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Strains of the yeast Saccharomyces cerevisiae that are heterozygous for the mating-type locus (MATa/MATa)
undergo meiosis and spore formation when they are starved for nitrogen and are provided with a
nonfermentable carbon source such as potassium acetate. Haploids and diploids homozygous for the
mating-type locus (MATao/MATTa or MATa/MATa) are asporogenous and undergo neither meiosis nor spore
formation when incubated under the same conditions. A small number of genes produce transcripts that appear
to be induced specifically in sporulating cells. These transcripts either are not found or are present at much
lower levels both in vegetatively growing cells and in cells from asporogenous strains that have been incubated
in sporulation medium. Several genes complementary to these MATa/MATa-dependent sporulation-induced
transcripts were isolated from a gene-size insert yeast-X recombinant DNA library, by differential-plaque filter
hybridization. An attempt was made to determine the function of three of these genes by mutating them in the
yeast genome with in vitro mutagenesis and one-step gene replacement techniques. One gene was extensively
disrupted by both a 0.3-kilobase deletion and the insertion of two large DNA sequences at different sites within
the gene. Surprisingly, this compound mutation did not appear to affect meiosis or the production of viable
ascospores, indicating that this gene was dispensable for differentiation. The other two genes were disrupted by
simple insertion mutations at a site where it was possible that they might still possess some gene activity. These
mutations also did not appear to affect sporulation. These results suggest that not all sporulation-induced genes
are essential for meiosis and the production of viable ascospores under the conditions examined.

Sporulation of the yeast Saccharomyces cerevisiae pro-
vides an excellent model system for the study of cell
differentiation (11, 12, 16). First, the process is inducible and
occurs with moderate synchrony. As a result, large amounts
of sporulating cells at distinct stages of differentiation can be
obtained to facilitate biochemical studies. Second, sporula-
tion is amenable to genetic studies (11, 12). Third, the
process occurs in only 10 to 24 h, depending on the strain
and medium used (11, 12, 16, 19, 24, 27, 36). Finally,
sporulation is associated with meiosis, a process that is
virtually universal to eucaryotes. Accordingly, mechanisms
involved in differentiation that are associated with yeast
meiosis may be applicable to other eucaryotic organisms.

Sporulation is induced when diploid strains that are
heterozygous for the mating-type locus (MATa/MAToa) are
starved for nitrogen and are provided with a nonfermentable
carbon source such as potassium acetate. Haploid strains
and diploid strains that are homozygous for the mating-type
locus (MATaIMATa or MATa/MATTa) are asporogenous and
undergo neither meiosis nor sporulation when incubated
under these same conditions (11, 12, 16, 19).
Recent studies have suggested the existence of a sporula-

tion-specific program of gene expression (22, 26, 28, 46, 48).
Many transcripts and peptides exhibited patterns of expres.
sion that were unique to sporulating cells. These patterns
were not displayed when haploid or homozygous MAT
diploid cells were incubated in sporulation medium. In
addition, hybridization studies indicated that there were
approximately 200 MATa/MA Ta-dependent sporulation-
induced transcripts. These transcripts were either absent or
barely detectable in both haploid and homozygous or
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heterozygous MAT diploid cells grown vegetatively. They
were also missing or barely detectable in asporogenous
haploid or homozygous MAT diploid cells incubated in
sporulation medium (D. Mills, personal communication).
Recombinant DNA plasmids and bacteriophages comple-
mentary to approximately 20 of these sporulation-induced
transcripts have been isolated thus far (6, 33). However, the
functions of these genes are not yet known.

Determining the roles of genes that give rise to sporula-
tion-induced transcripts is important for understanding the
molecular events leading to sporulation. With only 200
sporulation-induced transcripts, it seemed reasonable to
expect that most would be important for differentiation.
However, two vegetatively expressed genes not thought
required for sporulation, CDCIO and GALIO, produced
much more abundant transcripts in sporulating cells than in
either vegetative or asporogenous cells incubated in sporula-
tion medium (22). In addition, a sporulation-specific 20S
RNA species was found in some but not all sporulation-
competent strains (13). These findings suggest that genes
that produced sporulation-induced transcripts need not be
required for sporulation. Accordingly, it is important to
determine whether the genes isolated on the basis of differ-
ential expression are essential or important for sporulation.

This report describes the isolation of several additional
MATa/MATa-dependent sporulation-induced genes by dif-
ferential-plaque filter hybridization. It also describes our
attempts to determine the function of three of these genes by
using one-step gene replacement techniques. Differentially
expressed genes were mutated in vitro and inserted in the
yeast genome in place of their wild-type (wt) alleles (38).
Homozygous mutant diploids were constructed and tested
for their ability to sporulate. We expected the mutants to
show a sporulation-defective phenotype indicative of the
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TABLE 1. Yeast strains and recombinant plasmids

Strain or plasmid Genotype or insert Source (reference)

Strains

SK1 MATa HO
MATa HO

g716 5Aa

R. Roth (25)

J. Game (22)MATa ho hom3-10 hisl-7 can]

MATot adel ade2 gall tyri lys2 his7 ural URA3 CAN] CYH2 LEU1
MATat ADEI ade2 GAL] TYRI LYS2 HIS7 URAI ura3 canl cyh2 leul

MATa ade2 lys2 his2 HIS8
MATa ADE2 LYS2 HIS2 his8

MATa ade2 ADEI leu2-3,112 his3-11,15 trpl-J ura3-1 CANI
MATo ADE2 adel leu2-3,112 his3-11,S15 trpl-l URA3 canl-100

A. Hopper (20)

H. Halvorson (28)

This study

This study

DK337 fllgn24A

DK337 fllgn2-2C

DK337 flAlgn24A

DK337 QiAlgn2-2C

DK337 Algn24A

DK337 Algn2-2C

DK337 fllgn3

c

DK337 Qllgn4

Plasmidsd
pLF35
pLF44
pLF46
pLF23
pLF47
pLF24
pLF43

MATot lgn2::HIS3 adel ura3-1 leu2-3,112 his3-11,15 trpl-J

MATa lgn2::HIS3 ade2 ura3-1 leu2-3,112 his3-11,15 trpl-l

MATa lgn2::LEU2-HIS3 adel ura3-1 leu2-3,112 his3-11,15 trpl-l

MATa lgn2::LEU2-HIS3 ade2 ura3-1 leu2-3,112 his3-11,15 trpl-J

MATa lgn2::LEU2 adel ura3-1 leu2-3,112 his3-11,15 trpl-J

MATa Ign2::LEU2 ade2 ura3-1 leu2-3,112 his3-11,15 trpl-l

lgn3: :HIS3
LGN3

lgn4: :HIS3
LGN4

LNG2
lgn2: :HIS3e
lgn2::LEU2f
LGN3
lgn3: :HIS3e
LGN4
Ign4::HIS3e

a g716-5A is a heterothallic haploid strain closely related to SK1. It was isolated from a diploid constructed by first crossing an unrelated heterothallic haploid
to an SKi haploid segregant and then repeatedly backcrossing heterothallic haploid segregants from subsequent crosses with homothallic SKI haploid segregants
(J. Game, personal communication).

b DK337 is a cross between W301-18A-1A MATa (R. Rothstein) and D139-11B MATa (J. Szostak).
I Transformant of DK337, having the same genotype plus the noted gene disruption.
d All plasmids were constructed with pBR322 as the vector and amplified in E. coli SF8.
I The source of HIS3 DNA used in these constructions was pWJ79, courtesy of R. Rothstein.
f The source of LEU2 DNA used in this construction was YEpl3(5), courtesy of J. Hicks.

function of the differentially expressed gene. Surprisingly,
strains carrying a homozygous mutation in any of the three
genes tested appeared to sporulate normally to produce
viable ascospores. Thus, these MATa/MATa-dependent
sporulation-induced genes were dispensable for sporulatioi'
under the conditions investigated. We discuss reasons why
these genes appeared to be dispensable for sporulation.

MATERIALS AND METHODS

Growth and sporulation. S. cerevisiae strains used are listed
in Table 1. Cells were grown and sporulated as described
previously (22).
RNA isolation. Poly(A)+ RNA was isolated and purified by

oligo(dT)-cellulose chromatography as described previously
(22).
Recombinant DNA techniques. DNA was digested with

restriction endonucleases according to the specifications of
the supplier. Restriction fragments were purified by
electroelution as described by either Maniatis et al. (29) or
Tabak and Flavell (44). Ligations were carried out with T4
DNA ligase (New England BioLabs, Inc.) as described by
Maniatis et al. (29). DNA was labeled by nick translation by
the method of Rigby et al. (37), using a-32P-labeled deoxy-
nucleoside triphosphates (Amersham Corp.). Plasmids listed
in Table 1 were amplified in Escherichia coli SF8 and
isolated as described by Maniatis et al. (29). All other
recombinant DNA techniques were performed as described
by Maniatis et al. (29). Bacteriophage X607 (courtesy of
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ANALYSIS OF SPORULATION-INDUCED TRANSCRIBED SEQUENCES

Noreen Murray) (31) and its recombinant derivatives were
grown by using either E. coli SF8 or C600 as the host. Phage
stocks were prepared and DNA was isolated as described by
Davis et al. (9).

Construction of a small insert S. cerevisiae-A recombinant
DNA library. To facilitate the isolation of differentially
expressed sequences, a library containing gene-size [1 to 5
kilobases (kb)] yeast DNA inserts was constructed. The
library was necessary because S. cerevisiae contains, on the
average, one transcript for every 2 to 3 kb of DNA (15, 21;
K. Coleman, H. Y. Steensma, J. Pringle, and D. B. Kaback,
submitted for publication), and 95% of the transcripts made
during vegetative growth are also made during sporulation
(D. Mills, personal communication). Using libraries which
contain 7- to 22-kb inserts gives a high probability that the
hybridization signal from a sporulation-specific induced tran-
script would be obscured by hybridization from transcripts
present at both stages of the life cycle. A library containing
gene-size inserts should minimize this problem and might
facilitate the isolation of DNA from which even nonabun-
dant RNA is differentially expressed.

S. cerevisiae Y185 DNA was isolated from nuclei pre-
pared by the method of Gorner and Phillips (14), using a
modification (Coleman et al., submitted for publication) of a
previously published procedure (27). DNA was randomly
sheared by sonication to 0.5 to 10 kb and centrifuged on a 5
to 30% (wt/vol) sucrose gradient [25,000 rpm, 22 h at 4°C,
Beckman SW28 rotor (Beckman Instruments Inc.)]. The
fractions containing 1 to 5 kb of DNA were pooled and
ethanol precipitated, and the product was suspended in 10
mM Tris (pH 7.4)-1.0 mM EDTA. Single-stranded ends
were "filled in" with avian myeloblastosis virus reverse
transcriptase and "trimmed" with S1 nuclease. DNA (25 ,ug)
was incubated in a 50-,ul reverse transcriptase reaction (50
mM Tris hydrochloride [pH 7.5], 50 mM KCl, 10 mM MgCl2,
5.0 p.M each deoxynucleoside triphosphate) at 37°C for 30
min with 1.0 p.1 (23 U) of reverse transcriptase (Life Sci-
ences, Inc.) (29). The DNA was then sequentially extracted
twice with phenol and five times with ether and ethanol
precipitated. The product was suspended in 125 p.1 of S1
nuclease buffer (0.5 M NaCl, 50 mM sodium acetate [pH
4.5], 2.0 mM ZnSO4) and was incubated at 37°C for 1 h with
1.0 p.1 (25 U) of S1 nuclease (Bethesda Research Laborato-
ries, Inc.).

Synthetic decameric EcoRI linkers (Collaborative Re-
search, Inc.) (300 pmol) phosphorylated in 500 p.l of 55 mM
Tris hydrochloride (pH 8.0)-10 mM MgCl2-10 mM dithio-
threitol-6.0 p.M [-y-32P]ATP (30 Ci/mmol) at 37°C for 1 h with
1 ,u1 (5 U) of T4 polynucleotide kinase (New England
BioLabs). Linkers were separated from unincorporated ATP
on a water-equilibrated Sephadex G-50 column and concen-
trated in a Speed-Vac (Savant Instruments, Inc.).
A 10-fold molar excess of phosphorylated EcoRI linkers

was ligated to 20 p.g of filled-in and trimmed 1- to 5-kb S.
cerevisiae DNA in a 20-p.l T4 DNA ligase reaction per-
formed as described by Maniatis et al. (29). Unligated linkers
were removed by passage of the mixture through a Sepha-
rose 2B column equilibrated with 10 mM Tris hydrochloride
(pH 7.4)-i mM EDTA. Excluded fractions containing S.
cerevisiae DNA were pooled and digested to completion
with EcoRI. These steps ensure that all DNA contains
synthetic or natural EcoRI cohesive ends.
The S. cerevisiae DNA was then ligated to EcoRI-cleaved

X607 DNA that had been treated with bacterial alkaline
phosphatase according to the instructions of the manufac-
turer (New England BioLabs) to prevent its religation with-

out inserts. A607 DNA (12.5 p.g) was incubated in 100 p.l of
T4 ligation buffer (29) for 15 min at 50°C to allow annealing
of cohesive ends. S. cerev,isiae DNA (1.5 p.g, 10 p.l) and 20 U
of T4 DNA ligase were added, and the reaction mixture was
incubated for 16 h at 15°C. The ligation mixture was pack-
aged in vitro according to the method of Hohn and Murray
(18) and was used to transfect E. coli to give a total of 1.6 x
106 plaques. A total of 21% of the plaques were clear. X607
gives a clear plaque when it contains a DNA insert due to
disruption of its cI gene (31). The library was harvested and
amplified once on solid medium. Amplification gave 90%
clear plaques. The increase in the percentage of clear
plaques was probably due to the increased yield of infective
phage particles in the clear plaques from the first plating. The
library contained approximately 3 x 105 independent yeast-A
recombinant DNA molecules.

Isolation of MATa/MATt-dependent sporulation-induced
transcribed sequences. The small insert yeast:X607 recombi-
nant DNA library was screened by differential-plaque filter-
hybridization for sequences that were induced in sporulating
cells. [32P]cDNA was synthesized from poly(A)+ RNA,
using avian myeloblastosis virus reverse transcriptase (Life
Sciences) essentially as described by Maniatis et al. (29).
Approximately 50 replica filters, each carrying 100 insert-
containing, clear plaques, were first screened with [32p]
cDNA synthesized from poly(A)+ RNA either from glucose-
grown vegetative SK1 cells (VEG) or from a mixture of
sporulating SK1 cells (SPOR) harvested at 1-h intervals
between 1 and 12 h (22). Twelve plaques that clearly
hybridized the SPOR probe but not the VEG probe were
selected, plaque purified, and rescreened. Rescreening was
performed with the SPOR probe, the VEG probe, and two
additional [32P]cDNA probes synthesized from poly(A)+
RNA from vegetative SK1 cells grown on potassium acetate
as the sole carbon source (VEG acetate) or from a mixture of
*asporogenous g716-SA MATa haploid cells harvested at 1-h
intervals from 1 to 12 h after being suspended in sporulation
medium (non-SPOR haploid). The VEG acetate probe was
included to distinguish yeast sequences that were induced by
growth on acetate. The non-SPOR haploid probe was used to
show sequences that were induced by starvation and were
not induced specifically by sporulation.
For rescreening, the replica filters contained control re-

combinant X bacteriophages XBKV, XCDCIO, XGAL,
XCONST, and XVEG1. XBKV contains human BK virus
DNA and serves as a heterologous DNA control for nonspe-
cific background hybridization (M. Pater, personal commu-
nication). XGAL (XSc481 of T. St. John and R. W. Davis)
(42) contains the GAL7,10,1 gene cluster. XCDCIO contains
the 0.9-kb EcoRI fragment from the CDCIO gene subcloned
in A607 (22). The CDCIO and GAL7,10,1 transcripts are more
abundant during sporulation than during vegetative growth
on either glucose or acetate as the sole carbon source (Fig.
1). In sporulating cells, GAL transcripts are expressed at low
abundance, while CDCIO is expressed at moderate abun-
dance (22). XGAL and XCDCIO were included to determine
the lower limit of our ability to detect differential hybridiza-
tion signals. XGAL plaques showed hybridization to the
sporulation probe only after long autoradiographic expo-
sures. This hybridization signal is not visible in Fig. 1. In
contrast, XCDCJO showed a clear differential signal. We
conclude that the GAL genes are differentially expressed
below the practical limit of detection, while CDCIO is
expressed within our ability to detect a differential hybrid-
ization signal. XCONST (constitutive) was isolated because
it hybridized both the vegetative and the sporulation probe in
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FIG. 1. Differential-plaque filter hybridization of MA Ta/MA Ta dependent sporulation-induced transcribed sequences. A 1- to 5-kb insert
S. cerevisiae-A recombinant DNA bacteriophage library was screened for transcribed sequences that were preferentially expressed during
sporulation using differential-plaque filter hybridization as described in the text. Bacteriophages containing putative sporulation-induced
sequences were plaque-purified and rescreened as shown above. Details for the isolation of RNA for each [32P]cDNA probe have been
described previously (22). Individual plaques are denoted by the key. LGN1 to LGN4 denotes bacteriophages that preferentially hybridized
only the SPOR probe and contain MATa/MATa-dependent sporulation-induced sequences. OAcd and OAc2 denote bacteriophages that
contain sequences induced by potassium acetate-containing medium. The other plaques, BKV, GAL, CDCIO, VEG1, and CONST, contain
recombinant X bacteriophages that were included on the replica filters as positive and negative controls as described in the text.

our first screen. This sequence subsequently appeared to be
expressed during all four conditions and was included as a
positive control to ensure that probes hybridized to each
replica filter. XVEG1 was isolated in the first screen as a
sequence that was preferentially expressed in vegetative
cells and expressed at lower levels in sporulating cells. In the
rescreening experiments, we found that it was also ex-
pressed in asporogenous haploid cells. This sequence was
included as a second positive hybridization control for the
vegetative probe.

Rescreening the initial 12 plaques showed that 4 hybrid-
ized only the sporulation probe. These were classified as
MATa/MATot-dependent sporulation-induced transcribed se-
quences and named LGNJ to LGN4 (Fig. 1). (These se-
quences were recently renamed SIT] to SIT4 for sporula-
tion-induced transcript genes. However, throughout the
present report, with the exception of the discussion, they are
referred to by their old LGN designations.) Three of them,
LGN2, LGN3, and LGN4, were characterized as described
below. The eight other initial plaques also hybridized the
VEG acetate and non-SPOR haploid probes. These were
classified as acetate-induced sequences (OAcl to OAc8) and
were not investigated further. Two of these, OAcl and
OAc2, are shown in Fig. 1.
Northern blot hybridizations. RNA was electrophoresed

on denaturing agarose gels and analyzed on diazobenzyloxy-
methyl-paper (Transabind; Schleicher and Schuell, Inc.) (2)
as described previously (22).
Genomic blot hybridizations. S. cerevisiae DNA was pre-

pared according to the method of Davis et al. (10), digested
with the noted restriction enzyme, electrophoresed on 0.7%
agarose gels, blotted to nitrocellulose paper (BA85,
Schleicher and Schuell; or HAWP, Millipore Corp.), using

20x SSC (3.0 M NaCl, 0.3 M sodium citrate [pH 7.0]) and
hybridized to nick-translation-labeled [32P]DNA probes by
the method of Southern (41). To show that genes were
single-copy genomic sequences, blots containing EcoRI-,
BamHI-, or HpaI-digested genomic DNA samples were
probed with 32P-labeled DNA from cloned sporulation-
induced sequences.

Yeast transformations and genetic techniques. Yeast trans-
formations were carried out by using the LiCl procedure of
Ito et al. (20) with 0.3 M LiCl. Genetic procedures were
performed as described by Sherman et al. (40).

R-loop hybridization and electron microscopy. Preparation
and electron microscopy of R-loop-containing DNA were
performed as described previously (21). Quantitation of
transcript abundance by electron microscopy of R-loop-
containing hybrids was carried out as described previously
(23).

RESULTS

Isolation and characterization of MATa/MATa-dependent
sporulation-induced transcribed regions. A gene-size insert
yeast-X607 recombinant library was constructed and
screened by using differential-plaque filter hybridization (42)
as described above. Four bacteriophages containing
MATa/MATa-dependent sporulation-induced transcribed se-
quences were isolated from the library. These bacterio-
phages produced the plaques that most clearly hybridized
cDNA made from poly(A)+ RNA from sporulating cells
(SPOR) but showed little or no hybridization to cDNA
probes from either glucose-grown vegetative (VEG) acetate-
grown vegetative (VEG acetate) diploid cells or from aspo-
rogenous haploid (non-SPOR) cells incubated in sporulation
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FIG. 2. Physical maps of plasmids containing sporulation-induced transcribed DNA. Electron microscopy of R-loop-containing DNA was

used to map transcribed regions on the plasmid inserts. Plasmids were linearized using the noted restriction endonuclease and lightly
cross-linked with Trioxsalen and UV light. Plasmid DNA (250 to 300 ng) was combined with 2.5 ,ug of poly(A)+ RNA from time (T) = 7-h
sporulating cells under conditions that permit the formation of R-loops {0.1 M PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)] [pH 7.2],
0.5 M sodium chloride, 0.01 M EDTA, 70% [vol/vol] recrystallized formamide}. The volume of the hybridization reaction was 50 [lI, and
incubations were carried out at 49.5°C for 14 to 18 h. R-loops were stabilized by treatment with 1.0 M glyoxal (12°C, 2 h) and prepared for
electron microscopy as previously described (21). 4X174 double-stranded DNA served as a length standard (5,385 bp) and was added to the
R-loop mixtures before they were spread on copper grids. R-loop-containing molecules (20 to 50) were photographed and measured. The
measured lengths + standard deviation (in kilobases) are shown above the restriction maps. A representative R-loop structure (photograph)
containing the sporulation-induced transcript is shown to the right of each restriction map. Restriction maps were generated by standard
techniques (29). In addition, the LGN2 insert contained no PvuII sites; the LGN3 insert contained no SmaI, Xbal, Clal, or PstI sites; and
the LGN4 insert contained no SphI, PstI, Sall, HindIII, PvuII, NaeI, NruI, CIaI. EcoRV, SmaI, KpnI, Sacl, SacIl, BstEII, BclI, MluI, HpaI,
XhoI, StuI, XbaI, ApaI, or NcoI sites. Symbols: L, yeast insert; ol. A DNA; _, pBR322 DNA; zigzag line, sporulation-induced
transcribed region defined by R-loop electron microscopy; P, PstI; R, EcoRI; H. HpaI; Bg, BgII; B, BamHI, Sp, SphI; S, Sall; X, Xhol;
V, EcoRV.

medium. The sporulation-induced transcribed sequences
were designated LGNI to LGN4 (Fig. 1).
Three of these sequences, LGN2, LGN3, and LGN4, were

excised from their bacteriophage vector and subcloned in
plasmid pBR322 to give pLF35, pLF23, and pLF24, respec-
tively (Table 1; Fig. 2). For pLF35, the fragment containing
the yeast insert also contained approximately 1.5 kb of
adjacent DNA from the large arm of the X607 vector (31).
RNA blot hybridization experiments (Fig. 3) showed that
each of the three plasmids was complementary to a sporula-

tion-induced transcript with a length of either 1.7 or 1.9 kb.
These transcripts had similar but not identical patterns of
expression. All were detected between 5 and 16 h after
transfer of the cells to sporulation medium, but each ap-
peared most abundant at a different time between 6 and 8 h.
The three transcripts were not detected in either glucose-
grown or acetate grown vegetative cells or in non-SPOR
haploid (g716-5A) and diploid AP1 (MA TotIMA Tot) cells that
were incubated in sporulation medium. Plasmids pLF23
(LGN3) and pLF24 (LGN4) were each complementary to
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FIG. 3. Appearance of sporulation-induced transcripts. Poly(A)+ RNA was prepared as previously described (22) from sporulating SK1
and asporogenous haploid g716-5A cells harvested from sporulation medium at the noted times (hrs in spo. med.), from mixtures of cells
harvested at 1-h intervals from 1 to 12 h from sporulation medium from strain SK1, g716-5A, or AP1 (MATa/MATa) (spo. mix), and from
glucose-grown (glu veg) or acetate-grown (Ac veg) vegetative cells. Poly(A)+ RNA (2.0 ,ug) from each sample was electrophoresed on 5.0 mM
CH3HgOH, 1.0% (wt/vol) agarose gels, blotted to diazobenzyloxymethyl-paper, and hybridized to 32P-labeled plasmid DNA as previously
described (2, 22). Ethidium bromide staining of the gels both before and after blotting indicated that each lane contained approximately the
same amount of essentially undegraded RNA, and transfer from the gel was virtually complete. Prior and subsequent hybridization
experiments with these blots indicated that each lane maintained the same relative amount of bound hybridizable RNA (22). Hybridization
experiments for each gene were usually performed in parallel, allowing for a direct comparison of the relative transcript abundance in each
RNA sample. For A and B, the intensity of the hybridization signal appears to be increased in the blots containing the SKi and AP1
(MATTalMATot) spo. mix samples in adjacent lanes. These samples were not processed in parallel with the others. Therefore, this change was

due either to increased autoradiographic exposure times or to hybridization probes with higher specific activities.

two additional constitutively expressed RNA species. These
transcripts hybridized to restriction fragments that were adja-
cent to the sporulation-induced sequence (data not shown).
The constitutive transcripts complementary to pLF24 (LGN4)
were detected at lower levels in AP1 (MATa/MATa) that were
difficult to visualize in the figure shown. In addition to the
1.9-kb sporulation-induced transcripts, pLF23 was comple-
mentary to a less abundant, lower-molecular-weight transcript
and pLF24 was complementary to a less abundant, higher-

molecular-weight transcript. These transcripts were detected in
sporulating cells only. However, owing to their low abun-
dance, the nature of these transcripts was not investigated
further.

Restriction maps of the three plasmids were generated,
and the location of each sporulation-induced transcribed
region was determined by using R-loop electron microscopy
(Fig. 2). For each plasmid, poly(A)+ RNA from 7-h
sporulating cells gave a single R-loop at a position where
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ANALYSIS OF SPORULATION-INDUCED TRANSCRIBED SEQUENCES

TABLE 2. Abundance of sporulation-induced transcripts

Fraction of Amt of Weight- Approx no. of
Gene Transcript plasmids complemen- fraction of transcfipts/cellsize (kb) containing tary plasmid transcriptsf at 7 hs

R-loops" DNA (ng)b

LGN2 1.70 0.40 30 0.0047 17-27
LGN3 1.85 0.33 34 0.0056 18-30
LGN4 1.95 0.35 20 0.0056 17-28

aR-loops were formed as described in the legend to Fig. 2, using 250 to 300
ng of linearized plasmid DNA and 2.5 ,Lg of poly(A) RNA from 7-h
sporulating cells. The fraction of plasmids containing the sporulation-induced
R-loop was determined by examining at least 200 plasmids in the electron
microscope.
bThe amount of complementary DNA that was added to the hybridization

reaction is the amount of plasmid DNA added to the reaction x [length of the
transcribed region/(2 x length of the plasmid)]. When the entire transcribed
region was not contained on the plasmid, the value for the amount of
complementary DNA that was added to the reaction was corrected by
multiplying it by the reciprocal of the gene fraction contained on the plasmid.

c The weight-fraction of each transcript is (the fraction of plasmids contain-
ing R-loops x amount of complementary DNA added to the reaction)/amount
of poly(A) RNA added to the reaction.

d The number of transcripts per cell is: [the weight-fraction of transcript x
6 x 106 to 10 x 106 nucleotides of poly(A)+ RNA per cell]/nucleotides per
transcript. This estimate is approximate because the amount of poly(A)+
RNA per cell at this stage of sporulation has not been accurately determined.
Our estimate is based on our observations that 7-h sporulating cells yield on
average of one-third to one-fifth as much poly(A)+ RNA as do vegetative cells
(22) and that vegetative cells contain approximately 20.000 poly(A)- RNA
molecules of an average size of 1.5 kb (15). Accordingly. 7-h cells should
contain 4,000 to 7,000 poly(A)t RNA molecules of the same assumed average
size (1.5 kb) equal to approximately 6 x 106 to 10 x 106 nucleotides of
poly(A)+ RNA per cell.

R-loops were not observed using RNA from glucose-grown
vegetative cells. Plasmid pLF35 appeared to contain an
intact sporulation-induced transcribed region; pLF23 and
pLF24 contained only about 75% of the length of their
respective sporulation-induced transcribed regions. These
sequences were truncated at the plasmid-vector junction.
The remaining fragments of these genes were not isolated.
For pLF23 (LGN3) and pLF24 (LGN4), vegetative RNA
gave a few R-loops in the region adjacent to the sporulation-
induced transcribed regions, results consistent with the
RNA blot hybridization experiments. Although these tran-
scribed regions were not mapped, their position clearly
never overlapped the sporulation-induced region. No R-
loops were observed in these regions by using 7-h sporula-
tion RNA. However, the RNA blots (Fig. 3) indicated that
these transcripts were present at a sufficiently low level at
this time to make detection of R-loops difficult.

R-loop hybridization reactions were carried out in plasmid
DNA sequence-excess; conditions that enable an estimation
of the relative transcript abundance (weight-fraction) from
the fraction of plasmids containing R-loops (23). Based on
these estimates, these three sporulation-induced transcripts
were present at 17 to 30 copies per cell at 7 h (Table 2).
Genomic blot hybridization experiments were carried out

as described above, with DNA from the following strains:
SK1, the source of the sporulation RNA; Y185, the source of
the library DNA; DK337, the strain that was used in subse-
quent DNA transformation experiments. Results showed
that each sporulation-induced sequence was complementary
to single-copy genomic DNA (data not shown; also see Fig.
5 and 7). In addition, these analyses showed no evidence for
restriction-enzyme-fragment-length polymorphisms.
Gene disruption of a MATa/MATa-dependent sporulation-

induced transcribed sequence. Linear DNA introduced by
transformation into S. cerevisiae will undergo homologous

recombination with chromosomal DNA (17). Mutant genes
constructed in vitro will replace wt sequences by a double-
crossover mechanism (38). The procedure, called one-
step gene replacement, provides a means to assess in
vivo functions of genes and chromosomal elements (4, 7,
25).
To determine the function of LGN2 in sporulating cells,

we disrupted its genomic copy with a series of insertion and
insertion-deletion mutations. First, a 1.7-kb BamHI frag-
ment containing the S. cerevisiae HIS3 gene (43) was in-
serted into the BamHI site of the sporulation-induced tran-
scribed region (Fig. 4). Yeast DNA transformations utilized
a his3lhis3 leii2Ileu2 diploid strain, DK337, to ensure the
survival of recessive lethal mutations. His' putative
transformant colonies were selected and screened by using
genomic blot hybridizations (41) to identify those containing
the gene disruption (lgn2::HIS3). DNA from untransformed
His- controls contained a single 7.8-kb DNA EcoRI frag-
ment complementary to the LGN2 sequence. In contrast,
most of the His' colonies contained a new 9.5-kb EcoRI
fragment in addition to the resident 7.8-kb fragment (Fig. 5,
lanes 1 and 2). The predicted size for the insertion of the
1.7-kb HIS3 fragment into the wt 7.8-kb LGN2 EcoRI
fragment is 9.5 kb. These colonies (DK337 Qllgn2) were
heterozygous for the gene disruption. A few His' colonies
did not have the 9.5-kb fragment. The colonies were presum-
ably due to gene conversion of the his3 gene to HIS3 (17).

Several bona fide transformants containing the 9.5-kb
fragment were sporulated, and asci were dissected. All
showed excellent spore viability. Thus, the Ign2::HIS3 mu-
tation did not cause lethality. This result suggests the LGN2
gene is dispensable for vegetative growth on rich yeast
extract-peptone-dextrose medium. A Southern blot of DNA
from four haploid spores from one tetrad showed that the
His' spores contained only the new 9.5-kb EcoRI fragment,
while the His- spores contained only the wt 7.8-kb fragment
(Fig. 5, lanes 3 to 6). In addition, genetic analysis of a His'
(lgn2::HIS3) haploid crossed to an unrelated HIS3 haploid,
DK71-4C, gave some 3:1 and 2:2; HIS3:his3 tetrads. These
tetrads indicated that the transforming HIS3 gene integrated
at a new position, leaving a resident his3 gene in the His'
transformant (17). Taken together, these results demonstrate
that the Ign2::HIS3 gene disruption replaced the wt LGN2
sequence in the genome.

Several Ign2: :HIS311gn2: :HIS3 mutant homozygotes,
Ign2::HIS31LGN2 heterozygotes, and wt LGN2ILGN2 dip-
loids were constructed by pairwise matings of haploid
segregants from DK337 fllgn2. These strains were tested for
their ability to sporulate on solid sporulation medium (40).
Surprisingly, the homozygous mutant strains sporulated to
about the same extent as the heterozygous and homozygous
wt controls. Furthermore, the mutants were able to undergo
meiotic recombination and most asci contained four viable
spores (Table 3).
To avoid the possibility that the simple insertion did not

functionally inactivate LGN2, the gene was disrupted further
(Fig. 4). A 0.3-kb HpaI fragment from the middle of the
transcribed region was deleted from pLF35 and a 2.1-kb
HpaI fragment containing the S. cerevisiae LEU2 gene (5,
35) was inserted in its place to give pLF46 (lgn2: :LEU2). The
insert was released from the vector with the combination of
EcoRI and either BglIl or SphI to give two kinds of linear
fragments. Each fragment was used to transform to Leu+
related leu2 haploid strains of both mating types that carried
the Ign2::HIS3 gene disruption (DK337 Qllgn24A and
DK337 fllgn2-2C). In most cases we obtained more than 20
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FIG. 4. Gene disruption of the sporulation-induced transcribed region, LGN2. (A) The LGN2 sequence was first mutated in vitro by
inserting the 1.7-kb BamHI fragment containing the S. cerevisiae HIS3 gene into the BamHI site of the sporulation-specific transcribed region
contained in pLF35. The resultant plasmid pLF44 was cleaved with the combination of EcoRI and SphI and transformed into DK337. (B) The
LGN2 sequence was mutated further by constructing a LEU2 insertion-deletion mutation. The 2.2-kb HpaI fragment containing the S.
cerevisiae LEU2 gene was inserted in place of the 0.3-kb HpaI fragment in the sporulation-specific transcribed region of pLF35 to give pLF46.
Compound mutants containing both the HIS3 insertion and the LEU2 insertion-deletion mutation were constructed by transforming haploid
strains containing the HIS3 insertion mutation in LGN2 with EcoRI-BglII-treated pLF46 DNA and selecting Leu+ transformants that were

still His'. Single LEU2 insertion-deletion mutations were introduced by transforming these same His' strains to Leu+ with EcoRI-SphI-
digested pLF46 and selecting transformants that were now His-. The EcoRI-SphI digest also gave Leu+ His' transformants that sometimes
contained the compound mutation.

transformants for each mating type and DNA utilized. DNA
prepared from 4 to 12 transformants was analyzed by using
Southern blots to identify those with the proper gene disrup-
tion.
The EcoRI-BglII fragment which did not overlap the site

of the HIS3 insertion gave compound mutations containing
both the LEU2 insertion-deletion and the HIS3 insertion
(lgn2::HIS3-LEU2). Both MATot and MATa transformants
were isolated where the 9.5-kb EcoRI fragment from the
Ign2::HIS3 insertion strains (Fig. 5, lane 8) was replaced by
the expected two new bands of 2.1 and 9.2 kb (DK337 fl
Algn24A and DK337 flAlgn2-2C). Homozygous diploids
were constructed by mating two correctly transformed
haploid strains. A Southern blot containing DNA from one
of these homozygotes is shown in Fig. 5, lane 9. In addition,
genetic analysis of the transformants confirmed that the

LEU2 gene was now very tightly linked to the HIS3 gene
(101:0:0; parental ditype-nonparental ditype-tetratype asci).
The EcoRI-SphI fragment which overlapped the HIS3

insertion mutation (Ign2: :HIS3) gave both compound
lgn2: :HIS3-LEU2 and simple LEU2 insertion-deletion
(Ign2::LEU2) mutations. Southern blots indicated that some
of the His' Leu+ transformants contained the lgn2::HIS3-
LEU2 compound mutation, while the others contained gene
conversions to LEU2 at the leu2 gene (data not shown).
Southern blots ofDNA from the Leu+ His- colonies showed
that they contained the predicted new 2.1- and 7.8-kb
fragments replacing the 9.5-kb fragment. MATo (DK337
AIgn24A) and MATa (DK337 Algn2-2C) transformants were
isolated and mated to give homozygous diploids. A Southern
blot ofDNA from one of these diploids is shown (Fig. 5, lane
10).

B
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ANALYSIS OF SPORULATION-INDUCED TRANSCRIBED SEQUENCES

TABLE 3. Sporulation of strains containing mutations in
sporulation-induced transcribed sequences

Genotype %o o% Spore Meiotic
Sporulation' viabilityb recombination'

LGN2 (wt) 55 t 25 (5) 97 +
LGN2

Ign2::HIS3 67 ± 13 (8) 89 +
LGN2

Ign2::HIS3 54 ± 18 (6) 80 +
Ign2: :HIS2

Ign2::LEU2 +++d (4) NDe ND
Ign2: :LEU2

Ign2::HIS3-LEU2 +++d (10) 89 +
Ign2: :HIS3-LEU2

LGN3 (wt) 57 ± 11(4) ND ND
LGN3

Ign3::HIS3 46 ± 8 (3) 94 +
LGN3

lgn3::HIS3 44 ± 19 (2) 99 +
Ign3: :HIS3

LGN4 (wt) 55 ± 5 (2) 100 ND
LGN4

Ign4::HIS3 55 ± 12 (8) 85 +
LGN4

Ign4::HIS3 57 ± 21(7) 100 +
Ign4: :HIS3

a Haploid segregants that were either wt or contained the noted gene
disruption were obtained by dissecting heterozygous DK337 transformants.
Related homozygous mutant, heterozygous, or wt diploids were constructed
by mating these haploids in pairwise combinations. Purified diploids were
streaked onto sporulation plates, incubated at 30°C for 4 days, and examined
microscopically. The percentage of sporulation was determined by examining
200 to 500 cells from several different diploids. The mean percentage of
sporulation - the standard deviation is shown. The number in the parentheses
is the number of different diploids containing the noted genotype that was
examined. Similar results were obtained using minimal sporulation plates
(1.0% [wt/vol] potassium acetate pH 7.0, 2.0%o [wt/vol] agar), except the
overall percentages of sporulation were reduced from what is shown.

b Spore viability was obtained by randomly selecting one or two diploids,
dissecting 10 or more four-spored asci onto rich yeast extract-peptone-
dextrose medium, and determining the fraction of ascospores that gave rise to
colonies.

c The ability to undergo meiotic recombination was judged by examining the
above noted dissections for the appearance of tetratype asci for the gene pairs
ADE2-ADEJ, MAT-ADEI, and in some cases URA3-ADEI, URA3-ADE2,
and URA3-MAT. +, Meiotic recombination was observed. (Also see Table 4.)

d For these gene disruptions, homozygous mutants were constructed by
pair-wise crosses between several independently obtained DK337 flAlgn24A
and DK337 ftAIgn2-2C transformants. The results were not accurately quan-
titated. However, in each diploid the sporulation was approximately 60%o.
This is about the same percentage found both for the wt/wt controls obtained
by crossing wt haploid segregants from the original heterozygous
Ign2::HIS31LGN2 transformant and for the parent diploid DK337.

e ND, Not determined.

Homozygous diploid strains containing the simple
Ign2::LEU2 mutation or the compound Ign2::HIS3-LEU2
mutation were screened for the ability to sporulate on solid
sporulation medium. As before, all diploids sporulated
equally well. The kinetics and extent of sporulation in liquid
medium (34) were also measured for the compound
Ign2::HIS3-LEU2 mutant. Again, no differences were found
comparing homozygous mutants with related wt diploid
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FlG. 5. Blot hybridization of DNA from transformants contain-
ing the LGN2 gene disruption. DNA was digested with EcoRI,
electrophoresed on 0.7% agarose gels, transferred to nitrocellulose,
and hybridized to nick-translation-labeled 32P-pLF35 DNA by the
method of Southern (41). Genotypes of each strain tested are shown
below the autoradiograph: wt, wild type; [Q, Ign2::HIS3 insertion
mutation; A, Ign2::LEU2 deletion-substitution mutation; flA,
Ign2: :HIS3-LEU2 compound mutation. Lanes: 1, untransformed
DK337; 2, heterozygous transformant; 3 to 6, haploid segregants
from the heterozygous transformant; 7, untransformed DK337; 8,
homozygous 1gn2::HIS311gn2::HIS3 mutant; 9, homozygous
1gn2: :HIS3-LEU21lgn2: :HJS3-LEU2 mutant; 10, homozygous
lgn2: :LEU21lgn2: :LEU2 mutant. The minor bands in lanes 7 through
10 at approximately 2.3 and 4 kb are due to cross hybridization of
bacterial DNA sequences to 2pm DNA sequences.

controls. Mutants and wt strains both sporulated to about
40% with the same kinetics (data not shown). In addition,
spore viability was excellent for all compound and simple
mutants tested (Table 3), confirming the previous observa-
tion that LGN2 is dispensable for germination and growth on
rich medium. Finally, recombination frequencies were
nearly equal in compound-mutant and wt strains (Table 4).
Differences were shown to be insignificant using the chi-
square test. Thus, neither recombination, meiosis, nor the
formation of viable ascospores appeared significantly af-
fected by the mutations in the LGN2 gene.
LGN2 transcript appearance in mutant and wt cells. Since

sporulation did not appear to be affected by the Ign2::HIS3-
LEU2 mutation, a homozygous mutant diploid was exam-
ined for LGN2 RNA as a further control for gene disruption.
Neither sporulating nor vegetative mutant cells appeared to
accumulate the 1.7-kb LGN2 transcript (Fig. 6, lanes 3 and
4). Long autoradiographic exposures revealed traces of a
sporulation-induced 0.85-kb transcript in the mutant that
hybridized the LGN2 probe. This transcript was not visible
in Fig. 6. The 0.85-kb transcript was not found in mutant
vegetative cells or in the two wt control strains. A HIS3
probe (but not a LEU2 probe) also hybridized to a sporula-
tion transcript of this size in the mutant. The 0.85-kb
transcript was noticeably larger than the 0.6-kb constitu-
tively expressed wt HIS3 transcript (43). We believe the
0.85-kb transcript results from the fusion of HIS3 sequences
to part of the LGN2 transcript. Intensities of hybridization
signals indicated that the ftision-transcript was composed
primarily of HIS3 sequence and contained little LGN2
sequence. Therefore, the likelihood of this transcript-
producing LGN2 activity is considered extremely small.

Control experiments confirmed that the wt parent, DK337,
also produced a sporulation-induced LGN2 transcript at
levels comparable to sporulating SK1 cells while vegetative
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TABLE 4. Recombination frequencies in strains containing disruptions in sporulation-induced transcribed regionsa

fllfb Ql/wtc Wt/Wtd

Sporulation- Gene pair No. of asci Combined No. of asci Combined No. of asci Combined
induced gene % % %

Ditype Tetratype recombi- Ditype Tetratype recombi- Ditype Tetratype recombi-
natione natione natione

LGN2f URA3-MAT 21 39 33 18 37 34
ADEI-MAT 24 36 30 16 39 35
URA3-ADEJ 49 11 9 48 12 10
URA3-ADE2 11 49 41 19 41 34
ADEI-ADE2 12 48 40 19 41 34

LGN39 URA3-MAT 14 22 31 5 6 16
ADEI-MAT 11 25 35 12 16 29
URA3-ADE1 24 12 17 8 3 14
URA3-ADE2 9 23 36 1 10 45
ADEI-ADE2 5 31 43 8 20 36

LGN49 ADEI-MAT 24 47 33 20 24 27
ADEI-ADE2 21 50 35

a Recombination frequencies were examined by determining the number of tetratype asci for the noted markers.
bHomozygous gene disruption mutant diploids.
c Heterozygous gene disruption/wt diploids.
d DK337, parent wt diploid.
eThe combined percent recombination between the noted markers and their respective centromeres is 100 x no. of tetratype asci/(2 x total no. of tetrads).
f To determine the effect of mutating the LGN2 sequence, we compared a related homozygous lgn2::LEU2-HIS3 mutant with the wt diploid strain DK337. The

mutant homozygote was obtained by crossing meiotic products from a heterozygous Ign2::HIS3-LEU2 diploid. The heterozygote was from a second backcross
of a diploid made by crossing DK337 A Qllgn24A to a haploid segregant from DK337, genotype MATa ade2 trpl-J leu2-3, 112 his3-11,15.

9 To determine the effect of mutating either the LGN3 or the LGN4 sequence, we used heterozygous and homozygous strains containing either Ign3::HIS3 or
lgn4::HIS3 gene disruptions. These strains were made by crossing appropriately marked haploid segregants from either DK337 Qllgn3 or DK337 £klgn4.

DK337 cells contained no detectable LGN2 transcript (Fig.
6, lanes 1, 2, and 5).
Gene disruption of LGN3 and LGN4. The two other

MATa/MATa-dependent sporulation-induced transcribed re-
gions were mutated by inserting a DNA fragment containing
the S. cerevisiae HIS3 gene into the BgIII site contained in
each gene (Fig. 7). For LGN3, two HIS3 genes were inserted
fortuitously in tandem. The disrupted LGN3 and LGN4

1 2 3 4 5

1.7kb-

FIG. 6. Sporulation-induced LGN2 transcript is not expressed in
a homozygous 1gn2::HIS3-LEU2 mutant strain. Total RNA pre-
pared from either glucose-grown vegetative cells or 1-h time point
mixtures of sporulating cells (see legend to Fig. 1) was electropho-
resed on CH3HgOH-agarose gels, blotted to diazobenzyloxymethyl-
paper, and probed with 32P-labeled LGN2 DNA. Lanes: 1, wt
DK337 vegetative cells; 2, wt DK337 sporulating cells; 3, mutant
1gn2::HIS3-LEU2 vegetative cells: 4, mutant 1gn2::HIS3-LEU2
sporulating cells; 5, SKi sporulating cells.

sequences were excised from their respective vectors and
used to transform strain DK337. His' putative transformant
colonies were screened by using genomic Southern blots for
ones that contained heterozygous gene disruption mutants.
For the Ign3::HIS31LGN3 heterozygote (DK337 Qlgn3), the
new EcoRI fragment was increased by 3.4 kb due to the two
1.7-kb HIS3 inserts. For the Ign4::HIS31LGN4 heterozygote
(DK337 fQlgn4), the new fragment was increased by the
expected 1.7 kb because of insertion of a single HIS3 gene.
Heterozygous transformants containing the wt and the ex-
pected altered restriction fragments were sporulated. The
His' phenotype cosegregated with the new restriction frag-
ment (Fig. 7). Spore viability was again almost 100% for both
Ign3: :HIS3 and lgn4: :HIS3, indicating that neither gene
disruption resulted in lethality (data not shown). For each
gene disruption, His' and His- segregants were picked and
mated in several pairwise combinations to give wt, homozy-
gous mutant, and heterozygous diploids for either LGN3 or
LGN4. These strains were tested for their ability to
sporulate. Again, both the Ign3: :HIS3 and Ign4: :HIS3
homozygotes sporulated at frequencies comparable to wt
and heterozygous controls, spore viability was high, and the
frequency of meiotic recombination was not significantly
affected (Tables 3 and 4). Both homozygous mutants gave
slightly higher levels of meiotic recombination than the
heterozygous controls; however, chi-square analyses indi-
cated the differences were insignificant. In addition, almost
no differences were observed when the mutants were com-
pared with the wt homozygote used as a control for the lgn2
mutants. These results show that intact copies of LGN3 and
LGN4 are not required for meiotic recombination, meiosis or
sporulation.

Genetic mapping of LGN4. During the above genetic stud-
ies we noticed that Ign4::HIS3 was tightly linked to URA3
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FIG. 7. Gene disruption of sporulation-induced transcribed re-

gions, LGN3 and LGN4. Plasmids pLF23 and pLF24 were linear-
ized with BglII and ligated to the 1.7-kb BamHI fragment containing
the S. cerevisiae HIS3 gene. Two tandem HIS3 sequences disrupted
LGN3 (pLF47), while a single HIS3 sequence disrupted LGN4
(pLF43). Yeast DNA inserts were excised from each plasmid with
EcoRI and used to transform DK337 to His'. Heterozygous diploids
containing the gene disruption were obtained by screening EcoRI-
digested DNA from putative transformants by Southern blot hybrid-
ization (41). (A) Gene disruption of LGN3. (B) Southern blot probed
with pLF47 DNA (1gn3::HIS3). Lanes: 1, untransformed DK337; 2,
DK337 Ql.gn3, heterozygous transformant; 3 and 4, His' and His-
haploid segregants from DK337 fllgn3. (C) Gene disruption of
LGN4. (D) Southern blot probed with pLF43 DNA (lgn4::HIS3).
Lanes: 1, untransformed DK337; 2, DK337 flIgn4 heterozygous
transformant; 3 and 4, His- and His' haploid segregants from
DK337 fllgn4. The 10.1-kb band present in both autoradiograms is
due to the resident his3 gene hybridizing to the HIS3 DNA present
in the two probes.

(35 parental ditype:0 nonparental ditype:1 tetratype asci).
Therefore, LGN4 maps very close to the chromosome V
centromere (30). This analysis did not allow us to order the
LGN4 gene with respect to the centromere and URA3.

DISCUSSION

Differentiating cells of both higher and lower organisms
almost always express new sets of genes. Many of these
differentiation-specific genes have been cloned and charac-
terized (3, 8, 39, 47, 50). However, these studies were often
performed without regard to the function of the differentia-
tion-specific genes because methods for determining func-
tion were either difficult or unavailable. Obviously, deter-

mining the function of the differentiation-specific expressed
genes would seem important for understanding the molecu-
lar events that lead to the particular differentiation in which
the gene is expressed. We believed the yeast S. cerevisiae
offered a unique opportunity for studying the function of
cloned genes that are specifically expressed during sporula-
tion, a model system for cellular differentiation. In vitro
mutagenesis and one-step gene replacement techniques us-
ing the differentially expressed, cloned genes make it possi-
ble to create mutants that might-exhibit phenotypes indica-
tive of the mutated gene's function. Furthermore, S. cerevi-
siae sporulation provided a particularly good system for this
approach because there are only about 200 MATa/MATa-
dependent sporulation-induced transcripts (D. Mills, per-
sonal communication). In contrast, other model systems
show much greater increases in the number of differentia-
tion-specific transcripts. Dictyostelium discoidium has 2,000
to 3,000 differentiation-specific transcripts (3); mammalian
brain cells show more than 50,000 differentiation-specific
transcripts (47). The small number of new genes expressed in
sporulating S. cerevisiae originally led us to predict that the
majority of them would be important for differentiation and
lead to an easily identifiable sporulation phenotype when
mutated.

In this report we describe the isolation of several genes
which give rise to MATa/MATa-dependent sporulation-
induced transcripts. Three of these genes were then exam-
ined for function by using gene disruption and replacement.
Surprisingly, diploid strains containing homozygous muta-
tions in any of the three genes showed no obvious sporula-
tion-defective phenotype. All mutants underwent meiosis
and gave rise to four apparently normal, viable ascospores,
suggesting that these three genes were dispensable for
sporulation and spore germination.
We now propose to call these MATaIMATa-dependent

sporulation-induced transcribed sequences SIT] to SIT4,
corresponding to LGNI to LGN4.
The first gene examined, SIT2 (LGN2), was disrupted by a

series of mutations: a simple insertion of the S. cerevisiae
HIS3 gene in one part of the gene followed by the insertion
of the S. cerevisiae LEU2 gene into the site of a 0.3-kb
deletion in another part of the gene. Based on the sites for
gene disruption, it would have been impossible for the
mutant to produce a transcript containing much more than
one-third of the wt sequences in a contiguous run. Our
studies on the actual transcript produced in this mutant
suggested that an even smaller part of the gene (probably
less than 300 bases long) was expressed on a 0.85-kb fusion
transcript composed mostly of HIS3 sequences. This fusion
transcript was much less abundant than wt SIT2 RNA.
Despite the expression of the fusion transcript, we consider
it extremely unlikely that this small fraction of the gene
would be capable of encoding any SIT2 activity.
The lack of mutant phenotypes for the other two genes,

SIT3 (LGN3) and SIT4 (LGN4), could have been due to
residual function of the disrupted genes. These genes were
interrupted by simple insertions using the S. cerevisiae HIS3
gene. Normally, this type of mutation destroys gene function
(32; Coleman et al., submitted for publication). However, in
at least one case, a simple insertion mutation did not
completely eliminate gene activity (1). Since sequences were
not deleted from SIT3 and SIT4, it is possible that the
mutated genes still carry out their function. Unfortunately,
owing to a lack of restriction enzyme cleavage sites (see the
legend to Fig. 2), complete deletions that did not affect some
of the downstream sequences were difficult to construct
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without cloning additional flanking sequences. Accordingly,
our conclusions about the dispensability of these two genes
must be considered preliminary.
While we considered the lack of an easily detectable

phenotype for all three mutants surprising, our results can be
explained in several ways. First, the sporulation-induced
genes could perform functions that are not essential to
complete a single round of differentiation but are evolution-
arily advantageous to the organism. Second, these genes
could be important or essential under sporulation conditions
that are different from those encountered in the laboratory.
In each of these cases, it would have been impossible to
discern any mutant phenotype with the limited testing that
was done. Third, these genes may have been important for
sporulation, but were functionally duplicated so both genes
would have had to have been mutated to create a noticeable
phenotype. Genomic Southern blot experiments done under
both stringent (2x SSC, 65°C; Fig. 5 and 7) and nonstringent
(2x SSC, 45°C) hybridization conditions (S. Wang, J. Lamb,
and D. Kaback, unpublished data) indicated that these
sequences were not duplicated. Thus, if duplicated, the
copies would have had to evolve sufficiently to no longer
cross-hybridize. Alternatively, two structurally unrelated
genes could have overlapping functions or the requirement
for any of these genes could have been bypassed entirely by
alternative biochemical or developmental pathways.
The fourth possibility for the lack of a phenotype is that

the SIT genes were fortuitously expressed and have no
function in sporulating cells. The vegetatively expressed
CDCIO gene, thought to be dispensable for sporulation,
produced severalfold more abundant transcripts in
sporulating cells than in vegetative cells. We previously
suggested that the sporulation-associated expression of
CDCIO also could have been fortuitous (22). However,
unlike CDCIO, the SIT genes described here never appeared
to be expressed in either glucose- or acetate-grown vegeta-
tive cells or in asporogenous haploid or diploid cells incu-
bated in sporulation medium. The SIT transcripts were
MATa/MATa-dependent and were found only in sporulating
cells. This specificity made it seem more likely that they
would have had some function, albeit dispensable for
sporulation. Therefore, we do not favor the idea of fortuitous
expression for the SIT genes. However, at present we can
only speculate on the potential involvement of these genes in
some aspect of sporulation.
The results presented show the difficulties that can be

expected in attempting to determine the function of a gene
by simply mutating it and expecting the mutant to show a
phenotype. This problem has been encountered previously.
First, when the gene encoding a unique small-nuclear-RNA
species was deleted, the mutant exhibited no phenotype (45).
Second, gene-disruption mutants of the heat-shock genes,
HSP26 and HSP90, had no phenotype that could be related
to the heat-shock response (L. Petko and S. Lindquist,
personal communication; D. Finkelstein, personal commu-
nication). Finally, disruption of the S. cerevisiae sporula-
tion-induced amyloglucosidase gene while preventing
sporulation-associated glycogen breakdown, did not prevent
meiosis or the production of viable ascospores (49). Thus,
the absence of observable phenotypes prevents the definitive
assignment of a biological function to even genes encoding
known enzymes.

In conclusion, in the types of experiments presented here,
only sporulation-induced genes that are both functionally
unique and essential or important for meiosis, sporulation,
or germination would be expected to give an easily discern-

ible sporulation phenotype. Our results are consistent with
the idea that many sporulation-induced genes may not fit into
this category.
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