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ABSTRACT 
Mutants  at  the ME14 locus  were detected in a search for mutants defective in meiotic gene 

conversion. mei4 mutants exhibit decreased  sporulation  and  produce  inviable spores. The spore 
inviability phenotype is rescued by a s f 0 1 3  mutation,  which  causes cells to bypass the meiosis I division. 
The ME14 gene has been cloned from a yeast genomic library  by complementation of the recombi- 
nation defect and has been mapped to chromosome V near gln3. Strains  carrying a deletion/insertion 
mutation of the ME14 gene display no meiotically  induced gene conversion  but  normal  mitotic 
conversion frequencies. Both meiotic  interchromosomal and intrachromosomal  crossing over are 
completely  abolished in mei4 strains. The mei4 mutation is able to rescue the spore-inviability 
phenotype of $1013 rad52 strains ( i e . ,  mei4 spo l3  rad52 mutants  produce  viable spores), indicating 
that ME14 acts before RAD52 in the meiotic  recombination  pathway. 

M EIOSIS is a form of eukaryotic cell  division  in 
which a diploid  cell  divides to yield four hap- 

loid progeny. Cells entering meiosis undergo DNA 
synthesis  followed by an extensive prophase, during 
which  homologous  chromosomes pair and recombine. 
Pairing is mediated by a  structure called the synapto- 
nemal complex, which  assembles and  then disassem- 
bles  in prophase I (for a review,  see VON WETTSTEIN, 
RASMUSSEN and HOLM 1984). Recombination in 
meiosis occurs at  a frequency 100- to 1000-times 
higher than in  mitosis and is thought  to take place 
during prophase when  chromosomes are paired. The 
meiosis I (reductional) division ensues, in  which  ho- 
mologous  chromosomes segregate from each other. 
This is followed by the meiosis  I1 (equational) division, 
in  which  sister chromatids separate and segregate 
from each other  to complete meiosis. 

In organisms that  undergo meiotic chromosome 
pairing and recombination, these processes are re- 
quired for the  proper segregation of  chromosomes at 
the first division (BAKER et al. 1976). Drosophila mel- 
anogaster c(3)C mutants (GOWEN 1933) lack synapto- 
nemal  complexes and produce inviable  gametes due 
to nondisjunction at meiosis I  (HALL 1972). Drosoph- 
ila mutants mei-41 and mei-218 alter  the distribution 
and frequency of recombination events in  meiosis and 
undergo nondisjunction at meiosis I (BAKER et al. 
1976). Plant mutants that fail to pair (asynaptic) or 
recombine homologs, or terminate pairing prema- 
turely (desynaptic),  have severe defects in the meiosis 
I division and concomitant reductions in fertility 
(BAKER et al. 1976). 

A number of mutants defective  in  meiotic  recom- 
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bination  have  been identified in the yeast, Saccharo- 
myces cerevisiae. These mutants have  come from many 
sources including screens for mutations affecting 
spore viability ( m e r l )  (ENGEBRECHT and ROEDER 
1989), meiotic recombination ( h o p l )  (HOLLING- 
SWORTH and BYERS 1989), sporulation ( 9 0 1 1 )  (Es- 
POSITO and ESPOSITO 1969), radiation sensitivity 
(rad50, rad52, rad57) (GAME 1983), gene conversion 
(con,  rec) (RODARTE-RAMON and MORTIMER 1972; 
ROTH and FOGEL 19’7 l), and various  mitotic  cell func- 
tions (JOHNSON and NASMYTH 1978; KASSIR and 
SIMCHEN 1978; LIRAS et al. 1978; SIMCHEN 1974). In 
cases where it has been examined (mer l ,   hop l ,  $01  1, 
rad50, rad52, rad57), these mutants produce inviable 
spores, consistent  with the hypothesis that recombi- 
nation is required for  proper chromosome disjunction 
at meiosis I. 

These yeast mutants can  be  classified into groups 
according to  the stages  in the meiotic recombination 
pathway at which  they are believed to act. For sim- 
plicity,  meiotic recombination can be considered to 
occur in three stages: the pairing of  homologous chro- 
mosomes, the initiation of recombination and the 
resolution of recombination intermediates. Whether 
pairing precedes the initiation of exchange or these 
events are mutually dependent is unknown. The de- 
termination of the stage  in  which a mutant is defective 
is based on  the severity  of the phenotype, the types  of 
recombination affected and the interactions of the 
mutant with other meiotic mutants. 

The spo l3  mutation (KLAPHOLZ and ESPOSITO 
1980) is particularly useful  in  classifying recombina- 
tion mutants. In meiosis, spo l3  diploids undergo pair- 
ing and recombination followed by a single  meiosis  I1 
(equational) division to form two  diploid spores. Many 
recombination-defective mutants produce viable,  al- 
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beit nonrecombinant,  spores in a spo l3  background 
(see below). Apparently,  mutants blocked early in the 
recombination pathway can produce viable spores 
when the meiosis I division is bypassed because recom- 
bination is not  required  for meiosis  I1 chromosome 
segregation.  Mutants blocked later in the recombina- 
tion pathway produce inviable spores in a spo l3  back- 
ground,  perhaps because recombination has intro- 
duced  breaks that  cannot  be  repaired in the absence 
of the defective gene  product.  Alternatively,  recom- 
bination may have established connections that  cannot 
be resolved; subsequent  attempts at chromosome seg- 
regation either destroy the integrity  of the  chromo- 
somes or result in massive nondisjunction,  producing 
inviable spores. 

The s p o l l  (KLAPHOLZ, WADDELL and ESPOSITO 
1985)  and rad50 (GAME et al. 1980; WAGSTAFF, GOTT- 
LIEB and ESPOSITO 1986)  mutants are completely de- 
fective in both meiotic inter-  and intrachromosomal 
recombination. The double  mutants, s p o l l   s p o l 3  and 
rad50 $1013,  produce viable, nonrecombinant  spores 
(MALONE 1983).  Neither s p o l l  nor rad50 null mu- 
tants  form  synaptonemal  complexes (DRESSER, GI- 
ROUX and MOSES 1986;  FARNET et al. 1988).  Thus, 
s p o l l  and rad50 are presumed to  be defective in the 
initiation of all forms of meiotic exchange. 

Mutants at  the HOP1 locus (HOLLINGSWORTH and 
BYERS 1989)  undergo meiotic interchromosomal re- 
combination at  10% of the wild-type level. Strains 
containing  both hopl and spo l3  produce viable spores, 
suggesting that hopl mutants are defective  early in 
the recombination pathway. These  mutants  do, how- 
ever,  undergo wild-type levels of meiotic intrachro- 
mosomal recombination  between repeated sequences 
on  the same  chromosome. Meiotic recombination be- 
tween,  but not within, chromosomes is thought  to  be 
dependent  on homologous  pairing (HOLLINGSWORTH 
and BYERS 1989). Thus, hopl has been classified as a 
pairing-defective mutant (HOLLINGSWORTH and 
BYERS 1989). 

Mutants at  the M E R l  locus (ENGEBRECHT and ROE- 
DER 1989)  undergo meiotic inter-  and  intrachromo- 
soma1 recombination at  10% of wild-type levels. The 
merl   spol3 double  mutant  produces viable spores. 
The M E R l  gene  product may be  required  for initia- 
tion of the major pathway of meiotic recombination. 
The residual recombination in merl  mutants  presum- 
ably represents  a  minor pathway, which is not suffi- 
cient to  ensure  proper  chromosome segregation at 
meiosis I. 

Mutations in RAD52 and RAD57 have  severe effects 
on meiotic interchromosomal  recombination (GAME 
et al. 1980). The spore-inviability phenotype  of  these 
mutants is not  overcome by a spo l3  mutation (RESNICK 
1987). Presumably, recombination  initiates in rad52 
and rad57 mutants, leaving the chromosomes either 
broken or inseparably joined.  Introduction of a  mu- 

tation that blocks the initiation of recombination (e .g . ,  
s p o l l  or rad50) into rad52 $1013 or rad57 spo l3  
strains  restores  spore viability. Using a physical assay, 
rad52 and rad57 mutants  were shown to  form recom- 
bined molecules in meiosis (BORTS, LICHTEN and  HA- 
BER 1986), which is consistent with the hypothesis that 
these  mutants are competent in the initiation of ex- 
change. 

A  search for additional yeast genes involved in 
meiotic recombination was initiated by screening  for 
recombination-defective  mutants. By expanding the 
catalog  of  genes required  for meiotic recombination 
and  examining  the relationships  between them, it is 
hoped  that  a  better  understanding of meiotic ex- 
change will emerge.  This study focuses on  the isola- 
tion and characterization  of  a new gene, called MEZ4, 
which is required  for meiotic recombination  in yeast. 

MATERIALS AND METHODS 

Strains: Yeast strains used for  this  study are shown in 
Table  1;  karC2-4 was obtained  from NANCY HOLLING- 
SWORTH (HOLLINGSWORTH and BYERS 1989), PLM39  from 
PATTY MINEHART and BORIS MAGASANIK and NKY611 
from NANCY KLECKNER. Escherichia  coli strains  DH1  and 
YCMlO recA were  used, as well  as strains  for  the  shuttle 
mutagenesis  system of SEIFERT et al. (1 986). 

Genetic  manipulations: Yeast media  and  genetic meth- 
ods are described by SHERMAN, FINK and  HICKS (1 986). SC 
is synthetic  complete  medium, which can also  be prepared 
lacking  specific  amino  acids (e.g., SC-histidine).  Cyclohexi- 
mide  was added at a concentration of 2 pg/ml. Rich medium 
is YPD.  Yeast transformations were carried  out using the 
lithium  acetate  procedure (ITO et al. 1983). 

Transposon  mutagenesis was carried  out in strains  and 
plasmids  specified for  that  purpose  (SEIFERT et al. 1986). 
Individual  transposon  insertions  were  introduced  into the 
yeast strain, Y20,  by transformation with linear  fragments 
(ROTHSTEIN 1983). Substitutions of transposon-containing 
fragments for yeast chromosomal  sequences  were  selected 
by virtue of the URA3 gene  carried  on the transposon. 
Transformants were  patched  and  their  recombination  phe- 
notypes  assessed  by the  number of  His+  and Leu+ papillae 
appearing  following  sporulation. 

Deletion  alleles  of ME14 were  also introduced  into yeast 
by transformation with linear  fragments (ROTHSTEIN 1983). 
Southern  blot  analysis (SOUTHERN 1975) of DNA isolated 
from yeast transformants  confirmed the presence of the 
deletion  alleles  on the chromosome. 

Mutant screen: Strain Y 17  (see  Figure 1) was  used  in the 
screen  for yeast mutants defective in meiotic recombination. 
This strain was plated on rich  medium (200  colonies  per 
plate)  and  mutagenized with UV light to 50% killing.  Plates 
were  incubated  in the  dark  at 30" for 4 days.  Survivors 
were  patched to rich  medium,  grown  at 30" and  then 
replica-plated to sporulation  medium.  Following  sporulation 
at 30° ,  patches  were  replica-plated  to  SC-histidine  and  SC- 
leucine to select His+  and  Leu+  recombinants.  Patches  that 
contained  fewer  recombinants  than wild  type (as indicated 
by the number of His+  and  Leu+  papillae)  were  examined 
for sporulation-competence. Dyads  were  dissected  in order 
to assess spore  viability. 

MMS sensitivity: The  sensitivity  of the mei4-1 mutant to 
the radiomimetic drug, methylmethane  sulfonate (MMS; 
Kodak,  Rochester, NY), was  assessed in a plate assay. The 
mutant and a wild-type control were  patched onto rich 
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TABLE 1 

Yeast  strains 
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Strain Genotype 

Y17 

Y2 1 

TM 18-52B 
Y63 

Y20 

Y33 

Y 34 

NKY6 I 1 

Y64 

Y50 

Y58 

Y 59 

Y 60 

Y61 

karC2-4 

Y56 

PLM39 

~~~ 

MATa  CRYI" leu2-112 his4-260,39 ura3 trpl-H3 spo13::TRpI 
MATa cryl'  leu2-3 his4-280 

MATa  CRYIS  le~2-112 his'-260.39 ura3 mei4-4 trpl-H3  spo13::TRpI 
MATa cryl' leu2-3 his4-280 

MATa leu2 his4 cyhl0 lys2-I ura3  ade2-1 trpl-H3 
MATa  CRYIS leu2 his4-260,39 trpl spol3::TRPI ADE2 lys2-1 cyhlo' ura3 mei4-1 
MATa cryl'  leu2 his4-280 2 SP013 ade2 LYS2 cyhlo' ura3 mei4-1 

cR y1'1eu2-112 his4-260'39 ura3 trp1-H-Z spol3::TRPI ade2-1 lys2-1 cyhlo' 
MATa cryl' leu2-3 his4-280 

MATa his4-260'39 ura3  mei4::ADE2 trpl-H3 spol3::TRPI ade2-1 lys2-1 cyhlo' 

MATa cR y1"eu2-112 his4-260'39 ura3 mei4:VRA3 trpl-H3 spol3::TRPI ade2-1 lys2-I cyhl0' 

MATa leu2:hisG ho::LYS2 lys2 ura3 
MATa leu2::hisG ho::LYS2 lys2 ura3 
MATa leu2:hisG ho::LYS2 lys2 ura3 rnei4:URA3 
MATa leu2::hisG ho::LYS2 lys2 ura3  ME14 
MATa leu2:hisG  ho::LYS2 lys2 ura3 mei4::URA3 
MATa leu2::hisG ho::LYS2 lys2 ura3 mei4:VRA3 
MATa leu2 his4 lys2-1 cyhlo'  spol3::TRPI  ARG4 THRl "- ade2-1 trpl-H3 ura3 

MATa leu2 HIS4 LYSZ CYHlO spol3::TRPI arg4-8 thrl-4 ade2-1 trpl-H3 ura3 
MATa leu2 his4 lys2-I cyhlly spol3::TRPI ARG4 THRl ade2-1 trpl-H3 ura3 meik:URA3 

MATa leu2 HIS4 LYSZ CYHlO  spol3:TRPI arg4-8 thrl-4 ade2-1 trpl-H3 ura3 mei4:VRAJ 
MATa leu2 his4 lys2-1 cyhlo'  spol3::TRPI  ARG4 THRl ade2-1 trpl-H3 ura3 rad52ADE2 

MATa leu2 HIS4 LYSZ CYHlO  spol3:TRPI arg4-8 thrl-4 ade2-1 trpl-H3 ura3 rad52ADE2 
MATa leu2 his4 lys2-I cyhlo' spol3:TRPl ARG4 THRl ade2-1 trpl-H3 ura3 mei4:VRA3  rad52ADE2 

MATa leu2 HIS4 LYSZ CYHlO  spol3:TRPI arg4-8 thrl-4 ade2-1 trpl-H3 ura3 mei4:VRA3  rad52ADE2 

MATa cryl' leu2-3 his4-280 

MATa cryl' leu2-3 his4-280 

" 

" 

" 

"- 

" 

MATa  c~cIO-2 LEU2::pNHIS-I HIS4 
cDc10'eu2 ura3 canl  trpl cyh2' ade2-1 spol3-1 sap3 

MATa cdcl0-2  LEU2::pNHIS-I HIS4 MATa cDc10'eu2 mei4ADE2 ura3 canl  trpl cyh2' ade2-1 spol3-1 sap3 

MATa leu2-3.112  ade2-101  ura3-52 aln3::LEU2 

Y2 I is a mutant  derivative  of Y 17. Y33 and  Y34 are transformants  of  Y20.  Y59,  Y60  and  Y6 1 are  transformants  of  Y58.  Y56 is a transformant 
of karC2-4  and  Y64 is a transformant  of  NKY611.  Y50 was constructed by mating two meiotic Ura+ segregants of Y64. pNHl8-I refers  to  the 
plasmid  containing VRA3 and CYH2 which was  integrated  into  chromosome III to  create  an  11.4-kbp  duplication  of  sequences  that  lie  between 
HIS4 and LEV2 (HOLLINGSWORTH and BYERS 1989). 

medium and  then replica-plated to rich medium containing 
0.02% MMS. Following an overnight incubation at 30", 
patches were replica-plated to rich medium and scored for 
MMS sensitivity after 24 hr. 

Complementation  testing: The ability of mei4-1 to be 
complemented by M E R l ,  SPOl I, and RAD50 was tested by 
transforming a meil-1 mutant strain (Y21) with  plasmids 
containing wild-type  copies of these genes (see section below 
on plasmid constructions). To test mei4-1 for its  ability to 
complement hopl ,  a hop1 haploid was mated to a mating- 
competent derivative of Y2 1. Y2 1 is heterozygous at C R Y l ,  
with a recessive cryptopleurine-resistant allele linked to the 
M A T a  locus. Selection for resistance to cryptopleurine (Che- 
masea,  Sydney, Australia) detects primarily crossover events 
that  render homozygous the  right  arm of the chromosome 
ZII homolog containing cryl and MATa (see Figure 1). 

Determination of recombination  frequencies: Mitotic 

intragenic recombination frequencies were determined by 
growing three  independent cultures to saturation in rich 
medium and plating on SC-histidine,  SC-leucine (to select 
for recombinants) and SC (to  determine  the viable  cell titer). 
The median frequency was used as the measure of the 
mitotic recombination frequency. Cells were washed, trans- 
ferred  to sporulation medium, and incubated for  four days 
at 30" with  shaking.  Meiotic recombination frequencies 
were determined by plating sporulated cultures on SC- 
histidine, SC-leucine and SC. The average of the meiotic 
frequencies for the  three cultures was  used as  the measure 
of the meiotic recombination frequency. Cultures contain- 
ing mitotic jackpots were not considered for  either  fre- 
quency determination. Meiotic frequencies were also deter- 
mined by plating isolated spores (LAMBIE and ROEDER 
1988). Intrachromosomal recombination frequencies were 
determined in a similar fashion except that cells were plated 
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onto SC-histidine-leucine+cycloheximide to identify recom- 
binants (HOLLINGSWORTH and BYERS 1989). 

Plasmid constructions: All plasmid constructions were 
carried out using standard methods (MANIATIS, FRITSCH 
and SAMBROOK 1982). The yeast genomic library was pro- 
vided by FORREST SPENCER and PHIL HIETER  and comprised 
Sau3A partial digest fragments, 9-12  kbp in  size, inserted 
into a CEN vector derived from YCp50 (PARENT,  FENIMORE 
and BOSTIAN 1985), in  which the URA3 gene has been 
replaced with  LEU2. The ME14 clone originally  isolated 
from the yeast genomic library was designated pTM 1 1. 

The following ME14 plasmids  were constructed. pTM 12 
was made by cloning the 3.8-kbp MEZ4-complementing Sal1 
fragment from pTMl1 (see Figure 2) into  the SalI site  of 
YCp50 (PARENT,  FENIMORE  and BOSTIAN 1985). A ME14 
plasmid  used  in shuttle mutagenesis (SEIFERT et al. 1986), 
was constructed in  two  steps. First, the 3.8-kbp Sal1 frag- 
ment of pTMl1 was cloned into  the SalI site of the poly- 
linker on pATH3 (obtained from ALEX TZAGALOFF). Sec- 
ond,  a 3.8-kbp EcoRI-BglII fragment from this construct, 
containing the original 3.8-kbp SalI fragment carrying 
ME14,  was inserted into EcoRI-BglII digested pHSS6  (SEI- 
FERT et al. 1986)  to form pTMl3. A series of transposon 
insertions was generated in pTM13. Insertions that gave a 
Mei- phenotype were  given ME14 allele  names according to 
the numbers assigned to  the insertions (e.g., transposon 
insertion #17 gave  rise to mei4::T17).  Plasmids containing 
mei4 deletion/disruption alleles  were derived from pTM 14, 
which carries mei4::T17 on pHSS6. The mei4::URA3 dele- 
tion/disruption was made by cloning the 1.9-kbp BglII-Sal1 
fragment of YRplO (PARENT, FENIMORE and BOSTIAN 
1985), containing the URA3 gene, intoBamHI-XhoI digested 
pTM 14,  to  generate  pTM6. The BamHI site in pTM 14 lies 
at  one  end of the transposon sequences; thus, this construc- 
tion resulted in replacement by  URA3  of approximately 750 
bp of  ME14 and all the transposon sequences, except one of 
the 38 bp repeats (see Figure 2). The mei4::ADEZ deletion/ 
disruption allele was constructed in  two  steps. First, pTM 14 
was digested with StuI (which cuts in the transposon) and 
SnaBI and religated. This results in removal of approxi- 
mately one  third of the transposon sequences and 500 bp 
ofME14. Second, the resulting plasmid was cut at  the BamHI 
site in the remaining transposon sequences and  a 3.6 kbp 
BamHI fragment of  Yp3.6 ADE (obtained from JEFF LE- 
MONTT), containing the ADE2 gene, was ligated into this site 
to generate pTM7 (see Figure 2). 

pTMl , a plasmid carrying a  TRPl disruption of SP013, 
was constructed by cloning the 1.5-kbp NueI fragment of 
YRp7 (PARENT, FENIMORE  and BOSTIAN 1985), containing 
the  TRPl gene, into  the StuI site of p(spo13)16 (WANG et 
al. 1987). pTM4,  a CEN  plasmid carrying the RAD50 gene, 
was constructed by cloning the 4.3-kbp SaZI-Hind111 frag- 
ment from pMK50-1 (KUPIEC and SIMCHEN 1984)  into SalI- 
Hand111 digested YCp50. pTM5,  a plasmid carrying an 
ADE2 disruption of  RAD52,  was constructed in  two  steps. 
First, the LEU2 gene was removed from pSM2O (obtained 
from DAVID SCHILD), a plasmid carrying a LEU2 disruption 
of  RAD52,  by digestion with  BglII and religation. The 
resulting plasmid was redigested with  BglII and  the 3.6-kbp 
BamHI fragment, containingADE2, was inserted to  generate 
pTM5. YCp50  plasmids containing wild-type  copies  of 
MERl and SPOll were obtained fromJOANNE ENGEBRECHT 
and CRAIG GIROUX, respectively. 

RESULTS 

Isolation  and  characterization of the mei4-1 mu- 
tant: A search for recombination-defective mutants 
was carried out using a strain in  which the frequency 

his4-260 leu2-112 111 cryl' MATa 
c 

his4-280 leu2-3 CRYIS MATa 
I 

trpl spol3::TRPI ura3 
FIGURE 1 .-Starting strain for mutant screen. Y 17 is disomic for 

chromosome 111 but otherwise haploid. See text for an explanation 
of the genetic markers. 

of  meiotic gene conversion  could easily  be  assessed. 
Y 17, the starting strain for the mutagenesis, is disomic 
for chromosome ZZZ and heterozygous for mating 
type, and carries the ~$013 mutation (Figure 1). This 
strain undergoes meiosis  in a manner characteristic of 
spol3 strains; pairing and recombination are followed 
by a single equational division, resulting in the for- 
mation  of  two  disomic  spores.  Recessive mutations can 
be recovered on all  chromosomes except ZZZ. The 
chromosome ZZZ homologs carry heteroalleles at HIS4 
and LEU2 so that recombination to yield  His+ and 
Leu+ prototrophs can be assayed.  Finally, the strain is 
heterozygous for  the MAT-linked cryptopleurine-re- 
sistance mutation (cry1 '), allowing mating-competent 
derivatives to be selected  (see MATERIALS AND METH- 
ODS). This scheme is essentially  similar to that de- 
scribed by ROTH and FOGEL (1971), except that  the 
starting strain carries the  spol3 mutation. 

Y 17 was mutagenized with UV light to 50% killing; 
1440 survivors  were patched to rich medium, replica- 
plated to sporulation medium and then to SC-histidine 
and SC-leucine to assess meiotic recombination. 
Meiotic recombination in a patch  of the wild type, 
Y17, resulted in confluent growth of  His+ and Leu+ 
recombinants. One mutant (Y21) was identified that 
demonstrated no meiotic induction of heteroallelic 
recombination (see  below) and produced viable  spores 
in the  spol3 starting strain. 

A cryptopleurine-resistant derivative of Y2 1 that 
behaved  as an a-mater (see MATERIALS AND METHODS) 
was crossed to a wild-type strain, T M  18-52B. Pairwise 
crosses  of segregants of  this  cross indicated that the 
mutation affecting meiotic recombination was reces- 
sive and segregated 2+:2-. The mutation was desig- 
nated mei4-1 (for meiosis-specific). 

Yeast mutants affected in the repair of  x-ray  in- 
duced DNA damage (rad50 series) are also  sensitive 
to the radiomimetic drug, methylmethane sulfonate 
(MMS).  Many  of these radiation-sensitive mutants also 
are defective  in  meiotic recombination. Strains bear- 
ing the mei4-1 mutation demonstrate wild-type  sensi- 
tivity to MMS and lack  any other obvious  mitotic 
defects. Thus, mei4-1 does not belong to the rad50 
series of mutants. 

The mei4-1 mutant was tested for allelism  with other 
mutants that are deficient in meiotic recombination 
and spol3-rescued. The mei4-1 mutation is not an 
allele of SPOll, RAD50, MERl, or HOPl. 
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FIGURE  2,"Restriction map of the ME14 region. Filled triangles 
indicate transposon insertions that confer a Mei' phenotype; open 
triangles indicate transposon insertions that confer a Mei- pheno- 
type. The position of transposon insertion # I 7  is indicated. The 
minimum size of ME14  is indicated by the thick line on the restric- 
tion map. The two deletion/disruption alleles of ME14  (mei4::ADEZ 
and mei#::UR43) are shown above and below the restriction map 
with the  deletion endpoints noted. S, SaZI; Hp, HpaI; H, HindIII; 
Sp, SspI; Sn, SnaBI; X, XhoI; RV, EcoRV. 

Cloning of MEZ4 The ME14 gene was cloned from 
a yeast  genomic library by complementation of the 
meiotic recombination defect. A mei4-Z diploid strain 
(Y63) carrying his4 heteroalleles and leu2 was trans- 
formed with a yeast  genomic library carried on a CEN 
plasmid marked with the LEU2 gene. Transformants 
were patched to SC-leucine and  then replica-plated to 
sporulation medium.  Following sporulation, trans- 
formants were  replica-plated to %-histidine to select 
recombinants. One transformant, out of approxi- 
mately 400 screened, underwent wild-type  levels  of 
meiotic recombination as determined by the number 
of  His+ prototrophs. Spontaneous mitotic  Leu- segre- 
gants were unable to recombine at wild-type  levels, 
indicating that  the complementing activity was  plas- 
mid-borne. Total yeast DNA from the transformant 
was  used to transform E. coli and a plasmid  with a 9.2- 
kbp insert of  yeast DNA was recovered. When  this 
plasmid was reintroduced into a mei4-1 strain (Y21), 
the resulting transformants displayed  wild-type  levels 
of recombination. Subcloning delimited the comple- 
menting region to a 3.8-kbp SalI fragment, a restric- 
tion  map  of  which is shown  in Figure 2. 

Further localization  of the ME14 complementing 
activity was accomplished by transposon mutagenesis 
of the ME14 region, employing  mini-Tn3  (SEIFERT et 
al. 1986). Transposon insertions into  the 3.8-kbp SalI 
fragment were introduced into yeast and  the pheno- 
types of the transformants assessed  as described in 
MATERIALS AND METHODS. The results delimit the 
gene to a 2-kbp region (Figure 2). 

To  analyze the phenotype of mei4 null mutants, 
deletion alleles  were constructed (see MATERIALS AND 
METHODS). For the mei4::URA3 allele, approximately 
750 bp of ME14 was deleted and replaced with URA3. 
For the mei4::ADEP allele, approximately 500 bp of 
ME14 was deleted and replaced with ADEP. The two 
deletion alleles studied are diagrammed in Figure 2. 
Strains carrying these deletion alleles  failed to com- 

TABLE 2 

mi4 is a meiotic-lethal  mutation  that is spol3-rescued 

spore 
Strain Relevant  genotype (W) 
Y64 ME14 93 

viability 

mei4::URA3 

Y50 mei4 : URA3 0 
mei4: URA3 

Y58 ME14 spol3 61 
" 

ME14 spo13 

Y59 mei4:URA3  spol3 80 
mei4:: URA3 spol3 

Tetrads  were  dissected  for  strains Y64 (45 tetrads)  and Y50 (42 
tetrads).  Dyads  were  dissected  for  strains Y58 (177  dyads)  and Y59 
( 175  dyads). 

plement the mei4-Z mutant, indicating that  the  gene 
cloned from the yeast  library is the wild-type ME14 
gene. 

mei4 is a  meiotic-lethal  mutation  which is rescued 
by spol3: The mei4::URA3 mutation was introduced 
into a wild-type diploid (NKY611) by substitutive 
transformation (ROTHSTEIN 1983). Tetrad dissection 
of a sporulated transformant resulted in  two Ura+ and 
two Ura- spores indicating that  the ME14 gene is not 
essential for mitotic growth. Matings  of segregants 
from this tetrad produced a homozygous mei4::URA3 
diploid. This mutant diploid  (Y50) and  the original 
heterozygous transformant (Y64)  were sporulated and 
tetrads dissected to assess spore viability. The homo- 
zygous mei4 diploid produced inviable  spores,  indicat- 
ing that mei4 is a meiotic-lethal mutation (Table 2). 

Isogenic spoZ3 diploids,  homozygous for ME14 or 
mei4::URA3, were constructed and sporulated and 
dyads  were  dissected to assess spore viability. The mei4 
s p o l 3  diploid produced viable spores, indicating that 
the mei4 mutation is  spoZ3-rescued (Table 2). 

mei4 is defective in meiotic  interchromosomal  re- 
combination: Meiotic recombination between  two  dif- 
ferent mutant alleles (heteroalleles) of a gene to gen- 
erate a wild-type gene generally occurs by gene con- 
version (HURST, FOGEL and MORTIMER 1972; FINK 
and STYLES 1974). Interchromosomal gene conver- 
sion was measured in  isogenic spol3  strains carrying 
either MEZ4,  mei4::URA3 or mei4::ADE2, as  well  as 
heteroalleles at HIS4 and LEU2, as described in MA- 
TERIALS AND METHODS. As shown  in Table 3A, strains 
carrying either ME14 disruption allele  fail to  undergo 
meiotic induction of interchromosomal gene conver- 
sion.  Mitotic recombination frequencies are unaf- 
fected by mei4 mutations. 

Isogenic ME14 and mei4::URA3 diploid strains were 
constructed and used to measure reciprocal  crossing 
over. These diploids are heterozygous for pairs of 
markers that define intervals on  three different chro- 
mosomes. The three intervals in  which recombination 
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TABLE 3 

Recombination  in meil mutants 

A. Intragenic recombination in spol3 disomic strains 
Mitotic recombination Meiotic recombination 

Relevant Fold  meiotic induction 
Strain  genotype  His+ Leu+ His+ Leu' His+ Leu' 

Y 20 ME14 1.5 X 10-4 9.5 X 10-6 5.5 X 10-3 1.3 X 10-3 37  137 
Y2 I mei4- 1 9.3 X 10-5 1.1 X 10-5 1.1 X 6.2 X 10-6 1.2 0.6 
Y33 mei4::ADEZ 2.8 X 5.7 X 10-6 7.0 X 10-5 7.3 X 10-6 0.3 1.3 
Y34 mei4::URAS 2.0 X 10-4 7.4 X 10-6 1.1 X 1 0 - ~  7.8 X 10-6 0.6 1 . 1  

B. Intergenic recombination in spo13 diploid strains 
Intergenic distances (cMY 

Strain Relevant Percent Percent 
spore aberrant genotype CYH10-  HIS4-MAT  ARG4-THRI 

L YS2 viability  segregation* 

Y58 ME14 38.0 57.1 19.6 61 15 
~~ ~- 

- 
ME14 

Y59 mei4:: URA3 
meil::UR43 

<0.4 0.4 C0.4 80 0 

C. Intrachromosomal recombination in sp013 disomic strains 
Recombination Meiotic chromosome segregation 

Fold 
Relevant 

Strain 
meiotic 

genotype Mitotic Meiotic  induction' 
Percent Percent 

eauational reductional 
Percent 

aberrantb 

karC2-4 ME14 5.8 X 10-4 2.1 X 10-3 20 18 70 12 
Y56 mei4 8.1 X 10-4 8.2 X 10-4 1 91 0 9 

' One-hundred sixty-three  two-spore-viable dyads were  scored for strain Y58 and 263 for strain Y59. Dyads classified as recombinants for the 
ARG4-THRI interval displayed either 2':O- segregation for ARG4 and 1+:1- segregation for THRl or 2+:0- segregation for THRl and I+:1- 
segregation  for ARG4. Dyads  classified as recombinants for the HIS4-MAT interval displayed either I+: 1- segregation for HIS4 and 2 nonmater:O 
mater segregation for MAT or la: la segregation for MAT and 2+:0- segregation for HIS4. Four-strand double crossovers in the HIS4-MAT 
interval displayed  crHis+:aHis-  segregation.  Dyads  classified as recombinants for the CYHIO-LYS2 interval fell into two classes: (1) those in 
which either LYS2 segregated 1+:1- and both spore clones were  Cyh' but generated Cyh' mitotic recombinants and (2) those in which LYS2 
segregated 2':O- with one segregant  being Cyhr and  the other being Cyh' and unable to generate Cyh' mitotic recombinants. Map distances were 
calculated using  a derivation of PERKIN'S (1 949) formula as follows: map distance = (single  crossovers + 6(4-strand double crossovers)/total] X 
1 0 0 .  Four-strand double crossovers in the ARG4-THRI and CYHIO-LYS2 intervals could only be detected when  followed  by  a reductional 
division; thus, the map distances for these intervals are underestimates. See KLAPHOLZ, WADDELL and ESPOSITO (1985), ROCKMILL and ROEDER 
(1988) and ENGEBRECHT and ROEDER (1989) for details on calculating map distances from dyad data. ' Dyads  showing I nonmater: 1 mater segregation  were  scored as aberrant segregations for chromosome ZII. 

The fold meiotic induction of His+ Leu' Cyh' recombinants over mitotic levels  was normalized for the amount of equational division by 
multiplying the uncorrected fold meiotic induction by (loo%/% equational segregation). The  amount of equational segregation for chromosome 
I l l  was determined by the segregation  of the centromere-linked cdcl0-2 mutation, which is heterozygous in karC2-4 and its derivatives. The 
cdcl0-2 allele confers a temperature-sensitive lethal phenotype. 

was measured are CYHZO-LYS2 on chromosome ZZ, 
HZS4-MAT on chromosome ZII and ARG4-THRl on 
chromosome VZZZ. The diploids were sporulated and 
dissected and dyads were  scored  for  recombination. 
As shown in Table 3B, mei4 abolishes meiotic inter- 
genic crossing over in all three regions. 

As has been shown for s p o l l  (KLAPHOLZ,  WADDELL 
and ESPOSITO 1985), mei4 improves the  spore viability 
of $1013 strains (Table 3B). Furthermore,  the  amount 
of aberrant segregation  observed  for  chromosome ZZI 
is greatly reduced by the mei4 mutation  (Table 3B). It 
has been suggested that recombination causes a de- 
crease in the fidelity of chromosome  segregation in a 
s p o l 3  meiosis because chromosomal associations 
(chiasmata) resulting  from  recombination are  not ef- 
fectively processed on  the meiosis  I1 spindle (KLA- 
PHOLZ, WADDELL and ESPOSITO 1985). Defects in the 
initiation of recombination  eliminate  these  chromo- 
somal associations. 

mei4 is defective in meiotic  intrachromosomal 

recombination: Meiotic intrachromosomal recombi- 
nation was measured in a mei4 spoZ3 background using 
the karC2-4  strain (HOLLINGSWORTH and BYERS 
1989). This strain has a duplication of an  11.4-kbp 
segment of DNA between LEU2 and HIS4 on  one of 
the chromosome ZZZ homologs. The intervening vec- 
tor sequences contain CYH2; crossing over between 
the repeats  results in excision of the plasmid and 
subsequent loss of the CYH2 marker.  Recombinants 
that have lost the CYH2 marker can be selected by 
plating on medium  containing cycloheximide because 
the strain  carries  a recessive mutation  conferring drug 
resistance at  the CYH2 locus. Selection for His+ Leu+ 
Cyh' derivatives allows the recovery of intrachromo- 
soma1 recombinants  (for details, see HOLLINGSWORTH 
and BYERS 1989).  A meil mutation abolishes meiotic 
recombination in this assay (Table 3C). 

As discussed above,  chromosomes usually undergo 
a single equational division during meiosis  in most 
spoZ3 strains. In  contrast,  the  chromosome ZZZ homo- 



Yeast Recombination  Gene 68 1 

logs of the disomic strain,  karC2-4, most often 
undergo a single reductional division during meiosis. 
As has been shown for hop1 (HOLLINGSWORTH and 
BYERS 1989) and mer1 (ENGEBRECHT and ROEDER 
1989), the presence of mei4 in the karC2-4 back- 
ground results in primarily equational  segregation of 
both copies of chromosome 111 (see Table 3C). 

mei4 is epistatic  to rad52: The epistatic relationship 
between mei4 and rad52 was examined by assessing 
the  spore viability  of multiply mutant  strains. The 
rad52 spol3  strain (Y60) produced  no viable spores 
out of 34  examined. In  contrast,  the mei4 rad52 spo13 
strain (Y61) produced  34 viable spores out of 44 
examined (77%), which is comparable to the viability 
observed in mei4 s f013  strains (see Table 2). This 
result is consistent with ME14 acting  before RAD52 in 
the meiotic recombination pathway. 
ME14 maps  to  chromosome V: Radiolabeled ME14 

DNA was hybridized to a Southern blot of whole yeast 
chromosomes that  had  been  separated  on a  CHEF gel 
(CHU, VOLLRATH and DAVIS 1986). The ME14 probe 
hybridized to chromosome V (data  not shown). Tetrad 
analysis indicates that ME14 maps 2.5 cM centromere- 
distal of GLN3 (77 PD: 0 NPD: 4 T) and 8.2 cM 
centromere-proximal of HOM3 (1 48 PD: 0 NPD: 29 
T). 

DISCUSSION 

A new  yeast gene  that is required  for meiotic recom- 
bination has been  identified. Mutations in ME14 abol- 
ish meiotic inter- and intrachromosomal  recombina- 
tion; mitotic recombination is unaffected. The mei4 
mutant  produces inviable spores,  a  phenotype ex- 
pected  for  a  mutant defective in meiotic recombina- 
tion. 

The rescue of mei4 spore-inviability in spo13 strains 
suggests that ME14 acts early in the meiotic recombi- 
nation pathway. Furthermore,  the mei4 mutation res- 
cues the spore-inviability phenotype of rad52 spol3  
strains,  indicating that ME14 acts before RAD52. It is 
likely that  the lethal  recombination  intermediates  gen- 
erated in rad52 strains do  not  form in the presence of 
the mei4 mutation because recombination is blocked 
at  an  earlier, MEZ4-dependent stage. 

The meiotic phenotype of mei4 is indistinguishable 
from  that of s p o l l  or rad50. It is conceivable that  the 
ME14,  SPOll and RAD50 gene  products  act at  the 
same  step in recombination, possibly as part of a 
complex. Alternatively, these  gene  products may act 
at different steps, which cannot  be distinguished with 
current methods of  analysis. 

The possibilities for  the  function of ME14 are nu- 
merous.  For  example, the ME14 gene  product may 
function in the search  for homology between  chro- 
mosomes early in prophase I.  This search may involve 
interactions  between  proteins  bound at specific sites 
or direct  interactions between the DNA molecules 

themselves. It has been  proposed that such DNA-DNA 
interactions involve late-replicating  DNA, such as the 
zygotene DNA observed in meiocytes of Lilium 
(STERN and HOTTA 1987). Strand exchange has also 
been  proposed  as  a mechanism for identifying homol- 
ogy (CARPENTER 1987). Homologous  sequences  could 
be joined by strand  exchange while the  extent of 
homology is assessed.  Based on this assessment, the 
chromosomes may then  engage in full synapsis or 
disengage. These exchange  events  could be responsi- 
ble for ectopic recombination  observed  between ho- 
mologous sequences on nonhomologous  chromo- 
somes (JINKS-ROBERTSON and PET- 1985,  1986; 
LICHTEN,  BORTS and HABER 1987). 

A second possibility is that  the ME14 gene  product 
is a  structural  component of the synaptonemal com- 
plex, and  therefore  required  for  the synapsis of hom- 
ologs. The fact that mei4 does not have the same 
phenotype as hop1 could reflect  differences in the 
phenotypes of various classes of pairing  mutants. 

A third possibility is that  the ME14 gene  product 
may  play a  role in the initiation of recombination 
events  that  depend on  the effective pairing of homo- 
logs (VON WETTSTEIN,  RASMUSSEN and HOLM 1984). 
ME14 may encode  an enzyme required  for initiation 
of  recombination, such as an endonuclease that  intro- 
duces single-strand nicks or double-strand  breaks. Al- 
ternatively, the ME14 gene  product may be  an enzyme 
involved in strand-transfer.  Such  a model requires 
that  the search for homology that  precedes synapsis 
not involve recombination or that such recombination 
events are independent of the ME14 gene  product. 

A final  possibility is that  the ME14 gene  product 
regulates the activity of one or more  proteins involved 
in synapsis and exchange  but  does  not play a  direct 
role in either process. The ME14 gene  product  could 
regulate the transcription of other meiotic genes or 
modify gene  products post-transcriptionally (e.g., by 
phosphorylating  proteins or by increasing the stability 
of their mRNAs). 

Sequence analysis of ME14 is in progress with the 
hope  that insight into  the function of this gene will 
emerge. In addition, mei4 mutants will be  examined 
for  the  presence of synaptonemal complexes. Anti- 
bodies against the ME14 gene  product may be useful 
in determining  the location of the ME14 protein within 
meiotic cells. Elucidation of the function of ME14 may 
lead to a  better  understanding of meiotic recombina- 
tion in  yeast and of the relationship between recom- 
bination,  pairing and disjunction. 
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