fusions; these 
represent a maximum of 40 different genes. Ten fusions 
correspond to nine genes that have been shown to be 
induced in meiosis (Table 3A). With two exceptions 
(SPS2 and ISCIO), these genes were identified in genetic 
screens for mutants defective in meiosis. 

Included among the fusion genes whose expression is 
increased during sporulation are five genes that had been 
identified previously but were not known to be meioti- 
cally induced (SGV1, REV1, Y' elements, 25S rRNA, 18S 
rRNA; Table 3B). In one of these, REV1 (Latimer et al. 
1989), a close match to the consensus URS1 sequence 
(CCGGCGGCTT in REV1 vs. PyCGGCGGCTA in the 
consensus) is located 131 bp downstream of the start of 
the coding region. URS 1 has been shown to be involved 
in meiosis-specific gene expression (Buckingham et al. 
1990). Unexpectedly, four meiotically induced fusions 
correspond to lacZ insertions in sequences that specify 
rRNAs. 

The remaining 26 meiosis-specific insertions do not 
correspond to genes present in current data bases. How- 
ever, six of these genes are predicted to encode proteins 
with amino acid sequence similarity to known proteins 
(Table 3C). For example, one gene, MSH4, encodes a ho- 
molog of the bacterial MutS proteins, which are involved 
in the correction of mismatched base pairs (Modrich 
1991). A detailed characterization of this gene will be 
presented elsewhere (P. Ross-Macdonald and G. Shirleen 
Roeder, in prep.). 

Analysis of meiotically induced fusions by indirect 
immunofluorescence 

Yeast strains carrying all 43 meiotically induced fusions 
were examined by indirect immunofluorescence using 
anti-~-gal antibodies; mixed populations of cells repre- 
senting all stages in meiosis were used for this analysis. 
These experiments provided information regarding the 
subcellular location of meiotic gene products as well as 
the timing of gene expression in meiosis. Of the trans- 
formants analyzed, 10 display staining detectable above 
background. 

Several different staining patterns were observed. Of 
the 10 fusion proteins, 7 display cytoplasmic staining; 
these include proteins encoded by three known genes, 
SPS2, HOP1, and ZIP1. The Sps2 and Hop l fusion pro- 
teins exhibit general cytoplasmic staining; the Zip l fu- 
sion protein localizes to a single bright dot per cell, sug- 
gesting that the fusion protein forms an aggregate. The 
Hop l and Zip l proteins have been localized previously 
to meiotic chromosomes (Hollingsworth et al. 1990; 
Sym et al. 1993); thus, the nuclear localization of these 
proteins has been disrupted by their fusion to ~-gal (see 
Discussion). Two fusion proteins, Spoll-f~-gal and 
Mekl/Mre4--f~-gal, localize to the nucleus (Fig. 4a, b). 
Mutations in the SPOll (Klapholz et al. 1985) and 
MEK1/MRE4 (Leem and Ogawa 1992; Rockmill and 
Roeder 1991) genes confer defects in meiotic recombina- 
tion and synaptonemal complex formation; MEK1/ 
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Tab le  3. Meio t ica l l y  i n d u c e d  genes. S u m m a r y  of  sequence  analysis  

Strain Percent identity/ 
no. Gene Function Position length (P) 

Accession 
Reference no. 

MIO SPS2 

M41 SPS2 

M4 RECI02 

M54 HOP1 

unknown 

unknown 

meiotic recombination and 
chromosome synapsis 

component of meiotic 
chromosomes 

A. Genes known to be meiotically induced 
420/470 Percival-Smith and Segall T17506 

11986) 
71/470 Percival-Smith and Segall T17514 

(1986) 
170/201 Bhargava et al. {1992); Cool T17503 

and Malone {1992) 
346/606 Hollingsworth and Byers T17523 

11989}; Hollingsworth et 
al. (1990) 

32/270 Engebrecht and Roeder T17517 
(1990) 

286/398 Klapholz et al. (1985; T17528 
Atcheson et al. 11987) 

117/199 Malavasic and Elder 11990) T17518 
63/497 Rockmill and Roeder (1991); T17532 

Leem and Ogawa 11992) 
46/267 Kobayashi et al. (1993) T17504 

871/875 Sym et al. {1993) T17543 

M46 MER 1 meiosis-specific RNA 
splicing 

M60 SP011 meiotic recombination and 
chromosome synapsis 

M48 SP016 spore formation 
M69 MEK1/MRE4 meiotic recombination and 

chromosome synapsis 
M6 ISCIO spore formation 
M85 ZIP1 synaptonemal complex 

structural component 

B. Genes identified previously but not known to be meiotically induced 
M43 SGVI kinase involved in 547/657 l.rie et al. 11991) T17515 

pheromone-adaptive 
response 

M57 REV1 chemically induced 922/985 Larimer et al. {1989) T17526 
mutagenesis 

M68 Y' subtelomeric 291/570 Louis and Haber 11992) T17531 
retrotransposon-like 
element 

M12 25S rRNA rRNA 2407 (5) Georgiev et al. 11981) T17507 
M58 25S rRNA rRNA 2453 (35) Georgiev et al. 11981) T17634 
M33 25S rRNA rRNA 2984 (1) Georgiev et al. (1981) T17511 
M18 18S rRNA rRNA 1219 147] Rubtsov et al. {1980) T17509 

C. Novel meiotic fusion genes with products similar to known proteins 
M37 routS Salmonella mismatch repair 20%/522 aa {3.8 x 10 -21)  Haber et al. (1988) T17512 
M7 rab5 mammalian GTP-binding 72%/71 aa {7.7 x 10 - 2 7 )  Chavrier et al. (1990) T17505 

protein involved in 
endocytosis 

M49 DHE2 Neurospora NAD-specific 34%/77 aa {6.2 x 10 -7) Vierula and Kapoor (1989) T17519 
glutamate dehydrogenase 

M81 GTR Synechocystis glucose 35%/86 aa 11.5 x 10 -4) Schmetterer 11990) T17539 
transport protein 

M74 ATPCUI human Cu-transport P-type 38%/92 aa {5.6 x 10-la) Vulpe et al. (1993) T17535 
ATPase 

M51 nodG Rhizobium dehydrogenase 26%/78 aa 11.3 x 10-lo) Debelle and Sharma 11986) T17521 
involved in nodulation 

The column labeled Position indicates the codon at which lacZ is inserted and the total number of codons in the gene. In the case of insertions in the 
rDNA, the first number given indicates the distance from the mature 5' end of the processed rRNA and the number in parentheses indicates the number 
of codons between the fusion junction and the most proximal ATG codon specified by rDNA. In M12, M58 andM18, the transposon is oriented such that 
lacZ must be transcribed from the strand opposite that of the rRNA. Percent identity/length indicates the percentage of amino acids residues that are 
identical and the number of amino acids over which the homology extends; (P) the probability that the match is due to chance. The last column indicates 
the GenBank accession number for lacZ-adjacent sequences. The accession numbers for transformants M45, M56, and M62, which display defects in 
meiosis, are T17516, T17525, and T17530, respectively. Accession numbers for other meiotic fusion genes not shown here are T17502, T17508, T17510, 
T17513, T17520, T17522, T17524, T17527, T17529, T17533, T17534, T17536, T17537, T17538, T17540, T17541, and T17542. (aal Amino acids. 

M R E 4  e n c o d e s  a p r o t e i n  k i n a s e .  N e i t h e r  g e n e  p r o d u c t  
h a s  b e e n  l o c a l i z e d  p r e v i o u s l y .  

O n e  t r a n s f o r m a n t  ( M 7 7 )  d i s p l a y s  a n o v e l  s t a i n i n g  pa t -  

t e r n  (Fig. 4cl. T h e  f u s i o n  p r o t e i n  in  t h i s  s t r a i n  w a s  de- 
t e c t e d  f i r s t  as g e n e r a l  c y t o p l a s m i c  s t a i n i n g  in  a s u b s e t  of 
m o n o n u c l e a t e  ce l l s  u n d e r g o i n g  t h e  f i r s t  m e i o t i c  divi-  
s ion .  H o w e v e r ,  i n  ce l l s  u n d e r g o i n g  t h e  s e c o n d  m e i o t i c  
d i v i s i o n ,  anti-[3-gal a n t i b o d i e s  s t a i n  s t r u c t u r e s  t h a t  ap- 
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pea r  as o p e n  c i rc les ,  w i t h  o n e  c i r c l e  p o s i t i o n e d  n e a r  e a c h  
p o l e  of e a c h  s p i n d l e .  I t  is p o s s i b l e  t h a t  t h e  g e n e  p r o d u c t  
d e f i n e d  by  t h i s  i n s e r t i o n  is i n v o l v e d  i n  p r o s p o r e  w a l l  

f o r m a t i o n  ( M o e n s  1971; M o e n s  a n d  R a p p o r t  19711. T h e  
f u s i o n  p r o t e i n  in  M 7 7  is n o t  d e t e c t e d  in  ce l l s  t h a t  h a v e  
c o m p l e t e d  s p o r u l a t i o n ,  i n d i c a t i n g  t h a t  t h e  w i l d - t y p e  pro-  
t e i n  is n o t  a c o m p o n e n t  of m a t u r e  spo re  wa l l s .  

D i f f e r e n t  f u s i o n  p r o t e i n s  a p p e a r e d  a t  d i f f e r e n t  t i m e s  
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systematic approach to characterize the functions of 
yeast genes on a large scale. To date, we have screened 
>25% of the yeast genome for genes expressed during 
vegetative growth and induced during sporulation. Our 
data indicate that 80% or more of the yeast genome en- 
codes ORFs that are expressed during vegetative growth 
and that there are 93-135 meiotically induced genes. 
Our results demonstrate that a significant fraction (at 
least 3%) of the genes expressed during vegetative 
growth encode proteins that localize to the nucleus and 
that a high proportion (at least 1%) of gene products lo- 
calize to mitochondria. 

Some of the genes tagged in the project had been stud- 
ied already in some detail. Nevertheless, new informa- 
tion about such genes has been generated in this project. 
For example, the meiosis-specific SPOIl and MEK1/ 
MRE4 gene products were not known previously to be 
localized to the nucleus, and meiotic induction of the 
subtelomeric Y' family of repeated DNA sequences had 
not been demonstrated. In other cases, lacZ fusions have 
been generated in genes that have been sequenced previ- 
ously but are otherwise uncharacterized; many of these 
were identified in the course of systematic efforts to se- 
quence the yeast genome. Our project contributes infor- 
mation regarding the expression and function of these 
ORFS. For example, ORF YCL59 from chromosome III, 
ORF YBR2016 from chromosome II, and ORF VKL162 
from chromosome XI encode proteins that localize to the 
nucleolus, nucleus, and cytoplasmic dots, respectively. 
Finally, this project has identified many novel ORFS. 
The fusion proteins derived from many of these localize 
to a variety of subcellular locations, including the nucle- 
olus, spindle pole body, bud tips, and prospore walls. We 
expect that most or all of the new ORFS that we have 
identified will be sequenced completely within the next 
few years in the course of systematic sequencing efforts. 

Localization of fusion proteins 

Fusions to lacZ have been used previously to localize a 
large number of yeast gene products, including proteins 
that localize to the nucleus (Hall et al. 1984; Silver et al. 
1984; Moreland et al. 1985; Moreland et al. 1987; Rut- 
gers et al. 1990; Underwood and Fried 1990), mitochon- 
dria (M. Douglas, pers. comm.), spindle pole body (Vallen 
et al. 1992), microtubules (Meluh and Rose 1990; Page et 
al. 1994), and sites of polarized growth (Trueheart et al. 
1987; C. Costigan and M. Snyder, unpubl.). Nuclear pro- 
teins and mitochondrial proteins each contain short lo- 
calization signals. For mitochondrial proteins, the target- 
ing signals have always been found at or near the amino 
terminus (Pon and Schatz 1991); similarly, for many nu- 
clear proteins, the localization domain is amino-termi- 
nal (Silver 1991). Thus, B-gal fusions are expected to be 
fairly reliable for localizing proteins to these organelles. 

A large number of fusion proteins displaying cytoplas- 
mic staining were identified in our screen. At least in 
some cases, the localization pattern probably reflects the 
biology of the protein. For example, the SEC21 gene is 
thought to be involved in transport to or within the 

Golgi apparatus (Hosobuchi et al. 1992), and its product 
localizes to four to eight cytoplasmic dots, consistent 
with Golgi staining (Franzusoff et al. 1991; Redding et al. 
1991). The number of spots observed with Ty fusions is 
also consistent with the number of Ty particles expected 
per cell. Assuming that many of the other cytoplasmic 
staining patterns reflect correct localization of the au- 
thentic proteins (see below), our data are consistent with 
the concept that the cytoplasm is extremely heteroge- 
n o u s .  

Advantages and disadvantages of ~-gal fusions 

Although ~-gal fusions have been used successfully to 
localize a large number of proteins, there are several con- 
cerns associated with their use. First, lacZ insertions 
prevent the expression of coding sequences distal to the 
insertion site and thereby may remove sequences impor- 
tant for proper localization. For example, in this study, 
fusion proteins defined by two genes (HOP1 and ZIP1), 
whose products have been shown to be components of 
meiotic chromosomes, failed to localize to the nucleus. 
Hence, this approach probably underestimates the num- 
ber of proteins that localize to specific subcellular sites 
(other than the cytoplasm) and overestimates the num- 
ber of proteins located in the cytoplasm. Second, it is 
possible that the fusion protein itself may cause local- 
ization artifacts. For example, the Arfl,f~-gal fusion ap- 
pears to cause clustering of mitochondria. 

In some cases, f~-gal fusions have been particularly 
beneficial. For example, it has not been possible to lo- 
calize the authentic Karl or Kar3 proteins, whereas fu- 
sion proteins have been localized (Meluh and Rose 1990; 
Vallen et al. 1992). In the case of Cikl,  ~-gal fusions 
localize to microtubules, whereas the authentic protein 
targets to the spindle pole body (Page et al. 1994). This 
observation allowed the identification of a region in the 
Cik 1 protein that interacts with microtubules. Thus, fu- 
sion proteins often can provide information concerning 
the localization or function of a gene product that is not 
apparent from studies of the bona fide protein. Further- 
more, f~-gal fusions can aid in the identification of local- 
ization sequences. For example, a nuclear localization 
sequence in the Repl protein must lie within the first 
one-third of the protein (residues 1-123). The Zipl-~-gal 
fusion protein identified in this study does not localize 
to the nucleus even though the ZIPI::lacZ fusion junc- 
tion is located only 4 codons from the 3' end of the cod- 
ing region. This suggests that the nuclear localization 
signal is located at the extreme carboxyl terminus of the 
protein, as predicted from the putative protein sequence 
(Silver 1991; Sym et al. 1993). In summary, although 
there are concerns about the use of f~-gal fusion proteins, 
they have been used successfully in a large number of 
cases and they can prove useful in the identification of 
localization domains. 

Disruption of vegetatively expressed genes 

Haploid segregrants carrying insertion mutations were 
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derived from 59 transformants whose fusion proteins lo- 
calize to discrete sites (Table 2). The frequency of essen- 
tial genes (15%) is comparable to that found for random 
insertions throughout the genome (Goebl and Petes 
1986) and for the frequency of disrupted genes analyzed 
on chromosome I (H. Bussey and D. Kaback, pers. 
comm.). The frequency of essential genes was not statis- 
tically different among transformants displaying differ- 
ent staining patterns (e.g., nuclear staining versus cyto- 
plasmic dots). 

The insertion mutations generated by this scheme are 
not necessarily null mutations. However, for the two 
genes identified in this study that were known to be 
essential (SEC21, RNR2), the insertion mutations ren- 
dered cells inviable. Insertion mutations in two known 
mitochondrial genes (ATP1 and NUC1) rendered the 
strains unable to grow on glycerol as a carbon source (as 
expected for mutations in mitochondrial genes) and mu- 
tations in genes known to be required for meiosis con- 
ferred meiotic defects. Thus, we expect many, if not 
most, insertions to generate null alleles. Nevertheless, it 
is likely that some insertions in essential genes do not 
result in cell inviability; such strains are likely to be 
hypomorphs and therefore useful for phenotypic analy- 
sis. 

Analysis of disruption mutations in genes that encode 
mitochondrial proteins revealed mutants  in three genes 
that fail to grow in glycerol-containing medium; one of 
these has not been characterized previously. Mutations 
in several other genes whose fusion proteins localize to 
the mitochondria did not result in any growth defect on 
glycerol-containing medium, indicating either that these 
mutations do not disrupt gene function or that the genes 
are not essential for respiration. The latter possibility 
may explain why many genes encoding mitochondrial 
proteins have not been identified previously even though 
a large number of genetic screens for mitochondrial mu- 
tants have been performed (Pon and Schatz 1991). 

Interestingly, a number of the strains identified in this 
study are sensitive to caffeine. Because caffeine is a pu- 
fine analog, the high proportion of caffeine-sensitive 
strains might reflect the fact that ATP or GTP is in- 
volved in a high fraction of cellular processes. 

Our study indicates that most of the genome encodes 
proteins that are synthesized during vegetative growth, 
consistent with previous studies indicating that much of 
the genome is expressed as RNA (Yoshikawa and Isono 
1990). Nevertheless, disruption of most yeast genes does 
not result in an obvious growth defect. However, by test- 
ing a variety of different growth conditions, a large frac- 
tion of genes that exhibit a growth defect can be uncov- 
ered (25% of total; 30% of nonessential genes). Analysis 
of additional growth conditions may increase the per- 
centage of mutant  strains exhibiting a defect. 

For some nonessential genes, functionally redundant 
homologs may exist elsewhere in the genome. The two 
genes encoding histone H2A provide one example. Dis- 
ruption of one of the two genes results in viable cells 
with a reduced growth rate (this study; Kolodrubetz et al. 
1982). However, even for "redundant" genes, it may be 

possible to identify conditions under which one gene 
member is essential for growth. In the case of histone 
H2A, strains containing a disruption of the gene encod- 
ing H2A1 fail to grow on medium containing caffeine. 

Meiosis-induced genes 

The screen for meiotically induced fusion genes is ex- 
pected to be less sensitive than the screen for vegetative 
fusions for two reasons: (1) Only a fraction of the cells 
(-30%) undergo meiosis on spomlation plates; and (2) 
fewer cells are present on sporulation medium than on 
growth medium. Due to this reduction in sensitivity, the 
calculation of 93-135 meiotically induced genes may be 
an underestimate. However, it should be noted that this 
screen did identify the SPOll and MER1 genes, which 
are expressed at very low levels (Atcheson et al. 1987; 
Engebrecht and Roeder 1990), suggesting that the screen 
is sufficiently sensitive to identify nearly all meiotically 
induced genes. 

A significant fraction (36%, 14/39) of the meiosis-spe- 
cific genes identified in this screen confer a defect in 
meiosis when disrupted. This is in contrast to previous 
screens for meiotically induced genes, in which the vast 
majority of genes identified were found to confer no mei- 
otic phenotype when disrupted (Kaback and Feldberg 
1985; Percival-Smith and Segall 1986; Law and Segall 
1988; Briza et al. 1990; Bishop et al. 1992). Perhaps our 
ability to identify genes expressed at very low levels ac- 
counts for this difference. Previous screens, based on dif- 
ferences in RNA levels between vegetative and meiotic 
cells, focused on abundant mRNAs. On the basis of the 
frequency of mutants  identified in our screen, we esti- 
mate that 30-50 meiotically induced genes are required 
for wild-type levels of sporulation and/or spore viability. 
Of the 14 mutations identified that confer a meiotic phe- 
notype, 7 are in genes identified previously in genetic 
screens for meiotic mutants. Of the five mutations in 
previously unidentified genes, three cause modest reduc- 
tions in sporulation efficiency or spore viability and 
probably would be overlooked in large-scale screens for 
mutants. Thus, this insertional mutagenesis screen is 
useful in identifying genes that are important, but not 
essential, for meiosis. 

Most meiotically induced genes (64%) are dispensable 
for meiosis. As discussed above for vegetative genes, it is 
possible that functionally redundant homologs exist. 
Perhaps sporulation under different conditions or in dif- 
ferent strain backgrounds would reveal roles for some of 
the meiosis-specific genes that do not appear to be im- 
portant for sporulation. 

Conclusions and future prospects 

Assuming that there are 6000-8000 genes in yeast (O1- 
son 1991) and that each gene is fused to lacZ with an 
equal probability, then analysis of 30,000 transformants 
carrying productive fusion genes will be required to gen- 
erate at least one insertion in 98% of yeast genes (and an 
average of approximately four insertions per gene). These 
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numbers  are probably slight underest imates because not 
all genes are of equal size, Tn3 transposition is refractory 
to certain "cold spots" (Wiater and Grindley 1990), and 
the frequency wi th  which mutagenized yeast sequences 
substi tute for their genomic copies may  vary severalfold 
among different chromosomal  locations. Nevertheless,  
we expect that  this approach can be utilized to identify 
most  yeast genes. 

The data that  we have generated will be useful to 
many  researchers. Investigators who identify a new gene 
often will be able to determine immediate ly  its expres- 
sion pattern and the subcellular location of the fusion 
protein. Conversely, researchers studying a particular or- 
ganelle will have access to a bank of insertion muta t ions  
in genes whose products localize to that  structure. In 
addition, the method described and the existing library 
will be useful for many  other purposes. The library of 
plasmids carrying IacZ  fusions can be used to identify 
genes whose expression is controlled by a gene of inter- 
est, by comparison of f~-gal expression in strains that  are 
wild type or mu tan t  for the relevant locus. In addition, 
the library of yeast t ransformants  can be analyzed for 
fusion genes expressed at other t imes in the yeast life 
cycle, such as during mat ing or in response to D N A  dam- 
age. Finally, we expect that  this project will be useful in 
the study of mult icel lular  organisms. Many yeast genes 
have cognates in other organisms (e.g., Cdc42; Mune- 
mi tsu  et al. 1990; Shinjo et al. 1990), reflecting the fact 
that many  cellular processes are shared between yeast 
and higher eukaryotes.  Consequently,  we expect that  the 
information about genes generated by this study will be 
useful for understanding the role of counterparts identi- 
fied in humans  and other eukaryotes.  

M a t e r i a l s  a n d  m e t h o d s  

Yeast manipulations 

Yeast growth media and standard techniques for the manipula- 
tion of yeast have been described by Sherman et al. (1986). The 
diploid yeast strain (Y800) used to generate most transformants 
is of the $288C background and has the following genotype: 

MATa leu2-A98 cryl R ade2-101 HIS3 ura3-52 
MATa leu2-A98 CRY1 ade2-101 his3-A200 ura3-52 

lys2-801 canl R trpl-A1 CYH2 
lys2-801 CAN1 TRP1 cyh2 R Cir° 

Construction and analysis of a library of 
yeast: :lacZ insertions 

General cloning procedures were carried out as described by 
Sambrook et al. (1989). A yeast genomic library was constructed 
as follows. Yeast DNA was digested to an average size of 3 kbp 
with Sau3A, and the first two nucleotides of the 3' overhang 
were filled in with the large fragment of DNA polymerase I and 
dGTP and dATP. The DNA was size-fractionated in an agarose 
gel, and the 1.9- to 3.5-kb DNA was ligated into pHSS6-Sal. 
pHSS6-Sal was derived from pHSS6 (Seifert et al. 1986b) by 
cleaving with NotI and replacing the polylinker with the dou- 
ble-stranded oligonucleotide 

5'-GGCCGCGTCGACGC - 3' 
3 ' - CGCAGCTGCGGGCC-5' 

The resulting vector contains a SalI site immediately flanked 
by NotI sites, pHSS6-Sal was cleaved with SalI, and the first two 
nucleotides were filled in with the large fragment of DNA poly- 
merase I and dCTP and dTTP. The modified genomic Sau3A 
DNA fragments were ligated into the modified vector (Wahl et 
al. 1987) and transformed into the E. coli strain XL1-Blue. Fifty- 
four random clones were analyzed; all contained inserts, and the 
average size was 3 kbp. The final library is maintained in 18 
separate pools and contains a total of l0 s recombinants, repre- 
senting 20 genome equivalents of yeast DNA. 

The library pools of E. coli were mutagenized separately with 
a mini-Tn3::lacZ:: LE U2 using modifications of the procedures 
of Seifert et al. (1986b). Incubations for bacterial conjugations 
were carried out for short periods (0.5-1.5 hr) to ensure inde- 
pendent insertions. Approximately 3 x 104-1 x 106 independent 
transpositions were generated for each pool. DNA was prepared 
separately from each pool, cleaved with NotI, and transformed 
into yeast by electroporation {Becket and Guarente 1991) or the 
lithium acetate procedure (Ito et al. 1983). The frequency of 
strains containing double inserts was similar using both proce- 
dures. 

Transformants were patched at a density of 100 per plate and 
screened for B-gal production. Patches of cells, rather than col- 
onies, were tested to achieve greater sensitivity. Fusion genes 
expressed during vegetative growth were identified by growing 
cells on SC-  leu plates and testing for B-gal activity using the 
chloroform lysis procedure (Xie et al. 1993). Meiotically induced 
fusions were identified by replica-plating cells to sporulation 
medium, synthetic complete medium lacking ammonium sul- 
fate, and complete medium lacking glucose and then screening 
for B-gal activity using the same procedure. Transformants that 
turned blue after incubation on sporulation medium, but not on 
medium limited for nitrogen or glucose, were assumed to carry 
meiotically induced fusion genes. All transformants that turned 
blue during vegetative growth or sporulation were retested for 
B-gal activity in the appropriate assays. 

The fraction of the yeast genome expressed during vegetative 
growth was calculated as follows: Of 20,250 transformants, a 
total of 22,639 independent insertions were screened--20,250 
plus the number that had two insertions (0.118 x20,250). One- 
sixth of the insertions should be in the proper orientation and 
reading frame (3773). The fraction of the genome expressed is 
74.2%, which equals the number of productive transformants 
observed (2800) divided by the number expected if the entire 
genome is expressed (3773). The estimated size of the yeast 
genome, exclusive of rDNA, is 12.49 Mbp, and the amount of 
rDNA is estimated at 1-2 Mbp (Olson 1991). Therefore, the 
fraction of the genome that is rDNA is estimated to be 7.4% 
(1/13.49) to 13.8% {2/14.49) and the non-rDNA fraction ranges 
from 92.6 to 86.2%. Therefore, the fraction of insertions into 
non-rDNA sequences is 80.1% (74.2/92.6) to 86.1% (74.2/86.2). 

Immunofluorescence 

Indirect immunofluorescence was carried out using modifica- 
tions of published procedures (Snyder and Davis 1988; Snyder 
1989; Pringle et al. 1991). For analysis of vegetative fusions, 
yeast strains were inoculated into 100 gl of YPD in microtiter 
wells using a pronged transfer device and grown for -12  hr at 
30°C on a vortex shaker. All subsequent incubations and washes 
were performed in the microtiter dishes. Microtiter dishes were 
centrifuged for 5 min at 500g to pellet cells, as required. Cells 
were fixed by adding 10 ~1 of 37% formaldehyde and incubating 
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at room temperature for 60 min. After fixation, cells were 
washed three times with solution A {1.2 M sorbitol, 50 mM 
KPO4 at pH 7.0), and resuspended in 100 ~1 of solution A con- 
taining 0.1% B-mercaptoethanol, 0.02% glusulase, and 5 ~g/ml 
of Zymolyase 100,000T. After incubation at 37°C for 60 min, 
cells were washed twice with PBS (150 mM NaC1, 50 mM NaPO 4 
at pH 7.4) and once with PBS containing 0.1% NP-40. A 1:1000 
dilution of a rabbit anti-[~-gal antibody (Cappel Laboratories) in 
PBS plus 2% BSA (bovine serum albumin, fraction V; Sigma) 
was then added. Previously, anti-yeast antibodies were removed 
from the anti-B-gal serum by successive incubations of the di- 
luted serum with a 1:1 mixture of Y800 spheroplasts and whole 
cells (fixed with formaldehyde and treated with NP-40) until 
background staining was no longer apparent. A rat monoclonal 
antibody against yeast tubulin (YOL1/34; Kilmartin et al. 1982; 
Sera-lab, 1:100 final dilution of monoclonal supernatant) was 
included as a positive control for the staining procedures. After 
incubation with the primary antibodies overnight at 4°C with 
shaking, the cells were washed once with PBS, once with PBS 
plus 0.1% NP-40, and then again with PBS. The cells were then 
incubated with donkey anti-rat antibodies linked to fluorescein 
isothiocyanate (Jackson ImmunoResearch Laboratories, 1:100 
dilution) and Texas Red-linked anti-rabbit antibodies (Jackson 
ImmunoResearch Laboratories, 1:200 dilution) for 12 hr and 
washed as described above, except for an extra wash in PBS plus 
0.1% NP-40. Finally, the cells were resuspended in 30 ~1 of PBS 
and transferred to individual wells on a polylysine-treated eight- 
well slide. Forty microliters of mounting solution (70% glyc- 
erol, 30% PBS, 2% n-propyl gallate, 0.25 ~g/ml of Hoechst 
33258) was added to each sample. 

Asynchronous samples of sporulating cells were obtained by 
replica-plating patches of cells to sporulation medium and 
scraping cells off the plate 16-20 hr later. Sporulating cells were 
processed as described above, except that fixation and sphero- 
plasting were carried out in microcentrifuge tubes, instead of 
microtiter dishes, and cells were stained with diamidino-2-phe- 
nyl-indole (DAPI), instead of Hoechst 33258. 

Approximately 30% of the vegetative fusion proteins did not 
yield significant staining above background. To determine 
whether proteins localizing to discrete sites were being missed, 
74 strains that did not exhibit staining above background were 
subjected to a sensitive biotin/strepavidin staining protocol 
that greatly amplifies detection (Page and Snyder 1992). Al- 
though many of the resulting samples exhibited general cyto- 
plasmic staining (-30%), no fusion proteins were detected that 
localize to discrete subcellular locations. 

Plasmid rescue and DNA sequence analysis 

Yeast strains were transformed individually with 0.5 ~g of PvuI- 
cleaved YIp5 (Botstein et al. 1979), and transformants were se- 
lected on medium lacking both leucine and uracil. Yeast geno- 
mic DNA was prepared from 2-ml cultures using the DTAB 
lysis method (Gustincich et al. 1991). Each culture was grown 
overnight at 30°C and pelleted in an Eppendorf tube. The pellet 
was washed with 0.5 ml of 1.0 M sorbitol. Cells were sphero- 
plasted at 37°C for 65 rain in 250 ~1 of SEM (1.0 M sorbitol, 50 
mM NaPO4 at pH 6.8, 0.1 M EDTA, 0.1% ~-mercaptoethanol, 
150 ~g/ml of Zymolyase 100T). The cells were lysed by the 
addition of 500 ~1 of DTAB lysis buffer (8% dodecyltrimethy- 
lammonium bromide, 1.5 M NaC1, 0.1 M Tris HC1 at pH 8.8, 50 
mM EDTA) and incubated at 65°C for 5 rain. Genomic DNA was 
extracted with 500 ~1 of chloroform, and the aqueous phase was 
collected after a 2 min spin. Water (750 ~1) and of 5% cetyltri- 
methylammonium bromide (45 ~1) in 0.4 M NaC1 was added to 
the aqueous phase. The tube was inverted gently 10 times to 

mix. After a 5-min spin, the pellet was resuspended in 300 ~1 of 
1.2 M NaC1 to exchange the detergent, and 750 ~1 ethanol was 
added to precipitate the DNA. The pellet was washed once with 
0.5 ml of 95% ethanol, and the DNA was resuspended in 25 ~1 
of TE and 5 ~1 of RNase A (10 mg/ml). Half of the genomic DNA 
recovered was digested w i t h  NsiI and ligated with T4 DNA 
ligase in 200 ~1 of ligation buffer. The ligation was then trans- 
formed into E. coli by electroporation (Sambrook et al. 1989) or 
the MnC12 method (Inoue et al. 1990), and transformants were 
plated on medium containing ampicillin. Plasmid DNAs were 
prepared from the resulting colonies and digested with EcoRI to 
verify the presence of the lacZ, LEU2, and Amp R genes. 

A primer to the 5' end of the lacZ gene (CGTTGTAAAAC- 
GACGGGATCCCCCT) was used to sequence the flanking 
DNA. Sequencing was carried out using the dideoxy chain ter- 
mination method with the Sequenase version 2.0 kit (U.S. Bio- 
chemical). To ensure reproducible results were obtained, two 
independent YIp5 transformants were sequenced for the follow- 
ing fusions: VS, V13, V24, V30, V105, V138, V152, V160, V163, 
V182, V185, V253, V260, V266, V287, V288, V289, V306, V313, 
V319, V338, V370. Sequences were analyzed using the BLAST 
and FASTA programs (Pearson and Lipman 1988). 

DNA gel blot analysis 

For DNA gel blot hybridization analysis, genomic yeast DNA 
was cleaved with EcoRI, separated in an 0.8% agarose gel, and 
blotted overnight onto a nylon membrane (Boehringer Mann- 
heim) according to the directions of the manufacturer. The gel 
blot was probed with a biotinylated probe corresponding to the 
3-kbp BamHI fragment of the lacZ gene. Preparation of the 
probe and gel blot analysis was performed using the Genius 1 
DNA Labeling and Detection Kit (Boehringer Mannheim}. Anal- 
ysis of 1 I3 strains producing fusion proteins that localized to 
discrete sites revealed that 12 (10.6%) contain more than one 
copy of the lacZ transposon. Thus, in most cases, the fluores- 
cence signal observed is due to a unique transposon insertion. 

Analysis of disruption phenotypes 

To examine the phenotypes of strains containing insertions in 
genes expressed during vegetative growth, strains were sporu- 
lated and 20 tetrads were dissected onto rich (YPD) medium. 
Spore colonies were replica-plated onto SC- leu ,  SC-trypto-  
phan, and SC-his t id ine  to confirm that the LEU2, TRP1, and 
HIS3 markers segregate 2:2. Analysis of the trpl marker made it 
possible to determine whether the LEU2 gene in the transposon 
was centromere-linked. In instances where two spores formed 
colonies and two did not, the cells that failed to form colonies 
were examined under the dissecting microscope prior to replica 
plating. For those spore colonies in which >85% of the cells 
were arrested at a particular stage in the cell cyle, the phenotype 
is indicated in Table 2. 

Cells were scored for sensitivity to various growth inhibitors 
by replica-plating the cells from dissection plates onto rich YPD 
medium containing (1) 4% glycerol as the primary carbon 
source, (2) 0.9 M NaC1, (3} 10 m_M EGTA, (4) 8 m_M caffeine, or (5) 
10 ~g/ml of benomyl and incubating the plates at 24-25°C. 
Temperature-sensitive growth was analyzed by growth on YPD 
plates incubated at 37°C, and growth on minimal medium was 
determined using yeast minimal medium containing the sup- 
plements required by all possible auxotrophic segregants (uracil, 
lysine, leucine, tryptophan, histidine, and adenine). 

To examine the phenotypes of strains containing lacZ inser- 
tions in meiotically induced genes, diploids homozygous for 
each insertion mutation were constructed and analyzed. The 
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original transformants, heterozygous for the insertion, were 
sporulated, and tetrads were dissected and analyzed as described 
above. Two haploids of opposite mating type, both carrying the 
insertion marked by LEU2, were mated to each other, and the 
resulting homozygous diploids were then isolated and sporu- 
lated. Sporulation efficiency was monitored in the light micro- 
scope by counting at least 100 cells for each strain. Spore via- 
bility was assessed by dissecting at least 10 tetrads from each 
mutant. In the wild-type control, -30% of the cells sporulated 
and spore viability was >75%. Diploids carrying insertion mu- 
tations were classified as mutant in phenotype if sporulation 
efficiency was 10% or less and/or if spore viability was 50% or 
less. 
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