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ABSTRACT

The two mating types of the yeast Saccharomyces cerevisiae can be inter-
converted in both homothallic and heterothallic strains. Previous work indi-
cates that all yeast cells contain the information to be both a and « and that
the HO gene (in homothallic strains) promotes a change in mating type by
causing a change at the mating type locus itself, In both heterothallic and
homothallic strains, a defective a mating type locus can be converted to a
functional a locus and subsequently to a functional « locus. In contrast, action
of the HO gene does not restore mating ability to a strain defective in another
gene for mating which is not at the mating type locus. These observations
indicate that a yeast cell contains an additional copy (or copies) of « informa-
tion, and lead to the “cassette” model for mating type interconversion. In this
model, HMa and Ama loci are blocs of unexpressed « regulatory information,
and HMa and hma loci are blocs of unexpressed a regulatory information.
These blocs are silent because they lack an essential site for expression, and
become active upon insertion of this information (or a copy of the informa-
tion) into the mating type locus by action of the HO gene.

THE specificity of mating by the yeast Saccharomyces cerevisiae is deter-
'+ mined by the mating type locus, which exists in two allelic forms, a or «
(MortimER and HawTHORNE 1969). Although the structure of the mating type
locus itself is not known, recent evidence indicates that the « locus specifies at
least two cistrons (StraTHERN, Hicks and HerskowITz, in preparation). It has
been proposed (MacKay and Man~Eey 1974) that the mating type locus controls
expression of unlinked genes essential for mating. Genes essential for the mating
process have been identified by the isolation of eleven different classes of non-
mating (sfe”) mutants (MacKay and Max~ey 1974). Unlinked to the mating
type locus are classes which confer the mating-deficient phenotype to both a and
« cells, and classes which confer the mating-deficient phenotype specifically to
either a or « cells (MacKay and Manney 1974). Two classes of ste mutants,
both derived from « strains, carry mutations inseparable from the mating type
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locus. In these cases, a ste-/a ste* diploids yield no « stet recombinants (IMac-
Kay and MANNEY 1974; see below). Since these mutations are recessive to a¥,
they may affect a positive regulator of « specific functions (STraTHERN, HICKS
and HerskowITz, in preparation).

The stability of mating type specificity is influenced by the HO gene (Mor-
TiMER and HawTHORNE 1969). In ko (heterothallic) strains, mating type speci-
ficity is stable, although rare switches from a to &« and from « to a do occur
(HawtaORNE 1963a; Rasin 1970; Hicks and Hersrkowrrz 1976a; this paper).
In HO (homothallic) strains, cells of one mating type switch frequently to the
other mating type (HawrmornE 1963b; Osarma and Tarano 1971; Hicks and
Herskowrrz 1976a), with the switch occurring as often as every cell division
(STRATHERN, in preparation). Previous work has shown that the HO gene is
necessary for the high frequency interconversion of mating types but is not
necessary for the maintenance of the changed mating type (OsHimMa and TArRaNO
1971; Hicks and Herskowitz 1976a). That is, an a’ cell—derived from an «
cell by action of the HO gene—behaves as a stable a cell when the HO gene is
removed by genetic crosses. The mating type of strains which have sustained the
rare mating type change observed in the absence of the HO gene is likewise stable
(HawraorNE 1963a; Rasiv 1970; this paper). These observations indicate (1)
that all cells contain the information to be both a and «, and (ii) that the HO
gene promotes a change in mating type by causing a change at the mating type
locus itself.

In order to learn more about the relationship between the a and « mating type
loci and the mechanism by which a and « alleles are interconverted, we have
asked whether « strains with defects at the mating type locus can be switched to
become functional a strains. In addition, we have asked whether these a strains
can then be converted to functional « strains. We show here that these switches
occur in both homothallic and heterothallic strains. Dr. DoNatp HAWTHORNE
(personal communication) has made similar observations on the ability of homo-
thallic strains to restore mating ability to « strains with a defective mating type
locus.

MATERIALS AND METHODS

Media. YEPD agar, SPOR agar, YM-1 broth and SD (minimal medium) plates for scoring
nutritional markers have been described in Hicks and Hersxowitz (1976a). Agar slabs for dis-
section, e-factor assays and pedigree analyses are YM-1 plus 39 agar. Cryptopleurine resistance
(Cryr) was scored on YEPD plates supplemented with 1 mg/L cryptopleurine (SKOGERSON,
McLaveHLIN and Wararama 1973) which was obtained from CHEMASEA Pty., Ltd., Sydney,
N.S.W., Australia.

Strains. Strains are described in Table 1.

Matings. Spore-to-cell and cell-to-cell matings were performed by placing cells or spores in
direct contact with each other on dissection agar. Zygotes were subsequently isolated by micro-
manipulation. Other matings were performed by prototroph selection as follows. Parent strains
containing complementary nutritional markers were suspended in sterile water, and 105 — 107
cells of each were spread together on a YEPD plate. After incubation overnight at 30°, the
YEPD plate was replica plated onto SD agar. Colonies appearing on the SD plate after two to
three days at 30° were purified to single colonies on SD and sporunlated.
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TABLE 1A

Strain list

375

Strain Genotype Source or reference

X10-1B a/a HO/HO his5-2/his5-2 ade5/ade5
urad/ura4 metd/met4 met13/metl3 Hicks and Herskowrrz (1976a)

70 o thr3—10 F. SuErMAN
73 ailv3-10 F. SHERMAN
XT1172-5245¢c  a adeé hisé gal2 leul mei! irp5 cani MacKay and ManNEY (1974)
VG2 astel-2 ade6 his6 gal2 leul met! trp5 cant MacKay and ManNEY (1974)
VN33 astel-5 adeé hisé gal2 leul metl trp5 cant MacKay and Manney (1974)
VP1 astel~4 adeb his6 gal2 leut met! trp5 canl .  MacKay and Man~Ey (1974)
VIt4 a steX ade6 hisé gal2 leul metl trp5 cant MacKay (1972)
X50-2D a cryl-3 adeé6 his4 leu2—1 lys2 This laboratory
X57-1B a cryl-3 adeé hist leu2—1 lys2 This laboratory
XJ24-40B «cryl-3 trp1—1 tyr7-1 J. STRATHERN
205 a cryl-3 his1-1 C. McLAvuGHLIN

Assays for mating type and sporulation. Mating type was determined by the prototroph
complementation assay (Hicks and Hersrkowirz 1976a).

Sporulation was assayed on SPOR agar. After incubation for three to seven days at 30°,
cells from each isolate were suspended in a small drop of water on a glass slide and observed
microscopically. Isolates which formed asci containing mature spores were scored as Spo+.

Assays for homothallism. Various aspects of the homothallic phenotype were used to score
the presence of the homothallic allele HO (see Hicgs and Hersxowrrz 1976a). These were (1)
the ability to segregate a-factor sensitive cells in the progeny of a haploid cell insensitive to a
factor, (2) zygote formation among progeny of a single haploid spore, and (3) sporulation of
cells in a colony derived from a single haploid spore. A positive response in any of these assays
was considered sufficient to score an isolate as HO.

a-factor assays. a-factor production and response were assayed by confrontation tests (DUNTZE,
MacKay and ManNEY 1970). To assay a-factor production, a dense streak of cells of the strain
to be tested was applied to the edge of a slab of dissection agar placed on a glass cover slip. The

TABLE 1B
Diploids Haploid parents -
X18 VC2 x X10-1B-1 (haploid segregant derived by sporulation of X10-1B)
X18 VN33 x X10-1B-2 (haploid segregant derived by sporulation of X10-1B)
X38 V114 x X10-1B-3 (haploid segregant derived by sporulation of X10-1B)
X91 X50-2D X X18-0 (a’ HO)
X93 X50-2D x X78-15 (a’ HO)
X95 X57-1B X X18-0 (&’ HO)
X96 X57-1B X X78-15 (&' HO)
X22 VC2 x 205
X65 X50-2D x XT1172-8245¢
X66 X50-2D x VN33
X71 X50-2D X VC2
X72 X50-2D x VP1
X97 X57-1B X X22-23-2C (a’ ho segregant of X22)
X98 X57-1B X X66-37-9A (a’ ho segregant of X66)

X106 X57-1B X X65-67-11B (a’ ho segregant of X65)
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cover slip was then inverted over a dissection chamber and 20-30 individual mating type a cells
(strain 73) were placed approximately .25 mm from the streak by micromanipulation. The
chamber was sealed and incubated at 30°. Under these conditions, production of «a-factor by the
cells in the streak caused the a assay cells to cease division and change their shape (DuNTZE,
MacKay and Manney 1970) within 5 hours. In order to test strains for response to a-factor, an
« strain (70) was used in the dense streak, and individual cells of the strain to be tested were
arranged nearby and observed as described above.

Rare mating and efficiency of mating tests. Strains to be tested were grown overnight at 30°
on YEPD agar, suspended in sterile water at approximately 10% cells per ml, and concentrated
to 109 cells per ml by centrifugation. Less than 5% of the cells in suspension were in aggregates
larger than two cells. In the rare maiing test, 0.2 ml of each suspension to be tested (Parent 1,
Tables 4 and 8) was mixed with 0.5 ml (5 X 108 cells) of a tester strain (Parent 2) of the same
mating type and spread on a YEPD plate. The plates were incubated at 30° for 24 hours, then
replica-plated onto minimal medium (SD) and incubated for two to five days at 30°. The rare
mating parameter, Prototrophs/Parent 1, was the ratio of colonies on SD agar to the total number
of Parent 1 cells initially added to the mixture. Efficiency of mating tests were done in similar
fashion, except that the Parent 1 suspension was diluted 10~5 and mixed with approximately 107
tester cells of the opposite mating type (Parent 2'). The mixture was spread on a YEPD plate,
incubated for 24 hours at 30°, and then replica-plated onto SD agar. Total colony-forming units
(of Parent 1) were assayed on YEPD plates. The efficiency of mating was the ratio of the num-
ber of prototrophic colonies appearing on SD agar after two to five days at 30° to the total
number of Parent 1 cells initially added to the mixture. Efficiency of mating by normal labora-
tory a and a strains was between .29 and .88 (Table 4; Hicks and Hersgkowrrz 1976a).

Barrier effect. The barrier test is described in Hicks and Hersgowirz (1976b). The Bar+
phenotype is an inhibition of response to a factor and is exhibited by a cells.

Other techniques. Procedures for tetrad analysis and pedigree analysis of homothallic cells
are described in Hicks and Hersrowirz (1976a).

RESULTS

1. Construction of este- HO: formation of diploids between a homothallic strain
and strains defective at the mating type locus

The homothallic diploid X10-1B (a/a HO/HO) has been described previously
(Hicks and Herskowirz 1976a). This strain was induced to sporulate, and the
resultant spores were mated with strains VC2 (aste/—2) and VN33 (astef-5)
by prototroph selection as described in MATERIALS AND METHODS. Prototrophs
were selected from each cross, purified to single colonies on SD plates and sporu-
lated. Greater than 909 of the cells sporulated in all cultures after three days
at 30° and yielded greater than 909, viable spores. Representative diploids from
the two crosses were chosen for further study and should have the following

genotype:
a HO b ¢ + -+

e e T T4 o (b, ¢, d, e are auxotrophic mutations)
The selective mating method used to form the diploid does not preclude the intro-
duction of mutations affecting mating type, such as reversions to STE* or sup-
pressors of the ste mutation (Hicks 1975). Thus, analysis of the segregation data
from such a cross must provide evidence that the diploid is indeed of the genotype
expected. Specifically, tetrad analysis must account for the a allele, the sterile
allele, and HO as well as the auxotrophic markers present in the parent strains.
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The segregation data for X18 (X10-1B X VC2) and X78 (X10-1B X VN33)
are presented in Table 2. The inferred genotypes for each type of tetrad
with regard to mating type and homothallism are shown along with their
observed and expected frequencies based on nonlinkage of HO to the mating type
locus or to its centromere (Harasmima, Nocr and Osuima 1974). These data
show that the homothallic phenotype segregates 2:2 despite the presence of the
sterile mutation. In addition, auxotrophy for uracil, tryptophan, and leucine
segregate 2:2, as expected. Most importantly, no heterothallic segregants of
mating type a were observed. Consequently, these diploids do not contain STE+
back mutations or sterile-suppressor mutations.

A striking result from the tetrad analysis is that even though the aste~ allele
is segregating in the crosses, two of the four spores always give rise to colonies
containing sporulated cells. This result indicates that the aste” mutation does not
affect the ability of the HO gene to produce diploids capable of sporulating. For
example, consider nonparental ditype tetrads, which contain two heterothallic
(ho) a spores. The other two spores, of genotype aste~ HO, grow into colonies
containing cells capable of sporulating. If these sporulating diploids are formed
in the manner of ordinary homothallic diploids, i.e., by mating of siblings, we
expect that the aste- allele is being converted to functional a and « alleles by HO.

TABLE 2

Segregation of mating type and homothallism from a HO X aste- ho crosses

Mate Mate Inferred Tetrads observed
with with genotype —_— Tetrads
Tetrad type a a Sporulation of spore X18 X78 expected
A +/—* +/— -+ a HO
pD B +/— +/— + aHO 18 22 17
C — — — ste ho (10/57) (11/50)
D — — — ste ho
A +/— +/— + ste HO
NPD B +/—= +/—= + ste HO 18 20 17
C + — — aho (10/57) (10/50)
D + — — aho
A +/— +/— + +HO
T B +/— -+/— -+ + HO .65 58 .67
C + — — aho (37/57) (29/50)
D — — — ste ho

Diploids were formed between X10-1B spores and aste/-2 (X18) or astel-5 (X78) cells as
described in maTERIALS AND METHODs. Mating type was assayed by the prototroph complemen-
tation test. Segregants capable of sporulation after seven days at 30° on SPOR agar (MATERIALS
AND METHODS) were scored as HO. Expected frequencies of Parental Ditype (PD), Nonparental
Ditype (NPD) and Tetratype (T) asci were calculated assuming nonlinkage of HO to the mating
type locus or to its centromere (Harasmima, Noct and Osmiva 1974).

19*(;‘-)%— /—" indicates variable mating with both a and « tester strains (Hicks and HersKOWITZ
76a).

+ Original mating type of spore cannot be determined by these tests.
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2. Microscopic observation of mating type switching in spores from X18 and X78

a. Homothallic switching and zygote formation: In order to determine the
mechanism by which spores of the presumed genotype aste HO gave rise to
diploid colonies, tetrads from X18 and X78 were dissected on agar slabs and
observed microscopically in order to determine which were aste~ (see also, Hicks
and Herskowitz 1976a). Twelve tetrads from X18 were dissected on an agar
slab in the presence of a-factor supplied by a dense streak of « cells. In 10 of 12
tetrads, all four spores germinated within five hours at 30°. In each complete
tetrad, two spores were observed to exhibit the typical mating type a response to
e-factor (aberrant cell morphology and no cell division), whereas the other two
(presumed to be aste”) budded normally. Such behavior conforms to the predic-
tion drawn from earlier tetrad analysis that X18 should segregate 2a: 2 aste
spores.

The progeny of the twenty «-factor insensitive cells (aste~ spores) were sub-
jected to pedigree analysis by separating individual cells after each round of cell
division by micromanipulation (Hicks and Herskowritz 1976a). The appearance
of a-factor sensitive cells in the progeny of an insensitive cell indicates a switch
to mating type a and, hence, the presence of the HO allele.

In 6 of the wste~ pedigrees, a’ cells were apparent at the four-cell stage. The
pattern of switching was identical to that reported for normal homothallic cell
lines (Hicks and Herskowrrz 1976a) in that when a change occurred, only the
original spore cell and its immediate daughter were observed to switch. After
four cell divisions, 10 of the 20 aste™ pedigrees showed a’ cells and were scored as
HO. The other pedigrees were presumed to be derived from aste~ ho spores. a’
HO and aste~ ho cells were then transferred to an agar slab without e-factor for
further observation and growth into colonies. Zygotes appeared in each of the HO
clones within three generations of the transfer. These observations on aste- HO
cells indicate that HO is capable of converting aste~ to a functional a (“a”’) and
subsequently to a functional « (“«’”) at high frequency. The mating behavior of
these presumed a’ and o strains is described below.

The combined data for microscopic observation and plate assays of mating and
sporulation performed on the tetrads of X18 described above are presented in
Table 3. These data confirm the correlation between the appearance of sporu-
lating diploids in segregants from X18 and X78 and the ability to undergo a
homothallic interconversion of mating type.

b. Mating behavior of aste- HO spores: The analysis in the preceding section
assumed that the «-factor insensitive spores capable of switching to a’ were
initially aste, that is, sterile at the time of germination. Two observations indi-
cate that this is indeed the case.

(1) In spores from a/a HO/HO strains, one observes zygote formation by the
four cell stage more than 50% of the time (Hicks and Herskowrrz 1976a).
Although o-factor insensitive homothallic spores from X18 (a/aste- HO/ho)
frequently segregate a’ cells at the four cell stage. mating is not observed to occur
at that stage. Among 40 o-factor insensitive clones from each of the diploids X18
and X78, none was observed to form zygotes prior to the eight cell stage. This
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TABLE 3
Segregation of sensitivity to a-factor, zygote formation and mating ability from X18

(a/astel-2 ho/HO)

Microscopic observations Plate assays
Zygote
Response  formation Mate Mate
1o or mating with with Genotype Number

Tetrad type a-Factor  type switch a a Sporulation of spore observed

A+ + = = + aHO

C — — — — — aste~ ho

D — — — — — aste~ ho

A + — -+ — — a ho

B + — + — — a ho
NPD o -+ /= =+ aste~ HO /10

D — + 4 4 4 aste~ HO

A+ 4 = = aHO

B + — -+ — — aho
T C — -+ +/— +/— -+ aste~ HO 8/10

D — — — — — aste= ho

Symbols and procedures are as described in the Legend to Table 2 and in MATERIALS AND
METHODS.

observation suggests that the aste~ genotype of the original spore in these clones
is maintained by two of the cells at the four cell stage, hence mating does not
occur. We suggest that o« cells are subsequently derived from the a’ cells and are
not formed directly by correction of the aste~lesion by HO.

(2) It is well known that individual yeast spores are capable of mating with
vegetative cells of the opposite mating type prior to the initiation of the first cell
division cycle (HawtHORNE 1963a; Osaima and Taxano 1971). This so-called
spore-cell mating is very efficient; with mating-proficient a and « strains, zygote
formation occurs in approximately 809 of the spore-cell pairs prior to germina-
tion of the spore (Hicks and Herskowrrz, unpublished observations). We have
used this technique to test whether any of the spores from X18 are phenotypically
astet before they have undergone cell division. Twelve tetrads from X18 were
dissected on an agar slab, and each spore was immediately placed in direct con-
tact with a budding, heterothallic a cell (strain 73). Forty-five of 48 spores tested
in this manner germinated, and no mating was observed through the first cell
division. Therefore, tetrads from X18 behave as if they contain no mating-
competent « spores prior to cell division.

In summary, these observations suggest that a spore initially of genotype aste
HO can be converted to a functional a’ cell within two cell divisions, and that the
a’ cell thus created can be subsequently converted to a functional ¢ cell through
the action of the homothallism genes. Our analysis provides no information as to
whether these a’ and « cells are ever converted to aste~.
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3. Behavior of heterothallic  and o strains derived from aste HO cells

In order to study further the properties of the a’ and « alleles derived from
aste” by action of the HO gene, we have removed the HO gene by genetic crosses.
Heterothallic strains carrying a’ and « alleles derived from aste/-2 and astel—5
were constructed by crossing a’ HO (or o’ HO) with « ko (or a ho). The origin
of these a’ and o cells and the crosses used to remove HO are described in the
Appendix. These a’ ho and « ko strains show e-factor production and response
characteristic of ordinary heterothallic strains (data not shown), and mate as
efficiently with strains of opposite mating type as do ordinary heterothallic strains
(Table 4). Furthermore, a’ and o’ mating types are stable, since the frequency
at which they form prototrophs with tester cells of the same mating type is low
(Table 4). This frequency is comparable to that previously reported for a X a and
a X a matings (Hicks and Herskowirz 1976a). By these criteria, a’ and o
mating types derived from aste- strains are indistinguishable from the mating
types of normal Jaboratory heterothallic a and « strains. As in the case of a’ and
o strains derived from ot strains (Hicks and Herskowrrz 1976a), the HO gene
is not necessary for the maintenance of the new mating type.

4. Effect of HO on a nonspecific sterile mutation unlinked. to the mating type
locus

In order to test the possibility that restoration of mating ability to aste” homo-
thallic cells occurred by an HO-controlled bypass of the normal mating control
system, we asked whether the HO gene could restore mating ability to mutants
with a defect not at the mating type locus.

TABLE 4

Stability of a’ and o' mating types derived from aste~ in homothallic strains

Rare mating Efficiency of mating
Parent 2 Prototrophs Parent 2’

Mating (Tester Proto- —— (Tester Proto- Efficiency

Parent 1 type strain) trophs Parent 1 strain) trophs of mating
X91-31B  a’ a (73) 120* 3.1 X 10~ a (XJ24-40B) 71* .18
X91-30C a’ a (73) 112 3.2 X 10-5 a (XJ24-40B) 98 27
X93-31C  a’ a (73) 148 32% 10 @ (XJ24-40B) 101 .22
X93-13B a’ a (73) 134 52 X 10-5 a (XJ24-40B) 69 29
none a (73) 0 — @ (XJ34-40B) 0  —
73 a — — — o (XJ24-40B) 34 29
X95-8B o @ (XJ24-40B) 340 1.3 X 10~ a (73) 35 58
X95-8A o « (XI24-40B) 102 25 X 10-5 a (73) 202 .70
X96-1B o " a(XJ24-40B) 43 1.1 X105 a (73) 201 .50
X96-6D o a (XJ24-40B) 43 0.8 x 10-5 a (73) 284 .52
none a (XJ24-40B) 0 — a (73) 0 —
XJ24-40B o — — — a (73) 80 .80

*Numbers represent the average of two separate platings from the same parent 1 culture, Other
details are described in MaTERIALS AND METHODS and in Hicks and Hersrowrrz (1976a).
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Strain VI14 carries a sterile mutation which affects both a and « cells and
which is unlinked to the mating type locus (MacKay 1972). Diploids formed
by mating between vegetative cells of VI14 and spores of X10-1B were isolated
by prototroph selection (Cross X38). Six prototrophs were isolated, purified and
sporulated.

The presumed genotype of the prototrophs from this mating, with regard to
the mating type and homothallism, was:

a ho ste

« HO +
From a diploid of this type, one of two possible modes of segregation might be
expected. If HO can bypass the sterile mutation, then two segregants capable
of sporulation would be expected in each tetrad. The nonsporulating (%40) segre-
gants would be 509 Stet and 509, Ste~. However, if the sterile mutation
prevents zygote formation regardless of the action of the HO gene, then two non-
mating, nonsporulating segregants would be expected in each tetrad. The remain-
ing spores would display either normal heterothallic or normal homothallic
phenotype in a ratio of 1:1. The segregation data for X38 (Table 5) clearly show
that the latter possibility is observed. The sterile phenotype appears in two out
of four segregants in 46/48 tetrads and thus is epistatic to HO.

Preliminary evidence (Hicks, unpublished observations) indicates that the
homothallic system also cannot correct the mating defect in cells containing
a-specific (ste2-1) and a-specific (ste3—7) mutations. Homothallic cells carrying
these mutations undergo mating type interconversion at normal frequencies;
however, since one of the two mating types is sterile in each case, mating is
prevented. The phenotype of the colony produced is that of a haploid of the
mating type not affected by the particular ste~ mutation present. For example, a
spore of genotype « HO ste3—-1 (« specific) is insensitive to «-factor, but after
several divisions segregates a-factor sensitive progeny. The colony resulting from
this clone consists of a cells and sterile cells and thus exhibits the a phenotype.

These results indicate that action of the HO gene cannot supplant the entire
mating system. Rather, we interpret the recovery of o cells from aste? HO and

TABLE 5
Segregation of the sterile and homothallic phenotypes in tetrads from X38
(a/a HO/ho stet /steX)

Tetrad type* Phenotypes of spares Tetrads observed
Parental ditype 2 sterile : 2 homothallic 12/48
Nonparental ditype 2 sterile : 2 heterothallic 11/48
Tetratype 2 sterile : 1 homothallic : 1 heterothallic 23/48

** 1 sterile : 2 homothallic : 1 heterothallic 1/48
*x 3 sterile : 1 homothallic 1/48

* X38 was formed by mating of a HO stet+ (X10-1B-2) with « ko steX (VI14).
** Aberrant tetrads probably resulting from gene conversion of the steX mutation.



382 J. B. HICKS AND I. HERSKOWITZ

aste2 HO cells to be the result of some action by HO at the mating type locus
itself, which then controls the normal mating pathway of heterothallic strains.

5. Recovery of functional a and « from heterothallic aste™ strains

Heterothallic strains can switch mating type at low frequency. Such rare
events can be identified by selecting prototrophs from mass matings between
two strains of the same mating type which carry complementary nutritional
mutations (HawrHORNE 1963a; RaBix 1970). Such diploids presumably arise
through the spontaneous interconversion of mating type in a single cell followed
by mating between that cell (or one of its progeny) and a member of the popu-
lation which has retained the original mating type. Diploids formed in this
fashion are capable of sporulation and segregate 2a:2a spores. [Other types of
diploids are also formed (Ramin 1970; Hicks and Herskowrrz, unpublished
observations), but these will not be discussed here.] The newly converted mat-
ing type allele, which we will designate a’ or o’ by analogy to those formed by
homothallic interconversion, can thus be isolated from the diploid by sporula-
tion and tetrad analysis. We have used this technique to compare the intercon-
version characteristics of sterile strains VC2 (astef-2), VN33 (astel-5), and
VP1 (astel—4) with their common parent, XT1172-S245c¢c. Specifically we
wished to determine whether the presence of a sterile mutation at the mating
type locus would inhibit conversion of that strain to a’ and subsequently to «
in the absence of the homothallic system.

a. Conversion from aste to a’: ot (XT1172-58245C) or o~ (VP1, VC2, VN33)
strains (Parent 1) were mated with et strains (Parent 2) carrying complement-
ary nutritional requirements, and prototrophs selected as described in MATERIALS
AND METHODS. Table 6A summarizes these rare matings and the types and fre-
quencies of prototrophs obtained in each cross. Note that Parents 1 and 2 differ
in their sensitivity to the drug cryptopleurine, which is determined by a gene
(CRY) closely linked to the mating type locus (2.1 centimorgans; SKOGERSON,
McLaucHLIN and WakaTama 1973). In each sporulating prototroph (i.e., a’/a
diploid), the mating type locus (from Parent 1 or Parent 2) which had under-
gone conversion to a’ could be determined by observing the coupling of a’ to the
cryptopleurine resistance marker (cry?-3).

From each cross an a’/a diploid in which the a” allele showed tight linkage to
CRY®, and which was therefore derived from the aste~ strain, was picked for
further study. Representative diploids formed by matings between o+ cry® and
CRYS strains carrying astel-2, aste1-5, or a+ were X22-23, X66-37 and X65-67
respectively. Linkage data for ¢ry7-3 and mating type are presented in Table
6B. Tetrad analysis of these diploids showed that a’ and « segregated 2:2 (as did
all heterozygous auxotrophic markers). Several a’ segregants from each diploid
were tested for response to «-factor, barrier effect, efficiency of mating and rare
maling ability and were found to be indistinguishable from normal laboratory
a haploids by these criteria (data not shown).

These results show that strains carrying the ste7—2 and ste/-5 alleles can be
converted to a’. The observation that no a’ CRY®/a cry” diploids were isolated
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TABLE 6

Isolation and characterization of a'/a diploids from a X aste~ matings

A. Summary of matings

Strains crossed Prototrophs per a/a per
Mating Parent 1 Parent 2 aste~ cell Total prototrophs*
X22 VC2 (aste1-2 CRYS) X 205 (@ cry1-3) 2.8 X 105 5/70
X65 XT1172-8245¢ (a« CRYS) X X50-2D (a cry1-3) 9.2 X 10-5 18/240
X66 VN33 (astel-5 CRYS) X X50-2D (a cry1-3) 1.7 X 104 8/120
X71 VC2 (astel-2 CRYS) X X50-2D (a cry1-3) 1.8 x 104 9/126
X72 VP1 (aste1—4 CRYS) x X50-2D (a cry?-3) 2.5 X 104 0/200

B. Coupling of CRY and mating type
Segregation of mating type and cryf-3:
PD NPD

Diploid isolate Genotype
X22-23 a’' CRYS / acry1-3 6 0 0
X66-37 a’' CRY® / acryl-3 12 0 1
X65-67 a’' CRYS / wcryl-3 10 0 0

A. Summary of matings: Matings were performed by prototroph selection as described in the
text and MATERIALs AND METHODS. All Parent 1 strain except VC2 were irradiated with ultra-
violet light (to 509 survival) before mating to increase the frequency of mating type intercon-
version in these strains. The apparent stimulation of mating type interconversion by UV irradi-
ation is under study.

* Prototrophs were assayed for mating and sporulation as described in MATERIALS AND METHODS.
Isolates which sporulated but did not mate were scored as a’ /.

B. Coupling of CRY and mating type in representative diploids: The genotype of the diploids
were inferred from the observed linkage of the CRYS and a’ alleles.

from cross X72 involving VPI (see Table 6A) may indicate that the stef-4
allele carried by VP1 cannot be converted to a’, and thus differs from sze/—2 and
stel-5. VP1 differs from strains carrying stef-2 and stel-5 also in that it ex-
hibits at least one a-specific phenotype (see Hicks and Herskowrrz 1976b).

b. Conversion of a’ (derived from aste”) to a: X22-23-2C, X65-67-3C and
X66-37-11B are a’ haploid strains isolated as meiotic segregants from the a’/a
diploids selected in the previous experiment. A number of independent single
colony isolates of each a’ strain were mated separately with the cryptopleurine-
resistant a strain X57-1B by prototroph selection as described in MATERIALS
aND METHODs (see Table 7A). All prototrophs isolated from these crosses were
nonmaters capable of sporulation, and 25 of 28 yielded 2a:2« spores. (The three
exceptional diploids are described in the legend to Table 7.) A number of these
independently isolated diploids were then subjected to tetrad analysis to confirm
their a/a character and to determine which of the two parental mating type a
alleles had been converted to o’. As before, this determination was made by fol-
lowing the coupling of the new « mating type allele to cry?-3 (Table 7B). The
data presented in Table 7 show that in each cross, diploids in which cry” is
linked to « and those in which ¢ry” remains linked to a occur with approximately
equal frequencies. Thus the a’ alleles derived from aste~ backgrounds have ap-
proximately the same potential for conversion to o’ as does an a allele from a
normal haploid background. The efficiency of mating and stability of representa-
tive o’ strains from X97, X98 and X106 are presented in Table 8.
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TABLE 7

Characterization of diploids formed by a Xa' matings

A. Summary of matings

Number of diploids
obtz‘ined of type:*
o

RYS o cry”
Mating Diploids formed between: a’ strain derived from: a’cry” a’ CRYS
X97  X922-93-2C (a’ CRYS) X X57-1B (a cry”) VC2 (astel-2) 8 3
X098 X66-37-9A (a’ CRYS) X X57-1B (a cry™) VN33 (aste!-5) 3 5

X106 X65-67-11B (a’ CRYS) X X57-1B (acry™) XT1172-8245¢ (a STEY) 3 3

B. Coupling of CRY and mating type

Segregation of mating type and cry':
NPD T

Diploid isolate Genotype
X971 o cryr / a’ CRYS 4 0 0
X97-2 o CRYS /acry” 4 0 0
X97-3 o crym /a' CRYS 5 0 1
X974 o CRYS /acryr 5 0 2

A. Summary of matings: a’ CRYS strains (X22-23-2C, X66-67-9A, X65-67-11B) are haploid
segregants from a’/a diploids X22, X66 and X65 (described in Table 6). Diploids X97, X98 and
X106 were isolated by prototroph selection (MaTERIALs AND METHODs) and each isolate was
assayed for linkage of «’ and CRY® by sporulation and subsequent tetrad analysis.

* Three exceptional diploids (one obtained from X98 and two from X106) yielded occasional
nonmating segregants and thus were not scored as a/a.

B. Coupling of CRY and mating type in representative diploids: Segregation of cryptopleurine
resistance and mating type from four of the diploids formed in mating X97.

TABLE 8

Stability of o' mating types derived from aste~ ho

Rare mating Efficiency of mating
Parent 2 Prototrophs Parent 2’

Mating (Tester Proto- —— (Tester Proto- Efficiency

Parent 1 type strain) trophs Parent 1 strain) trophs of mating
X97-4C o o (XJ24-40B) 18 9 x 10-¢ a (73) 191 53
X97-2B o« a (XJ24-40B) — — a (73) 104 59
X98-1D a a (XJ24-40B) 25 8 X 10-6 a (73) 330 .59
X98-9B & @ (XJ24-40B) — — a (73) 66 .75
X106-1D o a (XJ24-40B) 42 2.3 X 10-5 a (73) 183 .65
X106-3A o o (XJ24-40B) 11 8 X 10-6 a (73) 137 .68
none a (XJ24-40B) 2 — a (73) 0 —_

Procedures as in Table 4.
DISCUSSION

The observation that mating types can be interconverted indicates that all
yeast cells contain information for both mating type alleles, but that only one is
expressed. The two pathways of interconversion—the rare interconversion in
heterothallic strains and the frequent interconversion in homothallic strains—act
similarly. Both yield stable a’ and «’ cells, and both can convert o~ to a’ and sub-
sequently to o’. Since the HO gene is necessary for the establishment but not the
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maintenance of the new mating type, it is likely that this gene controls functions
which facilitate the ordinarily rare interconversion event.

In this paper we show that a defective « mating type locus can be converted to
a functional a locus and subsequently to a functional « locus in both homothallic
and heterothallic strains. Specifically, homothallic spores carrying either of two
« mating type sterile mutations, stel-2 or stel-5, can give rise to mating profi-
cient a’ cells within a few divisions after germination in the manner of normal
« homothallic cells. Further observation of the a’ cells thus obtained indicates
that after several more divisions, they in turn can segregate o’ cells which are
indistinguishable in mating behavior from normal a cells. The newly arisen o’
strains maintain their o character even after removal of the HO gene.

The recovery of mating-proficient segregants from cells containing sterile
mutations through the action of HO appears to be limited to defects at the mating
type locus itself. HO is unable to restore function to the unlinked nonspecific
sterile mutation (steX) carried by strain VI14. Although HO may be able to
promote interconversion at the mating type locus in a cell containing the steX
mutation, the cell remains sterile. No mating occurs among its progeny, and the
homothallic phenotype is masked. Thus, it is likely that recovery of mating pro-
ficiency in cells originally carrying a sterile mating type allele results from action
of the homothallic system at the mating type locus itself rather than bypassing
the normal regulatory pathway.

The recovery of a functional « locus from an este” mutant is not a special
property of the HO gene since it occurs in heterothallic strains. Heterothallic a’
strains were selected from strains carrying either ste/—2 or ste1-5 by UV-stimu-
lated mating type conversion. These a’ strains were found to have approximately
the same capability for spontaneous conversion to a functional o state as a’ strains
similarly selected from a nonmutant « background. We therefore conclude that
the o mutation does not affect the a information in the cell. Furthermore, the
observation that a’ cells derived from an aste~ background can be converted to
functional o with or without HO leads to the conclusion that the switching
process includes a mechanism for circumventing the mutant « information.

One would like to know whether the homothallic system can restore a’ func-
tion to a strain carrying a defective a allele. Selections and screens for ste~
mutants have not yielded mutations at the a mating type locus (MacKay and
Man~NEY 1974; Hicks, unpublished observations). Several possible explanations
for the lack of aste~ mutations at the mating type locus can be proposed. One
possibility is that more than one copy of the a allele is normally expressed in a
haploid cell, thereby masking any recessive sterile mutations. Another possibility
is that mutations in the a allele may not be capable of forming a sporulating
diploid, thereby precluding genetic analysis. The strains assigned to Class 9 by
MacKay and ManNEY (1974) fall into this category. A further possibility is that
the a mating type locus does not contain regulators of a-specific mating functions
(J. STRATHERN, personal communication) ; that is, these a functions may be con-
stitutively produced in a cells and repressed in « cells.
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How does HO stimulate a switch between a and «? The answer to this question
requires some understanding of the structure of the mating type locus, about
which little is known. Since a and « alleles are codominant (a/a strains having
properties different from a/a and e/« straing), a and « must code for different
functions. We imagine that a and « alleles are blocs of DNA which specify one
or more regulatory proteins. Two kinds of models for interconverting mating
types involve either modification or recombination of the DNA at the mating
type locus. In the modification model, the information for both a and « is present
at the mating type locus, and expression of either the a or « information is deter-
mined by a promoter (or other regulatory site) subject to specific methylation or
sequence modification (H. LopisH, personal communication; D. HAWTHORNE,
personal communication; MacKay 1972; see also Horrinay and Pucu 1975).
For example, an unmodified promoter might direct transcription leftwards (to
produce an a cell), and a modified promoter might direct transcription right-
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C———————— —
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Ficure 1.—Modification and recombination models for mating type interconversion.

The figure shows the mating type locus, which contains regulators for both a and a mating
type behavior and a regulatory site between these regulators. In model A, based on HawTHORNE'S
proposal (personal communication; see also Horrbay and Puce 1975), a promotor has two
forms—for example, modified or unmodified—which direct RNA polymerase rightwards or left-
wards. In model B, intramolecular recombination within the regions (zyz...zyz) flanking the
promoter inverts the promoter and thus changes the direction of transcription. See also Figure 4.
Dashed lines indicate the direction of transcription.
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wards (to produce an « cell) (Figure 1A). The enzyme responsible for modifica-
tion of the DNA and, hence, control of transcription would be under the control
of the HO gene. This model easily accounts for the observation that the a informa-
tion is not affected by a ste mutation in ¢, but is not sufficient to account for the
recovery of « function at high frequency in aste- HO strains.

In the recombination model, expression of the information for a or « is deter-
mined by which information is adjacent to essential controlling sites. For
example, Figure IB shows one such possibility in which intramolecular recom-
bination occurring at specific recognition regions places either a or « information
in position to be transcribed. The recombinational event would be controlled by
the homothallism gene, which perhaps codes for a site-specific recombination
enzyme (SieNER and WEIL, 1968). A similar recombinational model has been

o<sfe‘ A xyz‘zyx X

e — b - — >
defective transcript

<)
a  * x ol
a o8 xyzhzyx ol
T T— ~
z b4
y Yy
X X

funchonol tronscnpt

Ficure 2.—Recovery of functional « from aste- by recombination within a reverse-repeated
DNA region.

The mating type locus is shown as in Figure 1B. zyz...zyz are reverse-repeated DNA
regions which can recombine with each other to invert the promoter (indicated by arrow). The
dot indicates the position of the aste~ mutation. The top line indicates the structure of aste-
mating type locus. Intramolecular recombination between y and z generates a functional a
mating type locus (middle line). A second crossover below x generates a functional @ mating
type locus (bottom line).
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proposed by Osmimva and Taxano (1971, see also Harasaima, Noacr and OsuErma
1974) in which HO controls insertion of a regulatory element, perhaps analogous
to bacterial IS elements (Hirscm, STtarLINGER and Bracmer 1972; Fianor,
SzyBarskr and Maramy 1972) or controlling elements in maize (McCLINTOCK
1956). The model depicted in Figure 1B can account for the ability of o~ to be
converted to a, but does not readily explain the mechanism by which this a locus
can subsequently be switched to a functional «. We shall discuss possible explana-
tions for the recovery phenomenon in the context of these models of mating type
interconversion.

Recovery of a functional « from a defective a suggests that the cell contains
an additional copy (or copies) of the a information, at least that part of « infor-
mation defective in mutations sze/—2 and stef/-5. This additional « information
may be present within the mating type locus itself or be located elsewhere. To
explain how « can be converted to e, Davip BorsTEIN (personal communica-
tion) has suggested that if the aste~ mutations occur in the stem of a recombina-
tion region, two successive crossovers could generate a functional « (see Figure
2). Although we do not know the nature of mutations stef-2 or stel-5, D. Haw-
THORNE (personal communication) has found that an ¢~ nonsense mutation can
be converted to a and then to « in homothallic strains. This observation suggests
that a recombinational event associated with interconversion must include the «
information coding for a protein. Another explanation for recovery of et from o~

Mating Type Locus

bm————— >
site ol EXPRESSED
—— - ——_
A K
S oHo Y
ol Q SILENT

HMa, hm« HM=, hma

Frcure 3.—Cassette model for mating type interconversion.

Boxes represent DNA sequences involved in the recombination event mediated by the HO
gene. The bloc of DNA between these boxes is a ‘“cassette” of information containing genes
which control a or « mating type behavior. The mating type locus contains an essential site—
for example, a promoter or ribosome binding site—which allows expression of adjacent mating
type information. The dashed line indicates, for example, transcription. Dotted lines indicate
insertion of information into the mating type locus.
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is that additional « information exists as a complete copy (or copies) of the «
information. As a unifying hypothesis for the structure of the mating type locus
and the mechanism of interconversion, we propose that the mating type locus con-
tains a bloc of information, either a or «, which is adjacent to a promoter and
consequently expressed (Figure 3). Elsewhere in the genome are other blocs,
either a or additional copies of @, which are not adjacent to a promoter and hence
are not expressed. We propose that the information of these silent blocs can be
substituted for the resident information at the mating type locus by action of the
HO gene.

Work by Harasaima, Nocr and Osaiva (1974) indicates that there are two
genetic systems of homothallism, type II homothallism with genotype HO HMa
HMe« and type I homothallism with genotype HO hma hme, and that most
heterothallic strains are ho HMa HMea. Our homothallic strains are of type II,
and our heterothallic strains are sio HMa HMo (Hicks and Herskowitz 1976a).
In type IT homothallism, HO is necessary but not sufficient for conversion from a
to « and from « to a. HMa is required in addition for conversion from a to «, and
HMe is required in addition for conversion from « to a. It has been proposed
(HarasHIMA, NocI and Osuima 1974; see also Naumov and Torstorukov 1973)
that “the association of an HM«-element with the mating-type locus would form
the a mating-type allele and the association of an HMa-element with the mating-
type locus would give rise to the « mating-type allele.” More specifically, we
propose (Figure 3) that the HMa and Ame loci are silent blocs of « information,
that the HM« and hma loci are silent blocs of a information, and that the HO
gene is responsible for inserting the a or « information into the mating type locus.

We would like to thank Jerr StraTHERN for continued discussion and for proposing hma as
silent « information; Davip BorsteiN and Mike CurserTsoN for discussion; Don HAWTHORNE
for communication of his results prior to publication; and Vivian MacKay and Tom ManNEY
for strains. Studies on mating type interconversion (by I.H.) were initiated in the laboratory of
Davip BorsTeIN, whose support is gratefully acknowledged. This work was supported by a PHS
Program Project Grant No. GM-15423 to the Institute of Molecular Biology and by a PHS
Molecular Biology traineeship to J.B.H.
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APPENDIX

Origin and isolation of heterothallic a’ and o' strains derived from aste~ cells

The crosses used to remove HO were initiated by dissecting tetrads from X18 and X78 on agar
slabs in the presence of a-factor (see Figure Al). a-factor insensitive spores were allowed to
divide until a pair of a’ (a-factor sensitive cells) were segregated (Figure A1-A). These a’ cells
were then removed to agar lacking a-factor. From each pair of a’ cells, one was immediately
subjected to cell-cell mating with a heterothallic « cell (strain X50-2D) (Figure A1-B). In most
cases zygote formation took place between these cells without further division. Diploids formed
between X50-2D and a’ segregants of X18 and X78 were designated X91 and X93 respectively

A. aste” ho X a HO (X18, X78)

—

&ggg Ogm éaste'h_o Gaste'@

01'& &1'&1 (3 6

B. Cell-cell mating
o« ho % a' Ho
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Ficure Al.—Isolation of heterothallic a’ and &' strains from aste~ HO.
Procedures A and D were performed in the presence of a-factor. Other procedures were per-
formed in the absence of a-factor. Descriptions of strains and other procedures are in the text.
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and will be discussed below. The remaining a’ cell of each pair (Figure A1-A) was allowed to
continue division in the absence of a-factor (Figure A1-C). Progeny cells were prevented from
mating by micromanipulation. After 3 or 4 divisions the progeny were subjected to a-factor
(Figure A1-D). At this point approximately one-half of the progeny were observed to be
a-factor sensitive. The rest had presumably been converted from a’ to &’ by the HO gene. These
newly created a-factor insensitive cells were then removed from a-factor and individually mated
with heterothallic a cells (strain X57-1B) (Figure A1-E). In 14 of 22 cell-cell pairs (pooled
data from 2 clones each from X18 and X78), mating occurred within one round of cell division.
Representative diploids from these crosses were designated X95 and X96.

Tetrad analysis of sporulated cultures of X91 and X93 (a’ HO X a ho) are summarized in
Table A1 and those of X95 and X96 (o’ HO X a ho) in Table A2. The segregation of mating
type and homothallism indicates that all four diploids are of the general genotype: a/a HO/ho.
Furthermore, the fate of each mating type allele present in the original zygote can be followed
by observing its segregation with respect to cryptopleurine resistance which was contributed by
the heterothallic strain in each cross. As expected, cryptopleurine resistance exhibited tight link-
age to the « allele in X91 and X93 and similar linkage to a in X95 and X96 (see Tables Al and
A2).

TABLE A1

Segregation data from a ho X a’ HO (derived from astel-2 and astel-5)

Mate Mate Inferred Tetrads observed
Tetrad with with genotype —_— Tetrads
type a a Sporulation of spore X91 X93 expected
A +/— +/— + a' HO
PD B +/— —+/— -+ a’' HO .14 22 17
oz G — + — a ho (5/38)  (8/37)
D — -+ — a ho
A +/— +/— + a HO
xep B ) +/— + « HO 26 07 17
c + — — a' ho (10/38)  (3/37)
D - —_ — a’ ho
A +/— ~+/— + * HO
T B +/— -t -+ * HO .61 .70 .67
C — 4 — a ho (23/38) (26/37)
D + — — a’ ho

Coupling of CRY and the mating type locus

(@ CRYS®) + (acry™)

Fraction recombinant sporest

Total
Xo1 .08 7/86
X93 .07 4/58

a’ CRYS HO strains were formed by homothallic conversion of astef-2 (X91) and aste/-5
(X93). The a cry1-3 ho parent was X50-2D. Other details are described in the Legend to Table 2.

* Original mating type of spore cannot be determined by these tests.

+ Only heterothallic segregants were scored.
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Two heterothallic CRYS segregants of mating type a were chosen from both X91 (strains
X91-31B and X91-30C) and X93 (strains X93-31C and X93-13B) for further study (Table 4).
Heterothallic CRYS segregants of mating type « from X95 (strains X95-8B and X95-8A) and
X96 (strains X96-1B and X96-6D) were chosen for further study (Table 4).

TABLE A2

Segregation data from aho X o' HO (derived from astel-2 and aste1-5)

Mate Mate a Factor Homothallic Tetrads observed
Tetrad with with sensitivity ~ zygote Genotype _ Tetrads
type [ a of spore  formation of spore X95 X96 expected
A +/— +/— — + o HO
pp B /= 4= - + o« HO 19 17 A7
C + - + - a ho (3/16) (3/18)
D + — + — a ho
A +/—  +/— -+ + a HO
NPD B /= A= + + a HO 06 33 A7
C — —+ — — o ho (1/16) (6/18)
D — + — - o’ ho
A +/— — + o« HO
T B +/— —+/— -+ -+ a HO .75 50 .67
C 4- — + — a ho (12/16) (9/18)
D — —+ — — o’ ho

Coupling of CRY and the mating type locus

Tetrad type
PD NPD
X95 13 0 3
X96 18 0 G

a CRYS HO strains were formed by homothallic conversion in progeny of aste?-2 (X95) and
astel-5 (X96). The a cry1-3 ho parent was X57-1B.



