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Heteroduplexes formed between DNA strands derived from different homologous chromosomes are an

intermediate in meiotic crossing over in the yeast Saccharomyces cerevisiae and other eucaryotes. A
heteroduplex formed between wild-type and mutant genes will contain a base pair mismatch; failure to repair
this mismatch will lead to postmeiotic segregation (PMS). By analyzing the frequency of PMS for various
mutant alleles in the yeast HIS4 gene, we showed that C/C mismatches were inefficiently repaired relative to
all other point mismatches. These other mismatches (G/G, GIA, T/T, A/A, T/C, C/A, A/A, and T/G) were

repaired with approximately the same efficiency. We found that in spores with unrepaired mismatches in
heteroduplexes, the nontranscribed strand of the HIS4 gene was more frequently donated than the transcribed
strand. In addition, the direction of repair for certain mismatches was nonrandom.

When a diploid strain of Saccharomyces cerevisiae under-
goes meiosis, heterozygous alleles A and a usually segregate
2A:2a into the four spores of the ascus. Two types of
aberrant segregation are observed: gene conversion events
(3A:la or 1A:3a segregation) and postmeiotic segregation
(PMS) events. PMS events represent the segregation of two
alleles from one meiotic product postmeiotically. If the
mutant allele is an auxotrophic mutation, PMS events are
signaled by sectored colonies formed when spore colonies
grown on rich medium are replica plated to omission me-
dium. In S. cerevisiae, the most common types of PMS
tetrads are those with 2A:la:l sectored A/a colony or
1A:2a:1 sectored Ala colony. Since comparable patterns of
PMS were first detected in eight-spored fungi (in which the
meiotic divisions are followed by a single mitotic division),
these patterns are described as 5A:3a or 3A:5a patterns,
respectively. To use a consistent nomenclature, we will
describe gene conversion events as 6:2 or 2:6 and normal
Mendelian segregation as 4:4.

In S. cerevisiae, tetrads with a single PMS event (5:3 or
3:5) are usually much more common than tetrads with two
PMS events (aberrant 4:4, aberrant 6:2, or aberrant 2:6) (7).
Single PMS tetrads presumably reflect the nonreciprocal
transfer of one strand of DNA between the two alleles. For
example, if one strand of DNA is donated from the A allele
to the a allele, a heteroduplex will be formed. If the resulting
mismatch is not repaired, one would expect to get a 5A:3a
pattern of segregation. Similarly, a 3A:5a segregation pattern
would result from an unrepaired mismatch in a heteroduplex
formed as the result of transfer of a single strand of DNA
from a to A. The relatively small number of tetrads with two
PMS events in S. cerevisiae suggests that heteroduplex
formation is usually asymmetric (16, 25) rather than sym-
metric (11).
Although all PMS events are thought to reflect the forma-

tion of heteroduplexes, two different hypotheses have been
suggested to explain the origin of gene conversion events. In
one class of models, the conversion events are the result of
repair of mismatches in heteroduplex DNA (10, 11, 16, 25).

* Corresponding author.

An alternative model is that gene conversions reflect repair
of a double-stranded gap with sequences from a homologous
chromatid (30). There are several lines of evidence suggest-
ing that most meiotic conversion is the result of mismatch
repair. First, the frequency ofPMS per aberrant segregation
depends to a large extent on the type of mismatch that the
heterozygous alleles form. For example, two of the high-
PMS alleles in yeast are G-to-C mutations; other base
substitution alleles show less PMS (7, 31). Second, mutant
alleles have been identified that elevate PMS and depress
gene conversion, as though these events represent alterna-
tive processing of the same intermediate. For example, a
mutant allele resulting from insertion of a 26-bp palindromic
oligonucleotide into the HIS4 gene has a very high frequency
of PMS and a low frequency of conversion relative to a

mutant allele resulting from an insertion of 4 bp into HIS4 at
the same position (20). Third, there are DNA repair mutants
of S. cerevisiae that (for some alleles) increase the frequiency
of PMS while decreasing the frequency of gene convtrsion
(1, 2, 13, 14, 32).

Conventional tetrad analysis has limitations for assessing
the frequency of repair of a particular mismatch. Because of
the double-stranded nature of DNA, a diploid heterozygous
for a mutant allele can form two different types of mis-
matches. For example, a wild-type gene has the initiating
codon 5'-ATG in the nontranscribed strand and the comple-
mentary sequence 5'-CAT on the other strand. Heterodu-
plexes formed between this wild-type allele and a mutant
allele with the sequence 5'-ATC (complementary strand
5'-GAT) would be of two types (Fig. 1). If the nontran-
scribed strand is donated from the wild type to the mutant,
or the transcribed strand is donated from the mutant to the
wild type, a G/G mismatch would result. If the transcribed
strand is donated from the wild type to the mutant, or the
nontranscribed is donated from mutant to wild type, a C/C
mismatch would result. Conventional tetrad analysis, there-
fore, can only indicate the frequency of PMS for pairs of
mismatches. For base substitution mutations, there are four
possible mismatch pairs: C/C-G/G, A/A-T/T, G/T-A/C, and
G/A-T/C. The reported rates of PMS per aberrant segrega-
tion in S. cerevisiae are 33 to 48% for C/C-G/G and 3 to 8%
for the other three pairs (7, 13, 31). From studies of the
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FIG. 1. Expected base mismatches in heteroduplexes formed
between wild-type (ATG) and mutant (ATC) his4 alleles. The
configurations ofDNA molecules expected from both 5+:3- (a) and
3':5- (b) tetrads are shown. A mutation in the first ATG sequence
(encoding the AUG initiating codon) in HIS4 to ATC leads to a His-
phenotype (5). This mutation leads to either a C/C or G/G mismatch,
depending on whether the donor strand is wild type or mutant and
transcribed or nontranscribed. For example, if the wild-type gene
donates a nontranscribed strand, the resulting mismatch is G/G
(class 1). The mismatches for the other classes are also shown. The
donated strands are indicated by asterisks.

frequency of heteroallelic recombination at the CYCI locus,
Moore et al. (18) also concluded that either the C/C or the
G/G mismatch was corrected inefficiently relative to other
point mismatches.
The mitotic repair of individual mismatches has been

studied by using heteroduplexes constructed in vitro. Such
heteroduplexes were transformed into vegetative haploid
yeast cells. The transformed cells were allowed to form
colonies that were subsequently examined for segregation of
both alleles (indicating failure of mismatch repair). Kramer
et al. (13) found that the C/C mismatch evaded repair to a
greater extent than the other base substitution mismatches;
insertions of single base pairs were the most efficiently
repaired. Using similar methods, Bishop et al. (1) concluded
that C/C, A/A, and T/T mismatches were repaired less
efficiently than A/C, G/T, A/G, and G/G mismatches or
single-base-pair insertions; the C/T mismatch was repaired
with intermediate efficiency. Similar studies in procaryotes
indicate that C/C is poorly repaired relative to other mis-
matches (4, 17, 26).
Although these heteroduplex transformation studies are

consistent with the possibility that the high frequency of
PMS observed with mutations resulting in a G/G-C/C mis-
match is a consequence of poor repair of the C/C mismatch,
the studies are not definitive for two reasons. First, these
previous studies concern mitotic rather than meiotic mis-
match repair. Second, it has been proposed that the way in

TABLE 1. Yeast strains and plasmids used to construct
the strains

Diploid Haploids mated Relevant genotype Plasmid used to
strain to form diploid of diploid insert his4 mutation

PD82 PD72 x AS4 his4-CTG/HIS4 p44
PD83 PD73 x AS4 his4-AAGIHIS4 p659
PD84 PD74 x AS4 his4-ATC/HIS4 p42
JS102 JS2 x AS13 HIS4/his4-ATC p42
PD85 PD75 x AS4 his4-ACG/HIS4 p65
PD86 PD76 x AS4 his4-GTG/HIS4 p76
PD87 PD77 x AS4 his4-AGGIHIS4 p661
PD88 PD78 x AS4 his4-ATTIHIS4 p74
PD89 PD79 x AS4 his4-TTG/HIS4 p169
JS1O1 JS1 x AS4 his4-ATA/HIS4 p49
PD9 PD5 x AS4 his4-519/HIS4 phis4-519
PD11 PD6 x AS4 his4-171HIS4 phis4-17

which a mismatch is repaired is dependent on which strand
is transferred in formation of the meiotic heteroduplex (9).

Lichten et al. (15) used a method of gel electrophoresis
that allows detection of individual mismatches in heterodu-
plexes in DNA isolated from sporulated yeast cells. They
conclude from this analysis that a C/C mismatch in the ARG4
gene was repaired at least fivefold less efficiently than a G/G
mismatch. We recently developed a genetic method of
identifying which specific mismatch of a pair is left unre-
paired in individual PMS events (19). As described below,
we used this technique, in addition to conventional tetrad
analysis, to analyze the repair of all eight single-base-pair
mismatches. We concluded that C/C mismatches are re-
paired by the meiotic repair system about threefold less
efficiently than all other mismatches. In addition, we found
(in confirmation of previous studies by Lichten et al. [15] and
Nag and Petes [19]) that most unrepaired mismatches are in
heteroduplexes in which the nontranscribed strand was the
donor.

MATERIALS AND METHODS
Plasnids and yeast strains. The plasmids containing muta-

tions in the translation initiation site of HIS4 were gifts from
M. Cigan and T. Donahue. Their construction was described
previously (5). In brief, p42, p44, p49, p65, p74, p76, and
p169 contain mutations in the ATG initiating codon (Table 1)
located within a 760-bp Sau3AI fragment of the upstream
region of HIS4; this fragment is inserted into the BamHI site
of B142 (YIp5 without a PvuII site; 5). Plasmids p659 and
p661 have the mutant ATG substitutions within a 1.5-kb Sall
fragment containing the 5' end of the HIS4 gene; this
fragment is inserted into the SalI site of B142.

Plasmids phis4-519 (B137) and phis4-17 (B135) were gifts
from B. Ruskin and G. Fink. These plasmids contain mutant
his4 genes on an EcoRI-BamHI fragment inserted into
EcoRI and BamHI sites of YIp5. The his4-519 mutation is a
insertion of a single G near position +493 (+1 is the
translation start site) (6). The his4-17 mutation is a T-to-C
base substitution at position +688 (6).
The yeast strains used in this study were derivatives of

AS4 (MATo trpl arg4 tyr7 ade6 ura3 MAL2) and AS13
(MATa leu2 ade6 ura3). These strains were constructed by
A. Stapleton from the haploid strains LS18 and LS25-70d
(29) by multiple transformations. In addition to auxotrophic
markers, these strains contain multiple restriction site
changes between LEU2 and CEN3. The diploid strains used
in our study were isogenic (except for changes introduced by
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transformation) with a diploid produced by crossing AS4 and
AS13. Table 1 shows the plasmids and strains used. For
most constructions, the wild-type HIS4 gene in the haploid
AS13 was replaced by a mutant gene in the two-step trans-
placement procedure (27, 33); for strain JS2, the wild-type
HIS4 gene in AS4 was replaced by a mutant his4 gene. For
the first step of the transplacement, various plasmids with
the URA3 gene and a mutant his4 gene were transformed
into the host strain, and Ura+ cells were selected. For this
step, all plasmids except phis4-519 and phis4-17 were treated
with PvuII to target the integration (22); phis4-519 and
phis4-17 were treated with SpeI. Subsequently, Ura- deriv-
atives of the transformed strains were selected by using
5-fluoroorotate (3) and screened for those derivatives that
were also His-. The resulting haploid strains were mated to
AS4 or AS13 to generate the diploids shown in Table 1.
Media and genetic techniques. Most of the genetic proce-

dures used were standard (28) except for the altered proce-
dure of tetrad analysis. Cells were grown vegetatively in
YPD medium (1% yeast extract, 2% Bacto-Peptone [Difco],
2% dextrose) overnight and were then transferred to plates
containing sporulation medium (1% potassium acetate, 0.1%
yeast extract, 0.05% dextrose, 2% agar) supplemented with
adenine (6 ,ug/ml). These plates were incubated at 18°C until
tetrads had formed (3 to 5 days). Tetrads were treated with
Glusulase and dissected. For the conventional tetrad analy-
sis, the spores were dissected on YPD plates and grown for
2 to 3 days at 32°C, and the resulting spore colonies were
replica plated to various types of omissici media. After 1
day, colonies on the plates lacking histidiile were examined
with the microscope (25-fold magnification) to detect small
sectors; by this procedure, sectors smaller than 5% of the
colony could be easily detected.
For the altered tetrad dissection protocol (19), the sporu-

lated asci were dissected onto SD-his plates (solid medium
containing 0.17% Difco yeast nitrogen base [without ammo-
nium sulfate or amino acids], 0.5% ammonium sulfate, 2%
dextrose, 2% agar, and all required amino acids and bases
[concentration of 0.1 mg/ml] except histidine). The dissected
spores were incubated at 32°C for about 9 h and were then
examined microscopically. On SD-his plates, spores con-
taining a mutant his4 gene or a gene with mutant information
on the transcribed strand and wild-type information on the
nontranscribed strand fail to divide. Spores with a wild-type
HIS4 gene or a gene with wild-type information in the
transcribed strand and mutant information in the nontran-
scribed strand begin dividing on SD-his medium. Thus, in
most of the tetrads, two of the spores failed to divide or bud
and the other two spores had divided three times (6); all
spores that had budded or divided one or more times were
scored as His'. After scoring all spores, we transferred the
agar slab containing the spores on top of a slab of solid YPD
medium that was overlaid with 0.4 ml of a 0.5% histidine
solution. The histidine diffused from one slab into the other,
allowing nonselective growth of both His' and His- cells.
The plates were incubated at 32°C for 3 to 4 days and then
replica plated to SD-his medium (as well as to other omission
media). After 1 day, all colonies on the SD-his plate were
examined with the microscope to detect small sectors. The
pattern of sectoring was then correlated with the phenotype
of the spore. As described below, this protocol allows one to
determine which mismatched bases in the HIS4 gene are
responsible for the sectored colony.

Statistical methods. The statistical comparisons were usu-
ally done by using 2 x 2 contingency chi-square analysis. A
chi-square value greater than 3.85 was considered significant

at the P = 0.05 level. In comparisons in which one or more
classes had fewer than five events, we determined P values
by the Fisher exact test, using the StatXact program (Cytel
Software Corp.).

RESULTS

Experimental system. We examined the meiotic segrega-
tion of heterozygous mutations in the initiating AUG codon
of the HIS4 gene. This particular system was chosen for
several reasons. First, in our strain background, mutations
at the HIS4 locus have an extraordinarily high level of
aberrant segregation (20); this high rate of aberrant segrega-
tion occurs only at the HIS4 locus (20). Second, most of the
aberrant segregations at this locus have a heteroduplex
intermediate (20). Third, the HIS4 gene and many mutant
derivatives of this gene have been sequenced (6). In partic-
ular, Donahue and Cigan (5) have constructed all nine
possible single-base-pair mutations in the DNA sequence
encoding the AUG initiating codon (+1 ATG). The fre-
quency of aberrant segregations at the HIS4 locus is higher
for substitutions located near the 5' end of the gene than for
those near the 3' end. Such polarity gradients have also been
observed for several other yeast genes (such as ARG4; 7).
Thus, mutational alterations in the +1 ATG sequence would
be expected to have a particularly high frequency of aberrant
segregation. In addition, since all mutations in the + 1 ATG
sequence are within three base pairs, any effects related to
the position of the mutation within the gene would be
expected to be minimal.

Rates of PMS in strains heterozygous for various mutational
alterations. Strains heterozygous for various mutational al-
terations at the HIS4 locus (otherwise isogenic) were sporu-
lated, and tetrads were dissected onto plates containing rich
growth medium. After spore colonies were formed, the
plates were replica plated to plates containing various types
of omission media. After overnight growth, the segregation
of all heterozygous markers was examined. The colonies
that were growing on plates lacking histidine were examined
microscopically to ensure that all sectors could be detected.
The patterns of aberrant segregation at the HIS4 locus in

these strains are shown in Table 2, and the frequencies of
PMS for various mutant alleles are summarized in Table 3.
All strains except PD9 and PD11 contain mutations in the
ATG sequence representing the initiating AUG codon of
HIS4. PD9 has the his4-519 mutation, an insertion of a single
base pair (G in the nontranscribed strand) between +493 and
+495 (6), whereas PD11 contains the his4-17 mutation, a
T-to-C change in position +688. The aberrant segregation
rate of HIS4 mutations in the ATG sequence was extremely
high, about 50% of unselected tetrads. Except for the HIS4
gene, the reported rates of abberant segregation for alleles in
S. cerevisiae vary between 0.6 and 18%, with a median
frequency of about 4% (7). Mutations at the 5' end of the
HIS4 gene had a higher frequency of aberrant segregation
than those (his4-17 and his4-519) toward the 3' end, con-
firming the polarity gradient previously observed (31a).
Since mutations at the same position in the gene have similar
rates of aberrant segregation and since most gene conversion
events at HIS4 have a heteroduplex intermediate (20), we
assume that the frequency of heteroduplex formation is the
same for mismatches at the same position in HIS4.

Since the frequency of aberrant segregation was very high
for these mutations, it is not surprising that some tetrads had
the segregation patterns expected as the result of two
recombination events. These tetrads may be interpreted as
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TABLE 2. Numbers and types of aberrant segregations of different his4 mutant alleles

Segregation Aberrant
Diploid Mutant Aberat Total segregation
strain allele Others' tetrads tetrads

5+:3- 3+:5- 7+:1- 1+:7- 4+:4- 6+:2- 2+:6- 8+:0- 0+:8- (% of total)

PD82b his4-CTG 18 15 3 7 8 99 114 20 29 0 640 49
PD83 his4-AAG 11 10 1 2 0 54 58 13 23 1 315 55
PD84b his4-ATC 56 57 6 4 3 113 33 21 1 8 677 45
JS102 his4-ATC 22 21 3 3 10 46 18 9 2 0 256 52
PD85b his4-ACG 12 25 0 6 2 132 156 14 23 1 784 47
PD86 his4-GTG 8 9 2 2 0 63 88 4 13 0 405 47
PD87 his4-AGG 10 8 0 1 1 55 79 11 13 0 339 53
PD88 his4-ATT 8 9 2 2 0 31 52 4 14 2 295 42
PD89b his4-TTG 16 18 6 5 4 92 109 15 13 1 598 47
JS1O1 his4-ATA 8 6 3 1 0 42 58 10 9 0 311 44
PD9 his4-519 0 0 0 0 0 29 60 1 0 0 311 29
PD11 his4-17 6 12 0 0 1 23 44 3 1 0 272 33

a Includes aberrant 6:2 and aberrant 2:6, as well as tetrads with more than two PMS events.
b Includes data from both conventional and altered methods of tetrad analysis.

follows: 8:0 and 0:8 (two conversion events), 7:1 and 1:7
(one conversion and one PMS event), aberrant 4:4 (two PMS
events with one wild-type donor and one mutant donor),
aberrant 6:2 (two PMS events with two wild-type donors),
and aberrant 2:6 (two PMS events with two mutant donors).
Most of these classes were observed at approximately the
frequency expected for two independent events. In particu-
lar, the frequency of aberrant 4:4 tetrads was lower than the
frequency of 5:3 and 3:5 tetrads for most of the strains,
indicating that most of the heteroduplexes were formed
asymmetrically (7, 20).
The his4-ATC mutation in PD84 and JS102 showed higher

PMS than any of the other mutant alleles (Table 3); in these
strains 44% of all aberrant segregations had one or more
PMS events. This frequency is significantly higher than that
observed for any of the other strains with base substitution
mutant alleles in the HIS4 translation initiation site (contin-
gency chi-square values of 21 or more). In these strains, the
frequencies of PMS were in the range of 11 to 19% of the
aberrant segregations and 5 to 8% of the total tetrads. With
the exception of his4-ATC, none of the HIS4 ATG mutations
showed significant differences between their rates of PMS
per tetrad or PMS per aberrant segregation. The his4-519

TABLE 3. Rates of PMS for different mismatch pairs at HIS4

PMS/aberrant PMS/total Position ofMismatch pair Strain segregation (%) tetrads (%) mutationa

T/T-A/A PD83 15 8 +2
PD89b 18 8 +1

T/G-C/A PD86 11 5 +1
JS101 13 6 +3
PD85b 12 6 +2
PD11 21 7 +688

T/C-G/A PD87 11 6 +2
PD88 19 8 +3
PD82b 16 8 +1

G/G-C/C PD84b 44 20 +3
JS102 44 23 +3

Insertion of PD9 0 0 +493
G-insertion
Of C
a +1 indicates the base pair encoding the first base of the initiating AUG

codon.
b Includes tetrads from conventional and altered tetrad analysis.

allele, which is an insertion of a single G about 493 bp
downstream of the translation initiation site, showed no
PMS. This frequency was significantly less than observed for
all other base substitution alleles in this study (Fisher exact
tests in comparisons with other strains gave P values of
0.0002 or less).
The higher level of PMS for the his4-ATC mutation is

probably due to the nature of the mismatches formed in
meiotic heteroduplexes. Since two other mutations at the
same position (+3) in the HIS4 gene do not have a high level
of PMS, this observation does not reflect a context-specific
feature of the repair system. PD84 and JS102 are the only
strains analyzed that would form G/G or C/C mismatches in
heteroduplexes between the wild-type and mutant HIS4
genes. Thus, our results confirm previous studies (7, 13, 21,
31) indicating that this mismatch pair results in high PMS. To
determine the rates of repair of individual mismatches, we
used an alternative tetrad dissection procedure.

Rate of meiotic repair of individual mismatches. The fre-
quency of repair of the mismatch is assumed to be inversely
related to the frequency of PMS. If the mutation is a G-to-C
change in the ATG sequence at the beginning of the HIS4
gene, transfer of the nontranscribed strand in a 5 :3- tetrad
would reflect a G/G mismatch, whereas transfer of the
transcribed strand would reflect a C-C mismatch (Fig. 1).
For 3+:5- tetrads, transfer of the nontranscribed strand
would result in a C/C mismatch and transfer of the tran-
scribed strand would result in a G/G mismatch.
To determine whether a transcribed or nontranscribed

strand was donated and which mismatch was left unrepaired,
we dissected the heterozygous strains onto medium lacking
histidine (19). After about 9 h, the spores were observed
microscopically and scored as His+ (the spore had under-
gone cell division) or His- (no cell division). Spores scored
as His+ presumably have wild-type HIS4 information in the
transcribed strand, and spores scored as His- presumably
have mutant information in the transcribed strand. The agar
slab containing the spores was transferred to a plate contain-
ing agar with excess histidine. The diffusion of histidine into
the agar originally lacking histidine allows both His+ and
His- cells to form a colony. The resulting colonies were then
replica plated to medium lacking histidine. If a PMS event
for the 5:3 class is observed and the sectored colony was
derived from a His- spore (class 1), we can conclude that the
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TABLE 4. Segregation pattems for tetrads with PMS events at the HIS4 locus

Segregation His phenotype of Class of No. of tetradsb
patterna PMS spore(s) sectored colony PD82 PD84 PD85 PD89

5+:3- -, + 1, 2 9, 2 9, 18 6,0 5, 3

3+:5- -,+ 3,4 4,8 5,29 1,10 1,7
*400
7+:l- -, + 1,2 1,0 3,0 0,0 1, 1

1+:7- -,+ 3,4 1,1 0,3 0,3 0,3
0000
Aberrant 4+:4- --, +1-, +l+ 1, 1, 0 0, 3, 0 0, 1, 0 1, 0, 1
*000)
Aberrant 6+:2- --, +l-, +I+ 1/1, 2/1, 2/2 0, 0, 0 0, 0, 1 0, 0, 0 0, 0, 0

Aberrant 2+:6- -I-, +-, +I+ 3/3, 4/3, 4/4 0, 0, 0 0, 0, 0 0, 0, 0 0, 0, 0
0000
Other' 0 1 0 0

a Below the numerical representation of the segregation pattern is a schematic representation of spore colonies. The dark color represents wild-type (His')
cells.

b Obtained from dissection by the altered dissection protocol and having one or two PMS events per tetrad.
Deviant 3:5 tetrad (3 sectored spore colonies: 1 His- spore colony). Two of the sectors were derived from His+ spores, and one was derived from a His-

spore.

sector resulted from transfer of the nontranscribed strand
from wild type to mutant and an unrepaired G/G mismatch
(Fig. 1). Similar arguments can be used to explain the other
three classes shown in Fig. 1. It should be pointed out that
all sectors derived from His- spores represent G/G mis-
matches and all derived from His' spores represent C/C
mismatches.
Some of the classes of tetrads with more than one PMS

event or a conversion event and a PMS event can also be
classified as representing class 1, 2, 3, or 4 events. For
example, an aberrant 6:2 tetrad (two His' spore colonies: 2
sectored His+/His- spore colonies) in which the sectored
colonies are derived from His+ spores can be classified as

representing two class 2 events. Tetrads of the aberrant 4:4
class cannot be unambiguously classified since it is unclear
whether the individual sectored colonies were the result of
transfer of a mutant strand to a wild-type gene or vice versa.
Thus, sectors derived from such tetrads cannot be used to
determine whether a transcribed or nontranscribed strand
was donated, although they can be used to determine which
mismatch was left unrepaired.
The analyses for strains PD84 (C/C-G/G mismatches),

PD82 (G/A-T/C mismatches), PD85 (T/G-C/A mismatches),
and PD89 (A/A-T/T mismatches) are summarized in Table 4.
The expected mismatches for each heteroduplex of these
strains are shown in Table 5, and the unrepaired individual
mismatches are summarized in Table 6. Assuming the same

frequency of heteroduplex formation for all mismatches, we
conclude that the C/C mismatch was repaired less efficiently
than any of the other mismatches (including G/G). The
chi-square values were 15.7 for the C/C-G/G comparison and
greater than 16.8 for the comparisons of C/C with any of the
other mismatches. All other mismatches (A/A, T/T, T/G,
C/A, G/A, T/C, and G/G) were repaired with approximately
the same efficiency. The only exception to this generaliza-
tion is that the level of unrepaired mismatches for G/G was

significantly greater (chi-square value of 4.8) than for T/G.
Table 7 is a comparison of the classes of aberrant segregation
in strains dissected by conventional procedures and by a

modified protocol. It is clear that these two procedures have
similar distributions of the classes of aberrant segregation.

Preferential donation of the nontranscribed strand in het-
eroduplexes with unrepaired mismatches. The number of
PMS tetrads in the four classes shown in Fig. 1 is a function
of two variables: (i) the relative frequency of transfer of the
transcribed and nontranscribed strands and (ii) the efficiency
of repair of the individual mismatches. The contributions of
these two factors to the frequency of the four classes can be
calculated separately (19). In Table 8, we tabulate the
number of sectors resulting from transfer of the transcribed
and nontranscribed strands. For all four strains, there were
significantly (all chi-square values greater than 4.6) more
sectors resulting from transfer of the nontranscribed strand
than from transfer of the transcribed strand. Although the
transcribed strand/nontranscribed strand ratio varied some-
what for different strains, only the difference in the ratios for
strains PD84 and PD85 was statistically significant (P =

TABLE 5. Expected mismatches formed as the result of
heteroduplex formation between wild-type and mutant his4 alleles

Expected
Strain Mutant heteroduplexes His phenotype Mismatchallelea between wild-type of spore

and mutant alleles

PD89 his4-TTG 5'-ATG-3' - A/A
3'-AAC-5'
5'-TTG-3' + T/T
3'-TAC-5'

PD85 his4-ACG 5'-ATG-3' - T/G
3'-TGC-5'
5'-ACG-3' + C/A
3'-TAC-5'

PD82 his4-CTG 5'-ATG-3' - G/A
3'-GAC-5'
5'-CTG-3' + T/C
3'-TAC-5'

PD84 his4-ATC 5'-ATG-3' - G/G
3'-TAG-5'
5'-ATC-3' + C/C
3'-TAC-5'

a Wild type is his4-ATG.
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TABLE 6. Number of sectored colonies resulting from specific
unrepaired mismatches

Total Total Expected No. of sectors Sectors due to
Strain no. of no. of Expech resulting from mismatch/total

tetrads sectors mismatch mismatch tetrads (%)

PD89 315 25 A/A 9 3
T/T 16 5

PD85 385 23 T/G 9 2
C/A 14 4

PD82 327 30 G/A 18 6
T/C 12 4

PD84 367 78 G/G 21 6
C/C 57 16

0.011 by the Fisher exact test). The conclusion that the
nontranscribed strand is transferred more frequently than
the transcribed strand in heteroduplexes with unrepaired
mismatches is consistent with previous observations at the
HIS4 (19) and ARG4 (15) loci.

DISCUSSION

When a heteroduplex containing a mismatch is formed
during meiotic recombination, there are three possible con-
sequences: (i) the mismatch may remain unrepaired, leading
to a PMS event; (ii) the mismatch may be repaired in the
direction of the invading strand, leading to a gene conversion
event; or (iii) the mismatch may be repaired in the direction
of the invaded strand, leading to a restoration event. Our
study, therefore, concerns two issues, the efficiency of
repair and the direction of repair. These issues are discussed
separately below.
C/C mismatches are less efficiently repaired in meiotic

heteroduplexes than any other single-base-pair mismatch. Our
analysis indicates that C/C mismatches are less efficiently
repaired in meiosis than any of the other seven base pair
mismatches. All other mismatches are repaired with approx-
imately the same efficiency. A single-base-pair insertion was
repaired more efficiently than any of the mismatches result-
ing from base substitutions. Our results are qualitatively in
agreement with those of other researchers, although there
are several interesting quantitative differences. The arg4-16
mutation (which would result in a C/C or G/G mismatch in a
heteroduplex with a wild-type strand) had a PMS frequency
of 32.5% of the aberrant tetrads, whereas mutations resulting
in A/A-T/T or A/C-G/T mismatches had PMS frequencies of
5 and 4%, respectively (7, 31, 32). Williamson et al. (32)
found no PMS for strains heterozygous for the his4-519

TABLE 8. Number of sectors formed by the transfer of
transcribed and nontranscribed strandsa

Sectors derived from transfer of:
Total no. ofStrain tetrads Nontranscribed Transcribed

strand strand

PD82 327 19 7
PD84 367 46 23
PD85 385 19 1
PD89 315 16 5

a Data were derived from Table 4. Classes 1 and 4 represent transfer of the
nontranscribed strand, and classes 2 and 3 represent transfer of the tran-
scribed strand.

mutation (the same single-base-pair insertion used in our
study). Although the frecuency of PMS for the arg4-16
mutation observed by Williamson et al. (32) appears lower
than we observed, in other studies of the arg4-16 mutation
by the same researchers, a PMS frequency of 48% was
reported (8). In addition, Kramer et al. (13) observed PMS
frequencies/aberrant segregation for various combinations of
mismatches at the ADE8 locus with the following results:
A/A-T/T, 8%; G/T-C/A, 3%; G/A-T/C, 6%; and C/C-G/G,
37%. Thus, our data concerning the frequency of PMS for
different mismatches are in good quantitative and qualitative
agreement with that of the Fogel laboratory.

Nicolas et al. (21) and Lichten et al. (15) examined PMS
for a G-to-C mutation in the ATG initiating codon of ARG4
(arg4-nsp). These workers observed that PMS events com-
prised about 13% of the total aberrant tetrads, a frequency
significantly lower than that observed in either our study or
that of the Fogel group (7, 8). Several explanations for this
difference are possible. First, the strains used by Lichten et
al. may be more repair proficient than those used by the
other groups. Second, the efficiency of repair may be af-
fected by neighboring sequences. Third, a substantial frac-
tion of the gene conversions of arg4-nsp do not involve
mismatch repair of a heteroduplex. It has been suggested
that some conversion events involve repair of a double-
stranded gap (30). This possibility is made unlikely by the
observation that the pmsl mutation, which reduces the
efficiency of mismatch repair (32), increases the frequency of
PMS of arg4-nsp to about 50% (15). Fourth, the strains used
by Lichten et al. (15) may include an additional mismatch
that affects repair of the arg4-nsp mismatch, although pre-
cautions were taken to avoid extraneous mismatches (14a).
Since well-repaired mismatches increase the repair fre-
quency of nearby poorly repaired mismatches in yeast cells

TABLE 7. Comparison of the spectra of aberrant segregations at HIS4 for conventional tetrad dissection and dissection altered to
monitor spore phenotype

Dissection Total no. of % Aberrant segregation
Strainprotocol tetrads 6:2 2:6 5:3 3:5 Other' PMS 8:0 and 0:8

PD82 Conventional 313 16 21 2 1 4 8
PD82 Altered 327 15 15 3 4 2 7
PD84 Conventional 310 17 4 9 7 3 4
PD84 Altered 367 16 6 7 9 3 3
PD85 Conventional 399 16 22 2 3 1 5
PD85 Altered 385 18 17 2 3 1 4
PD89 Conventional 283 14 20 3 4 3 4
PD89 Altered 315 16 17 3 3 2 5

a Includes tetrads with two or more sectors.
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(7, 10), such mismatches would be expected to lower the
PMS frequency.

In agreement with Lichten et al. (15), we find that the
meiotic repair of the C/C mismatch is less efficient than
repair of the G/G mismatch; unrepaired mismatches of both
types, however, are detected. In the former study, no
heteroduplexes containing G/G mismatches were observed
in PMSI strains, and the authors concluded that there was at
least a fivefold difference in the number of C/C and G/G
unrepaired mismatches. The relative frequencies of unre-
paired C/C and G/G mismatches are significantly different in
the two studies (chi-square value of 5.3).
For the mutations at ARG4 that resulted in a C/C-G/G

mismatch (7, 15, 21), the 6:2 class exceeded the 2:6 class (by
1.7-fold) and the 3:5 class exceeded the 5:3 class (by 3-fold).
These patterns are expected if the nontranscribed strand is
usually the donor strand and C/C mismatches are more
poorly repaired than G/G mismatches (Fig. 1). In our exper-
iments, the frequency of 5:3 and 3:5 tetrads is approximately
the same, and the frequency of 6:2 tetrads exceeds that of 2:6
tetrads by threefold. One explanation of the difference
between the behavior of the his4 and arg4 mutations in the
5:3 and 3:5 classes is that a significant fraction of the G/G
mismatches in HIS4 (but not ARG4 [15]) remain unrepaired.
These unrepaired mismatches would reduce the expected
difference between the 5:3 and 3:5 classes.
The mitotic repair of different types of mismatches was

examined in two studies in which heteroduplexes con-
structed in vitro were transformed in vegetatively dividing
cells (1, 13). Since the mismatches were within a gene that
affected cell color, failure to repair the mismatch was indi-
cated by color-sectored colonies derived from single trans-
formed cells. In one study (13), the C/C mismatches were
poorly repaired relative to all other mismnatches, whereas in
the other study (1), A/A, T/T, and C/C mismatches were
inefficiently repaired (to approximately the same degree)
relative to the other mismatches. The close resemblance of
our results and those of Kramer et al. (13) suggests that the
mitotic and meiotic mismatch repair systems are either
identical or very similar.

In Escherichia coli and Streptococcus pneumoniae, C/C,
G/A, and T/C mismatches are generally inefficiently cor-
rected relative to the other types of point mismatches,
although efficient repair of G/A and T/C mismatches has
been observed in some sequence contexts (reviewed in
reference 17). It is possible that the mismatch repair evolved
to remove errors caused by DNA polymerase. If C/C mis-
matches caused by such errors are very rare, there may be
no selective advantage to having a mismatch repair system
that efficiently repairs such mismatches (12). Alternatively,
the inefficient repair of C/C may be a consequence of
enzymatic systems in yeast and E. coli cells that recognize
only specific types of helical distortions (17).

Direction of mismatch correction: the ratio of conversion to
restoration. The level of PMS for a particular mutation is a
function of only two variables, the frequency of heterodu-
plex formation involving that mutation and the efficiency
with which the resulting mismatch is repaired. The fre-
quency of gene conversion involves a third variable, the
direction with which the mismatch is corrected. As de-
scribed above, if a wild-type strand invades a mutant gene
and the resulting mismatch is repaired to generate a wild-
type gene, the tetrad would have a 6:2 gene conversion
event. Repair of the mismatch to generate a mutant gene
(restoration event) would lead to 4:4 segregation. Thus, the
ratio of conversion to restoration, at least in principle, can

greatly affect the observed level of gene conversion. Below,
we address two issues. First, we discuss the possibility that,
for mutations at the 5' end of HIS4, conversion is niore
common than restoration. Second, we discuss the evidence
that the C/C-G/G mismatch responds differently than the
other mismatches to the system that controls the ratio of
conversion and restoration.

Conversion-type repair exceeds restoration-type repair rbr
well-repaired mutant alleles at the 5' end ofHIS4. The ratio of
conversion to restoration is not known for any mutation in S.
cerevisiae. From analysis of gene conversion and crossing
over at the HIS] locus in yeast cells, Hastings (9) concluded
that conversion-type repair was more common than restora-
tion-type repair. This analysis required the assumption that
crossovers occur only at the low-conversion end of the gene.
Since studies with other yeast genes (7) indicate that cross-
overs can occur at either the high- or low-conversion end of
the gene, the relative amounts of conversion and restoration
are not unambiguously determined by these experiments.
Another argument that conversion may exceed restoration

is based on the frequencies of aberrant segregations of alleles
that are close together within a gene but have very different
amounts of PMS. For example, an insertion of a small
palindromic nucleotide about 50 bp upstream of the + 1 ATG
of HIS4 (his4-B2) had a frequency of 5:3 and 3:5 tetrads of
24% (UH [frequency of unrepaired heteroduplexes for high-
PMS allele] = 24%) of the total tetrads and a level of 6:2 and
2:6 tetrads of 15% (CH [frequency of conversion tetrads for
high-PMS allele] = 15%) (20). For mutations in the ATG
sequence from this study (excluding the his4-ATC mutation),
the average frequency (of total tetrads) of 5:3 and 3:5 tetrads
was 5% (UL = 5%) with an average conversion frequency
(6:2 and 2:6 tetrads) of 35% (CL = 35%). Since 24% of the
tetrads in the high-PMS strain and 5% of tetrads in the
low-PMS strain represent PMS events, 19o (UH - UL) of
the tetrads in the low-PMS strain presumably represent
mismatch repair events in excess of those observed in the
high-PMS strain. If the excess repair events are distributed
equally between restoration- and conversion-type repair,
then about 25% [(UH - UL)/2 + CHI of the tetrads in the
low-PMS strains should represent gene conversion events. If
these repair events are all of the conversion type, approxi-
mately 34% [(UH - UL) + CHI of the tetrads should
represent gene conversion events, which is close to the
observed value (35%). The conclusion that most mismatch
repair is conversion-type repair is, however, not completely
rigorous, since it is not clear that the level of heteroduplex
formation is the same for mutations at the same position
within a gene.
There are several plausible methods to ensure that con-

version-type repair exceeds restoration-type repair. First,
the yeast cell may tag the donor strand in such a way that
this strand is used as a template for repair of the mismatch or
tag the recipient strand to prevent it from being used as a
template. Alternatively, the yeast cell may tag the nontran-
scribed strand at the HIS4 locus such in a way that this
strand is used as a template for repair (or tag the transcribed
strand to prevent it from being used as a template); since the
nontranscribed strand is preferentially donated, this mecha-
nism would result in an excess of conversion-type relative to
restoration-type repair. All of these mechanisms are analo-
gous to the major mismatch repair system observed in E.
coli, in which a strand tagged by methylation is protected
from mismatch repair relative to an unmethylated strand (17,
24). In the methyl-directed repair system in E. coli, the
efficiency of repair in hemimethylated DNA is primarily a
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function of the specific mismatch, with the C/C mismatch
being repaired least efficiently (as discussed previously).

In summary, base substitutions at the 5' end of HIS4 that
lead to well-repaired mismatches have the frequency of gene
conversion expected if conversion-type repair exceeds res-
toration-type repair. The ratio of conversion to restoration
appears to be constant for the well-repaired mismatches at
the 5' end of HIS4, since the frequency of 6:2 and 2:6 tetrads
is approximately equal and a difference in the conver-
sion/restoration ratio would lead to disparity in the fre-
quency of 6:2 and 2:6 tetrads. Although the ratio of conver-
sion to restoration is a constant for a particular position
within a gene, it is possible that the ratio differs at different
positions. At HIS4, as well as for several other yeast genes
(reviewed in reference 23), the frequency of gene conversion
is higher at one end of the gene than at the other. Such
gradients are usually interpreted as indicating that heterodu-
plex formation initiates near one end of the gene and the
heteroduplex is propagated toward the other end of the gene
(10, 11). An alternative possibility is that the polarity gradi-
ent reflects an alteration in the ratio of conversion- and
restoration-type repair along the gene. If this ratio is affected
by a signal or tag located near one end of the gene that is
propagated in a distance-dependent way toward the other
end of the gene, a polarity gradient would be formed. This
possibility could be checked by examining the frequency of
segregation of high-PMS alleles near the 3' end of HIS4. If
the polarity gradient reflects mismatch repair, such mutant
alleles should show less of a polarity gradient than well-
repaired alleles.

Conversion and restoration repair for the C/C-G/G mis-
match. As discussed above, the equal frequency of 6:2 and
2:6 tetrads for the well-repaired mismatches at the 5' end of
HIS4 indicates that levels of conversion-type and restora-
tion-type repair are the same for all of these mismatches. We
argue below that the inequality of 6:2 and 2:6 tetrads for
strains containing the C/C-G/G mismatch is likely to be the
result of a difference in the ratio of conversion to restoration
for the C/C mismatch relative to the G/G mismatch. The
three variables influencing the frequency of conversion are
the frequency of heteroduplex formation, the efficiency of
repair, and the direction of repair. Since for all mutations
leading to a single-base-pair mismatch (except the mutation
resulting in the C/C-G/G mismatch) the number of 6:2 and
2:6 tetrads is very similar (Table 2), it is likely that the
wild-type and mutant genes initiate heteroduplex formation
with the same frequency. In addition, the disparity in gene
conversion of the his4-ATC mutation cannot be the result of
one chromosome donating strands more frequently than the
other, since the same disparity is observed for both PD84
and JS102, which have the mutant his4 allele on opposite
homologs (Table 2). Since the level of 5:3 and 3:5 tetrads in
these strains in PD84 and JS102 is the same, the mismatches
resulting from the transfer of a wild-type strand appear to be
repaired at a similar frequency to those resulting from
transfer of a mutant strand. Thus, the only variable that is
likely to explain the disparity in gene conversion in PD84 and
JS102 is the relative amounts of conversion and restoration.
A number of related mechanisms could produce the ob-

served effects on gene conversion. For example, if all of the
G/G mismatches are corrected by conversion-type repair
and all of the C/C mismatches corrected by restoration-type
repair, an excess of 6:2 tetrads would be observed. Alterna-
tively, if the nontranscribed strand always acts as a template
for repair of the G/G mismatches (leading to conversion-type
repair when the wild-type strand is donated and restoration-

type repair when the mutant strand is donated), and if the
C/C mismatch is converted and restored with equal fre-
quency (regardless of which strand is donated), an excess of
6:2 tetrads would result. Both of these models suggest the
possibility that the repair of C/C mismatches is different from
the repair of other mismatches in two ways: the frequency of
repair and the type of repair (the conversion-restoration
ratio). It should be noted that this effect may be dependent
on the context of the C/C-G/G mismatch, since for the same
mismatch at the ARG4 locus, the level of 6:2 and 2:6 tetrads
was less different (7, 15, 21).
The nontranscribed strand is the favored donor in hetero-

duplexes with an unrepaired mismatch at HIS4. In our study,
as in previous studies (15, 19), unrepaired mismatches were
more frequently observed in tetrads in which the nontran-
scribed strand was a donor than in those in which the
transcribed strand was a donor. This observation has two
possible interpretations. Our favored interpretation is that
the initiation of strand transfer preferentially involves the
nontranscribed strand as a donor (19). The alternative pos-
sibility is that strands are transferred with equal frequencies,
but heteroduplexes in which the transcribed strand is a
donor are more efficiently repaired. As discussed previously,
the twofold bias in favor of transfer of the nontranscribed
strand observed with the his4-ATC mutation is significantly
less than observed with some of the other mutations. This
result suggests the possibility that G/G and C/C mismatches
may be repaired with different efficiencies, depending on
which strand (transcribed or nontranscribed) is used as a
donor for heteroduplex formation. A unifying hypothesis for
these and other observations is that the rules governing
repair of C/C mismatches are different in three ways from
those influencing the repair of other point mismatches. First,
the C/C mismatch appears to be repaired less efficiently.
Second, the repair events that do occur may involve a
different ratio of conversion to restoration than for other
mismatches at the same position in the gene. Third, the
efficiency of repair of the C/C mismatch may be affected by
the strand that is transferred to form the heteroduplex.
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