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ABSTRACT 
Distributive  disjunction is defined as the  first  division  meiotic  segregation  of either  nonhomologous 

chromosomes  that  lack  homologs or homologous  chromosomes  that  have  not  recombined. To 
determine if chromosomes  from  the  yeast Saccharomyces  cerevisiae were  capable  of  distributive 
disjunction, we constructed a strain  that was monosomic for  both  chromosome Z and  chromosome ZZZ 
and  analyzed  the  meiotic  segregation  of the two  monosomic  chromosomes. In addition, we bisected 
chromosome Z into two  functional  chromosome  fragments,  constructed  strains  that  were  monosomic 
for  both  chromosome  fragments  and  examined  meiotic  segregation of the  chromosome  fragments in 
the monosomic strains. The two  nonhomologous  chromosomes  or  chromosome  fragments  appeared 
to  segregate  from  each other in approximately 90% of the asci  analyzed,  indicating that yeast 
chromosomes  were  capable  of  distributive  disjunction. We also  examined  the  ability  of a small 
nonhomologous  centromere  containing plasmid to participate in distributive  disjunction with the two 
nonhomologous  monosomic  chromosomes. The plasmid appeared  to  efficiently  participate with the 
two full length  chromosomes  suggesting that  distributive  disjunction in yeast is not  dependent  on 
chromosome  size. Thus, distributive  disjunction in S. cerevisiae appears  to  be different  from Drosophila 
melanogaster where a different sized  chromosome is excluded  from  distributive  disjunction  when two 
similar  size  nonhomologous  chromosomes are present. 

D URING meiosis I homologous  chromosomes  pair 
to form bivalents and segregate to opposite 

poles of a spindle. Homologous  recombination is 
thought to be  required  for this process since mutants 
that  reduce or eliminate  recombination  exhibit high 
levels  of chromosome  nondisjunction (reviewed in 
BAKER et al. 1976).  However,  chromosomes also are 
capable of segregating  from each other in the absence 
of  recombination.  In Drosophila  melanogaster, two 
nonhomologous  chromosomes that lack homologs or 
two homologs that have failed to recombine, disjoin 
at meiosis I .  This  phenomenon has been termed dis- 
tributive  pairing or distributive disjunction and can 
result in chromosome disjunction 99.9% of the time 
when the chromosomes involved are approximately 
the same size. Distributive disjunction is thought  to 
be essential for  the  segregation of Drosophila chro- 
mosome ZV homologs, which rarely if ever  recombine 
(GRELL  1976). Distributive disjunction also occurs 
when three  nonrecombinant  chromosomes are pres- 
ent.  Two chromosomes  cosegregate to  one pole while 
the  third  segregates to  the opposite pole. In Drosoph- 
ila, when all three chromosomes are similar in size, 
each chromosome has the same probability of segre- 
gating away from  the  other two. In  contrast, if the 
chromosomes are of different sizes, the two that  are 
closest  in  size will preferentially disjoin while the  third 
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chromosome usually cosegregates with one of the 
other two chromosomes. 

It has been suggested that distributive disjunction 
occurs in the yeast Saccharomyces cerevisiae (DAWSON, 
MURRAY and SZOSTAK 1986; MANN and DAVIS 1986; 
KABACK 1989).  However, all evidence  for it was based 
on  the use of one  or  more synthetic chromosomes 
which do not always faithfully mimic the meiotic be- 
havior of authentic  chromosomes  (CLARKE and CAR- 
BON 1980;  FITZGERALD-HAYES,  CLARKE and CARBON 
1982; KOSHLAND, KENT and HARTWELL  1985; DAW- 
SON, MURRAY and SZOSTAK 1986). Even though  one 
synthetic and  one  authentic yeast chromosome 
undergo distributive disjunction (DAWSON, MURRAY 
and SZOSTAK 1986; KABACK 1989),  their ability to 
segregate may  still have been  a  property of the syn- 
thetic  chromosome and  not  due  to behavior normally 
exhibited by authentic chromosomes. Therefore,  to 
determine  whether  distributive disjunction is actually 
a  property of authentic  chromosomes in S.  cerevisiae, 
it is necessary to show that two authentic  nonexchange 
chromosomes are capable of segregating  from each 
other. 

Distributive disjunction of synthetic chromosomes 
in S. cerevisiae was observed to occur only 63-90% of 
the time. Therefore, synthetic  chromosomes failed to 
undergo distributive disjunction 100 times more  fre- 
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quently in S.  cerevisiae than  authentic  chromosomes in 
Drosophila. Since synthetic  chromosomes are less ef- 
ficiently transmitted during mitosis than  authentic 
chromosomes (MURRAY and SZOSTAK 1983; KOSH- 
LAND, KENT and HARTWELL 1985; HIETER et al. 
1985a; HARTWELL and SMITH 1985), it is possible that 
the lower frequency of distributive disjunction ob- 
served in S.  cerevisiae was due  to inefficient segrega- 
tion of synthetic chromosomes during meiosis. There- 
fore, if two authentic yeast chromosomes are capable 
of distributive disjunction, it is important  to  determine 
if they disjoin more  frequently  than  synthetic  chro- 
mosomes. 

To determine if authentic  chromosomes undergo 
distributive disjunction in S. cerevisiae, we investigated 
the meiotic segregation of two authentic  nonhomolo- 
gous chromosomes in a  strain that was monosomic for 
both of these chromosomes. Our results suggested 
that  the  nonhomologous  chromosomes  segregated 
away from each other in most asci. Thus,  authentic 
chromosomes are capable of distributive  disjunction. 
Moreover,  the  frequency of distributive disjunction 
of authentic  chromosomes was no  better  than  ob- 
served for synthetic chromosomes suggesting that dis- 
tributive disjunction is a less efficient process in  yeast 
than in Drosophila. Also in contrast  to Drosophila, we 
found  that when three nonhomologous  chromosomes 
were present,  distributive disjunction was not size 
dependent. 

MATERIALS  AND  METHODS 

Growth and genetics of S. cerevisiae: Yeast strains used 
are listed in Table 1. All strains  were grown,  mated,  sporu- 
lated and analyzed genetically as  described (SHERMAN, FINK 
and HICKS 1986). Only asci containing four spores  were 
analyzed. DNA transformation of yeast was performed by 
the  method of IT0 et al. (1983).  Identification of sister spores 
and first division segregation were monitored using the 
heterozygous  centromere-linked TRPI marker (MORTIMER 
and SCHILD 1980). All media not  referenced in the  text was 
prepared as described (SHERMAN, FINK and HICKS 1986). 

Recombinant DNA procedures: Plasmids were  con- 
structed  and amplified in Escherichia coli strain  HBlOl using 
standard  procedures (MANIATIS, FRITSCH and SAMBROOK 
1982). When appropriate, restriction fragment  ends were 
dephosphorylated using Calf Intestine Alkaline Phosphatase 
(CIP) or 5'  overhanging  ends were made  into  blunt  ends 
using the Klenow fragment of DNA polymerase I. Enzymes 
were obtained  from New England Biolabs or Boeringer 
Mannheim Biochemicals Inc.  and used according  to  their 
specifications. DNA probes were "P-labeled using the Mul- 
tiprime Kit from Amersham Inc. 

Gel electrophoresis: Intact chromosomal  DNA prepared 
by the  method of DE JONGE et al.  (1986) was separated  on 
1 .O% (w/v) agarose gels using Transverse  Alternating Field 
Electrophoresis (TAFE) (GARDINER and PATTERSON 1988). 
Electrophoresis was carried  out using 170 milliamperes con- 
stant  current, 220-250 volts at 13-15'. Pulses of 55 secs 
were used to  generate complete electrophoretic karyotypes 
and 25-sec pulses were used to maximize separation  of small 
chromosomes.  Bacteriophage  lambda  DNA  concatamers 

made by the  method of SOUTHERN et al. (1  987) were used 
as  chromosomal size markers. 

Yeast genomic DNA prepared by the  method of HOFF- 
MAN and WINSTON (1987)  and digested with appropriate 
restriction enzymes was separated  on conventional 0.8% (w/ 
v) agarose gels using standard  procedures. 

Blot  hybridization: DNA was transferred  from  ethidium 
bromide-stained gels to nylon membranes and hybridized 
with "P-labeled probes by the  method of  SOUTHERN (1 975). 
Membranes  were probed with either a  4.3-kb EcoRI frag- 
ment containing CENl (STEENSMA, CROWLEY and KABACK 
1987), a 1.1-kb Hind111 fragment containing URA3 (BACH, 
LACROUTE and BOTSTEIN 1979)  or a 6.8-kb ClaI-SphI frag- 
ment containing MAK16 (WICKNER et al. 1987). 

Insertion of a conditional centromere on chromosome 
I: To control  the mitotic stability of chromosome Z, CENl 
was replaced with a DNA sequence  containing CEN3 with 
the CALI promoter located  immediately  upstream (the con- 
ditional centromere).  When galactose is added  to  the me- 
dium, transcription  initiation at this promoter  interferes 
with centromere  function  and  the chromosome  containing 
the conditional centromere becomes mitotically unstable 
(HILL and BLOOM 1987). 

Plasmid pVG75 contains the conditional centromere  on 
a 0.86-kbBamHI  fragment  (from plasmid YEpl3-865;  HILL 
and BLOOM 1987)  and URA3 on a  1.1-kb Hind111 fragment 
(BACH, LACROUTE and BOTSTEIN 1979) inserted at  the 
BamHI and XbaI sites, respectively, of  a  variant of plasmid 
pUCl9.  The  pUC19 variant had a Sal1 linker  inserted at 
the EcoRI site enabling us to  generate a 2.0-kb Sal1 fragment 
containing both the conditional centromere  and URA3. This 
Sal1 fragment was inserted  at  the XhoI site of the  CENl 
replacement vector pVG73 (V. GUACCI and D.  B. KABACK, 
submitted  for publication) to give plasmid pVG92. 

CENl was replaced by the conditional centromere using 
one-step gene replacement (ROTHSTEIN 1983).  Haploid 
strain VG31-4B was transformed with 5.0  pg of EcoRI 
treated  pVG92 DNA and stable Uraf  transformants (VC- 
GALCEN) were  selected. EcoRI digested DNA from  the 
transformants was analyzed by blot hybridization using 
CENI DNA as probe  to confirm the  gene replacement. 

Isolation of monosomic strains: Diploid strain  VG72 
was constructed by interbreeding haploids  VGGALCEN, 

4B, VG30-4A and VG27-31C (Table 1). In strain VG72, 
one copy of chromosome Z contains both  the conditional 
centromere  and  the adel::HZS3 allele (V. GUACCI and D.  B. 
KABACK, submitted  for publication), one copy of chromo- 
some ZZZ contains both  the conditional centromere  and  the 
matA::LEU2 allele, and  one copy of chromosome V contains 
the MATa locus adjacent to URA3 (Table 1). Strain VG72 
was grown on YEPgalactose plates to  induce chromosome 
loss as previously described  (HILL and BLOOM 1987). Re- 
sultant colonies were  dilution streaked  on YEPD plates and 
replica plated to complete medium lacking either histidine 
or leucine (SHERMAN, FINK and HICKS  1986). Since chro- 
mosomes that  contained a  conditional centromere were 
marked with either LEU2 or HIS3, Leu- colonies were 
picked as likely chromosome ZII monosomes, His- colonies 
were picked as likely chromosome Z monosomes and Leu-, 
His- colonies were picked as likely monosomes for  both 
chromosomes (double monosomes). Putative monosomes 
were  screened by TAFE  to confirm chromosome loss. 

Isolation of monosomic strains containing a  bisected 
copy of chromosome I: Chromosome Z was bisected using 
small linear plasmids by a modification of the  method of 
ZAKIAN et al.  (1  986). T o  bisect chromosome I at  CENl, we 
first constructed circular plasmid pVG47, which is YIp5 

YGALCEN3,  R214-1C, VG36-1 lA, VG37-8B, VG31- 
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Strain Source/Cross/Ref. 

VG37-8B 
VG31-4B 
YGALCEN3 
R214-1C 
VG30-4A 
VG27-3 1 C 
VGGALCEN 

VG72 

MATa  his3-11,15  leu2-3,112  trpl  ura3-1  argl  met10 
MATa  ade l : :HIS3  his3-11,15 leu2-3,112  ura3-1  arg4 
MATa cen3A::[GALlp-CEN?-URA3]” leu2  adel  met14  ura3  his3 
MATa  matA:LEU2  leu2  adel  ura3-52-MATa-URAfb 
MATa  leu2-3,112  his  3-11,15  ura3-I  arg4 
MATa  adel  ura3-1  argl 
M A T a  cenlA::[GALIp-CEN3-URA3]’adel::HIS3 his?-11,15  leu2- 

3,112  ura3-1  arg4 
MATa  fragments IL and  IRd  his3-11,15  leu2-3,112  trpl  ura3-1  argl 

met 10 
MATa  fragments  IA  and  IBd  his3-11,15  leu2-3,112  trpl  ura3-1  arg4 

met10 

M A T a  cenlA::[GALlp-CEN3-URA3]‘adel::HIS3 leu2-3,112 
MATa  CENl   ADEl   l eu2  

CEN3  MATa  

This study 
This study 
H I L L  and BLOOM (1 987) 
J. HABER 
This study 
This study 
This study 

This study 

This study 

This study 

VG79 

VG80 

VG82 

VG82-5A 

VG83 

VG83-6B 

VG86 

VG87 

VG89-M3 

VG90 

cen3A::[GALlp-CEN?-URA3]” matA::LEU2 

ura?-1 TRPl   MET10  h id-1   1 ,15  
~ r a 3 - 5 2 - M A T a - U R A 3 ~  trpl met10  his3-11,15 
“ 

M A T a  cenIA::[GALlp-CEN;f-URA?]’ adel::HIS3  TRPl  MET10 
MATa  framents   IL  and  IRd 

” 

ADEl  trpl  met10 
his?-1 1,15  leu2-3,112  ura3-1  argl 
his3-11,15  leu2-3,112  ura3-1  arg4 

M A T a  cenIA::[GALIp-CEN3-URA3]’ adel::HIS3  TRPI  METlO 
MATa  fragments  IA  and IBd ADEl  trpl  met10 

” 

his3-11,15  leu2-3,112  ura3-1  arg4 
his3-11,15  leu2-3,112  ura3-1  arg4 

MATO  adel::HIS3  TRPl  METlO  his3-11,15 
MATa  framents   IL  and  IRd  ADEl  trpl   met10  his3-11,15 

” 

< -  

leu2-?,112  ura3-1  argl 
leu2-3,112  ura3-l  arg4 

MATa  fragments IL and  IR[HIS]’his3-11,15  leu2-3,112  ura3-1  arg4 

MATa  adel::HIS3  TRPl  METlO  his3-11,15 
MATa  fragments  IA  and  IB  ADEl  trpl  met10  his3-11,15 

” 

leu2-3,112  ura3-1 
leu2-3,112  ura3-1  argl 

MATa  fragments  IA  and  IB[HIS]’ his3-11,15 leu2-3,112  ura3-1 
arg4 

MATa  fragments  IL  and  IR[HIS]’  TRPl  METlO  his3-11,15 
MATa  fragments IL and IRd t rp l  met10  his3-11,15 

” 

leu2-3,112  ura3-i  arg4 
leu2-3,112  ura3-1  arg4 

MATafragments I A  and  lB[HIS]’  TRPl  METlO his?-11,15 
MATa  fragments I A  and IBd t rp l  met10  his3-11,15 

“ 

leu2-3,112  ura3-1 e 
leu2-3,112  ura3-1  arg4 

MATa  leu2 ura3-1 TRPl   METlO 
MATa 0 ura3-52-MATa-URA3‘ trpl  met10 
M A T a  cenlA::[GALlp-CEN3-URA?]’adel::HIS3 T R P l   M E T l O  
MATa  CENI   ADEi  trbl met10 

” ” 

” 

his3-11,15  leu2-3,112  ura3-1  arg4 
his?-1 I ,15  leu2-3,112  ura3-1  arp4 

VGGALCEN X VG37- 
8B:YLpVG47 

VGGALCEN X VG37- 
8B:YLpVG59 

VG31-4B X VG37-8B:YLpVG47 

This study 

VG31-4B X VG37-8B:YLpVG59 

This study 

VG82-5A X VG37-8B:YLpVG47 

VG83-6B X VG37-8B:YLpVG59 

This study 

VGGALCEN X VG37-8B 

., 
a cen?A::[GALlp-CEN3-URA3] is the Conditional centromere inserted in place o f  CEN3 on chromsome III. 
* ura3-52-MATa-URA3 is a copy of the MATa allele translocated to the LIRA3 locus on  chromosome V. 
‘ cenlA::[GALlP-CEN3-URA?] is the conditional centromere inserted in place of C E N l  on chromosome I .  

Formation of chromosome I fragments IA ,  IB ,   IL  and I R  are described in MATERIALS  A N D  METHODS. 
‘ Fragments IR[HIS] and IB[HIS] are identical to fragments IR and 13, respectively, except that they contain the adeZ::HIS3 allele. 
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(STRUHL et al.  1979) containing both a  2.0-kb PvuII frag- 
ment carrying  CENI  inserted at  the  PvuII site and a KpnI 
linker  inserted in the  NruI site. Plasmid pVG47 was linear- 
ized with KpnI and its ends  dephosphorylated. T o  form 
linear plasmid YLpVG47, the KpnI cut plasmid was ligated 
to a four fold molar excess of Tetrahymena ribosomal DNA 
(rDNA) ends. The rDNA  ends were on a  0.7-kb  KpnI- 
BamHI fragment  that was dephosphorylated  at its BamHI 
end (from plasmid pTC16-L, supplied by  B. DUNN).  These 
rDNA ends  provide both ARS activity and  telomere function 
(KISS, AMIN and  PEARLMAN  198 1 ; SZOSTAK and BLACKBURN 
1982). The ligation mixture was analyzed by agarose gel 
electrophoresis to show that linear plasmid YLpVG47 was 
present (data  not shown). 

To bisect chromosome I at  the MAKI6 region, we con- 
structed circular plasmid pVG59 by inserting a 6.8 kb  ClaI- 
SphI fragment containing MAKI6 (isolated from plasmid 
YCp50 (MAKI6)-1C; WICKNER et al.  1987) between the 
ClaI and SphI sites of pVG47. Plasmid pVG59 was converted 
to linear plasmid YLpVG59 as described  above for  pVG47. 

Ligation mixtures containing  either linear plasmid 
YLpVG47 or YLpVG59  were transformed  into haploid 
strain VG37-8B. Stable Ura+ colonies were obtained  after 
prolonged  growth on liquid complete-minus uracil medium 
(SHERMAN,  FINK  and HICKS 1986)  and screened by TAFE 
karyotyping. Blot hybridization using the CENI probe con- 
firmed  the position of the  chromosome I sequences on  the 
‘TAFE gels. One  or two colonies that lacked the full length 
copy of chromosome I and  contained two chromosomal 
fragments of the  predicted sizes were picked for each  trans- 
formation. DNA from the  transformants was examined by 
conventional  agarose gel electrophoresis and blot hybridi- 
zation to confirm the bisected chromosomes contained  the 
predicted gene replacements. These strains  were then 
crossed to strain VGGALCEN (contains the conditional 
CEN on  chromosome I )  yielding strains  VG79 and VG80. 

T o  obtain  strains monosomic for  the bisected copy of 
chromosome I, diploids  VG79 and  VC80 were  grown on 
YEPgalactose plates and  treated as described  above for 
VG72. His- colonies were picked as likely candidates to  be 
missing the full length copy of chromosome I .  TAFE was 
used to confirm karyotypes. 

Isolation of strains containing a  reconstituted full 
length copy of chromosome I: After  growth  on YEPD 
medium, 1 X lo6 cells from each bisected monosomic strain 
were  plated  on SD medium  containing  fluoro-orotic acid 
(FOA medium; BOEKE, LACROUTE and FINK 1984). Recon- 
stitution of chromosome I occurs when there is a  crossover 
between the 2- or 5-kb segment of homologous  DNA shared 
by a set of chromosome fragments. The mitotically unstable 
linear plasmid is formed  and  then lost making cells Ura3- 
and able to grow in the presence of FOA. Ura- colonies 
were  screened by blot hybridization  of TAFE  separated 
chromosomes to confirm the reconstitution.  Approximately 
90% of the  Ura- colonies were  eliminated because they 
contained both  a full length copy of chromosome I and a 
copy of the chromosome I fragment lacking the URA3 gene. 

Analysis of monosome  I-monosome ZZZ meiotic segre- 
gation: Two  double monosomic strains were independently 
isolated from diploid  strain VG72,  sporulated,  and  the re- 
sultant asci dissected. Results from  both isolates were almost 
identical and were combined. Asci containing four inviable 
spores were scored  as showing disjunction of chromosome I 
and chromosome I I I .  Two spores are inviable because they 
lack chromosome I and two spores are inviable because they 
lack chromosome 111. Asci containing two viable and two 
inviable spores  were  scored  as showing nondisjunction of 
the monosomic chromosomes. Two spores are viable be- 

cause they have a  complete  set of chromosomes while two 
spores are inviable because they lack both chromosomes I 
and III .  Asci containing only one viable spore  and  three 
inviable spores also were  scored  as showing nondisjunction 
of chromosome I and chromosome III  since viable spores 
can only be produced if the monosomic chromosomes cos- 
egregate. 

Analysis of meiotic segregation of monosomic  chro- 
mosome I fragments: One monosomic strain for each chro- 
mosome I bisection was analyzed in a similar fashion to what 
has been  described for  the  double monosomic strain. Asci 
having four inviable spores  were  scored as showing disjunc- 
tion of the  chromosome  fragments while asci having two or 
one viable spores were scored as showing nondisjunction. 
Each spore in an ascus with four inviable spores is missing a 
chromosome I fragment. In two viable-spored asci, the two 
viable spores  each  have both  chromosome I fragments while 
the two inviable spores are missing both chromosome I 
fragments. Asci that  had only one viable Ura+  spore  and 
three inviable spores also were  scored  as showing nondis- 
junction since Ura+ viable spores are  produced only when 
the monosomic chromosome  fragments cosegregate. Asci 
containing  one  Ura-  spore  and  three inviable spores were 
not included in the results and presumably arose due  to 
recombination  between the two chromosome fragments  to 
reconstitute  chromosome I .  

Construction of an ARG4 marked CEN plasmid: Plasmid 
pVG96 was constructed by removing the SmaI-NruI frag- 
ment containing most of the URA3 gene  from CEN plasmid 
pWB2 (WANG  and BRANDRISS 1986)  and replacing it with a 
2.0-kb HpaI  fragment containing the ARG4 gene  from 
plasmid pKML-1 (supplied by KAREN LUSNAK) (BEACHAM et 
al.  1984). 

Isolation and  meiotic analysis of double  monosomic 
strains containing a  centromere  plasmid: Plasmid pVG96 
was transformed  into diploid  strain  VG72. Four transform- 
ants were  grown on galactose, as described  above to  form 
double monosornics for  further analysis. Plasmid pVG96 
also was transformed directly into  double monosomic strain 
VG72-DM and two transformants isolated. TAFE was used 
to confirm karyotypes while conventional  agarose gel elec- 
trophoresis and blot hybridization  were used to show that 
plasmid pVG96 had the expected size  in all double mono- 
somic isolates (data  not shown). These plasmid containing 
double monosomic strains  were sporulated  and  the resultant 
asci analyzed. Results from all isolates obtained by both 
methods were virtually identical and were combined. 

Plasmid presence was determined by scoring viable asco- 
spores for  the plasmid borne ARG4 gene. Asci containing 
one  or two viable Arg- spores  were  scored as showing 
segregation of plasmid away from  the two monosomic chro- 
mosomes (type 1). Asci containing four inviable spores  were 
scored  as  showing  segregation of plasmid and  one mono- 
somic chromosome away from  the  other monosomic chro- 
mosome (types  2 and 3). Asci containing one  or two viable 
spores that were  Arg+  were  scored as showing cosegregation 
of the plasmid with both monosomic chromosomes  (type 4). 

Microscopic analysis of meiotic  nuclear division: Fol- 
lowing sporulation, cells were  stained with 4’,6-diamidino- 
2-phenylindole (DAPI)  and  examined by fluorescence mi- 
croscopy as described previously (SHERMAN, FINK and HICKS 
1986). 

RESULTS 

Formation of monosomic  strains: Diploid  strain 
VG72 contains  conditional  centromeres (HILL and  
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FIGURE I .--Formation of a strain monosomic  for  chromosomes 
I and I I I .  Diploid strain VG72 contains a conditional centromere 
on  one copy of both chromosome I and  chromosome I I I .  Growth 
on galactose induces loss of chromosomes carrying conditional 
centromeres. (0) Conditional centromeres: (a) wild-type centro- 
meres; A, A D E I ;  H ,  adel::HIS3; L, malA::LELIP. 

BLOOM 1987) on  one copy of both  chromosome Z and 
chromosome ZZZ. This strain was grown on galactose 
as described in MATERIALS AND METHODS in order to 
produce isogenic strains that were monosomic for 
either chromosome Z or chromosome ZZZ or  mono- 
somic for both  chromosomes Z and ZZZ (Figure 1). As 
predicted,  the conditional  centromeres  became  non- 
functional in the presence of galactose and  the  chro- 
mosomes on which they were  located were lost at a 
high frequency. Two His-, two Leu- and two His-, 
Leu- colonies were picked and  their  electrophoretic 
karyotypes examined by TAFE (Figure 2). The His- 
colonies were monosomic for chromosome Z as  dem- 
onstrated by the decreased intensity of the  chromo- 
some Z band  relative to all the  other bands on  the 
TAFE gel. The Leu- colonies were monosomic for 
chromosome ZZZ as  demonstrated by the loss of the 
upper polymorphic copy of chromosome ZZZ (ZZZA). 
The His- Leu- colonies were monosomic for  both 
chromosomes Z and ZZZ as  demonstrated by the  de- 
creased intensity of the  chromosome Z band  and  the 
loss of the chromosome ZZZA band. The electropho- 
retic karyotypes also were consistent with these  strains 
having two copies of all other chromosomes. 

Spore  viability in the  parent diploid and isogenic 
strains monosomic for a single chromosome: Since 
the assay for  distributive disjunction depended  on  the 
production  of inviable spores, it was necessary to show 
that  the  genetic  background of our strains  did  not 
contribute significantly to  spore inviability. First, we 
examined  spore viability  in diploid strain VG72, the 
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FIGURE 2.-Physical detection of chron1osonw loss. Electropho- 
retic karyotypes were analyzed using TAFE: a s  described in MATE- 
RIALS AND METHODS. Electrophoresis was carried out  for 20  hr using 
55-sec pulses. Lane 1 ,  diploid strain VG72; lane 2, double  mono- 
somic strain VG72-DM; lane 3, chromosome I monosomic strain 
VG72-Ml; lane 4, chromosome 111 monosomic strain VG72-M3. 
The larger isoform ( I I I A )  is missing in strains monosomic  for chro- 
mosome 111 and  the relative intensity of chromosome I is approxi- 
mately one-half that of chromosome VI in strains monosomic for 
chrornosonle I .  

parent of all monosomic strains (Table 2). 90% of the 
40 asci dissected contained four viable spores while 
the rest  contained either  three or two viable spores. 
In  total, 96% of the spores were viable. 

Second, isogenic derivatives of strain VG72 which 
were monosomic for  either chromosome Z (VG72-M1) 
or chromosome ZZZ (VG72-M3) were examined. First 
division segregation of the monosomic chromosome 
into only two of the  four spores  should give 2:2, 
viab1e:inviable  asci (BRUENN and MORTIMER 1970). 
Spore viability was comparable to  other single mono- 
somic strains (BRUENN and MORTIMER 1970; KABACK 
1989).  95% of the asci from VG72-M1 and 88% of 
the asci from VG72-M3 segregated  spore viability 2:2 
at  the first meiotic division. Approximately 1 % of the 
asci showed apparent second division segregation for 
spore viability. However, this level of second division 
segregation is consistent with the expected  amount of 
recombination  between TRPl and CEN4.  5% and 
10% of the asci from VG72-M1 and VG72-M3, re- 
spectively, segregated  spore viability 1 :3 (via- 
b1e:inviable). Only one ascus from strain VG72-M3 
contained  four inviable spores. The reasons for  the 
1:3 and 0:4 asci were not investigated. However, some 
spore inviability of unknown origin is common and 
these few  asci do not  affect our overall results. In 
summary,  these  results show that  the genetic back- 
ground of strain VG72 and its isogenic monosomic 
derivatives is not  a significant source of unexpected 
spore inviability. 
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Distributive  Random 
IDisjunction  ISegregationI 

DISJUNCTION m r] 50% 1 0 0 %  

N - 1   N - 1   N - 1   N - 1  

FIGURE 3.-Predicted consequences of segregation of two mon- 
osomic chromosomes in the  double monosomic strain. Disjunction 
results in 0:4 (viab1e:inviable) asci; nondisjunction  results in 2:2 
(vi;Ible:invi;\ble) asci. In some cases nondisjunction  can also yield 
1 : 3  (viable:inviable) asci due  to  spore inviability of unknown  origin. 
Spore viability predicted  for 100% distributive disjunction and 
random segregatiou is shown. 

Distributive  disjunction of chromosome Z and 
chromosome ZZZ: To determine if authentic  unpaired 
nonhomologous yeast chromosomes  undergo  distrib- 
utive disjunction, we examined meiotic segregation in 
VG72-DM, the  strain monosomic for  both  chromo- 
some I and chromosome III. Asci were analyzed as 
described in MATERIALS AND METHODS. Disjunction of 
chromosomes I and 111 yields  asci that  contain four 
inviable spores  (the 0:4 [viable:inviable] class)  while 
nondisjunction of these two chromosomes yields  asci 
with 2 viable and  2 inviable spores  (the 2:2 class) 
(Figure 3). Sometimes nondisjunction of the mono- 
somic chromosomes also can yield  asci  with only one 
viable and  three inviable spores (the  1:3 class) due  to 
spore inviability of unknown origin. If the two non- 
homologous monosomic chromosomes always segre- 
gate by distributive disjunction, all  asci will be in the 
0:4 class. In  contrast, if there is no distributive dis- 
junction,  the two monosomic chromosomes will seg- 
regate randomly and  the  number of  asci  in the 0:4 
class should equal the  total number of  asci  in the 2:2 
and 1 :3 classes. 

The results showed that 89% of the  80 asci analyzed 
were in the  0:4 class  while the rest were in the 2:2 or 
1 :3 class (Table 2). Chi-squared analysis indicated  that 
these  data were significantly different  from  those  pre- 
dicted for  random  segregation ( P  < IO-'). 

In  the small number of asci  in the 2:2 class, viable 
spores were always sisters indicating  the  unpaired 
chromosomes cosegregated at  the first meiotic divi- 
sion. 

To determine  whether  both meiotic nuclear divi- 
sions occurred normally in strain VG72-DM, sporu- 
lated cultures were treated with the DNA specific 
stain DAPI and examined by fluorescence micros- 
copy. All four  spored asci contained  four  normal 
appearing nuclei that fluoresced with approximately 
equal intensity, indicating that this strain  undergoes 
two apparently  normal meiotic divisions (data  not 

TABLE 2 

Meiotic analysis of single and double monosomic strains 

Percentage of asci with as- 
cus type (viable:inviable) 

Strain Ploidy" analy7ed 4:O 3: l  2:2 1:3 0:4 

VG72 2n 40 9 0 3  7 0 0  
VG72-M1 2n - l(1) 40 0 0 9 5  5 0 
VG72-M.3 2n - l(111) 40 0 0 88 10 2 
VG72-DM 2n - 2(1,111) 80 0 0  9 2 8 9  

No. of.asci 

The  segregation of chromosomes in diploid  strain VG72 and its 
monosomic  derivatives  were  analyzed as described in MATERIALS 
AND  METHODS. 

" Monosomic chromosomes  are  noted in parentheses. 

shown). Thus, spore inviability was not caused by a 
failure to complete meiosis. 

Taken  together, these results suggest that the two 
nonhomologous  chromosomes disjoined in  most  asci. 
Therefore,  authentic yeast chromosomes are capable 
of distributive  disjunction. 

Formation of strains  that contain a  monosomic 
bisected  copy of chromosome Z: Chromosome I was 
bisected into two functional  chromosome  fragments 
as described in MATERIALS AND METHODS and  Figure 
4. Haploid strain VG37-8B was transformed with 
linear plasmid YLpVG47 to bisect chromosome I at 
C E N l .  Several stable Ura+  transformants were exam- 
ined by TAFE.  Two transformants  that lacked the 
full length copy  of chromosome I and  contained two 
smaller chromosomes, IL and IR, were identified (Fig- 
ure  5). As predicted  for bisection at CENI,  these 
chromosome  fragments were 100 kb (IR) and 160 kb 
(IL) in  size. 

T o  bisect chromosome I at MAK16, haploid strain 
VG37-8B was transformed with linear plasmid 
YLpVG59. Again, stable Ura+  transformants were 
examined by TAFE.  One  transformant was missing 
the full length copy  of chromosome I and contained 
the predicted 125 kb (IA) and  140 kb (IB) chromo- 
some I fragments  (Figure  5). 

The  TAFE gels were blotted  and hybridized to 
CENl and URA3 probes. As predicted,  the CENl 
probe hybridized to both chromosomal fragments in 
both bisections while the URA3 probe hybridized to 
only fragment IL in the YLpVG47 transformants  and 
fragment IA in the YLpVG59 transformant  (data not 
shown). In  addition, genomic blot hybridization ex- 
periments  confirmed  that  the linear plasmids inte- 
grated  at  the  expected sites (data  not shown). There- 
fore, YLpVG47 and YLpVG59 successfully bisected 
chromosome Z into two functional linear chromosome 
fragments. Each pair of chromosome  fragments was 
nonhomologous with the exception of CENl and  the 
target sequences used for  the bisections (Figure  4). 

One  transformant  for each bisection (strains VG37- 
8B:YLpVG47 and VG37-8B:YLpVG59) was crossed 
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to strain VGGALCEN yielding diploids VG79 and 
VG80 (Table 1). These diploids, which contained  a 
conditional centromere on the full length copy of 
chromosome I and a bisected copy of  chromosome I, 
were grown on galactose to induce the loss of  the full 
length copy of chromosome I (Figure 6). A His- 
colony from each strain was obtained  and  examined 
by TAFE. The electrophoretic karyotypes indicated 
these colonies lacked the full length copy of chromo- 
some I and contained only a single bisected copy of 
chromosome I (Figure 7). These monosomic strains 
were called VG79-BM (BM for bisected monosome) 
and VG80-BM for the bisections at CENI and MAK16, 
respectively. 

Distributive  disjunction of chromosome Z frag- 
ments: To further investigate whether yeast chromo- 
somes were capable  of  distributive  disjunction, we 
examined the meiotic segregation  of the two mostly 
nonhomologous  chromosome I fragments in strains 
VG79-BM and VG80-BM as  described in MATERIALS 
AND METHODS. Similar to the  double monosome ex- 
periment, disjunction of the  chromosome  fragments 
yields  asci containing four inviable spores (the 0:4 
[viable:inviable] class) while nondisjunction yields asci 
with either two viable and two inviable spores (the 2:2 
class) or one viable and  three inviable spores (the 1:3 
class). If the two chromosome halves always undergo 
distributive  disjunction, all  asci will be in the 0:4 class 
while random  segregation will result in the 0:4 class 
equalling the total in the 2:2 and 1:3 classes (Figure 

The results showed that 89% of the asci from  both 
8). 

FIGURE 4.-Bisection of chromo- 
some I .  A, Bisection at CENI .  Re- 
combination between linear plasmid 
YLpVG47 and the full length copy 
of chromosome I generates two  telo- 
centric chromosome fragments, IL 
and I R .  B,  Bisection I at M A K I 6 .  
Recombination between linear plas- 
mid YLpVG59 and  the full length 
copy of chromosome I generates tel- 
ocentric and metacentric chromo- 
some fragments, IA and IB,  respec- 
tively. 000 Ylp5 DNA; OOO U R A 3  
gene: W tetrahymena rDNA ends; - DNA fragment carrying 
b f A K l 6 ; m  DNA fragment car- 
rying C K N l  with the stipled circle 
denoting  the position of C E N I ;  - 
the remainder of chromosome I 
DNA molecule; R EcoRI; C ClaI. 

FIGURE 5.-Physical detection of chromosome bisection  using 
TAFE. Electrophoresis was carried out  for 20 hr using  55-sec  pulses 
(panel A) and for 16 hr using  25-sec  pulses (panel B) as described 
in MATERIALS AND METHODS. Lane I ,  strain VG37-8B:YLpVG59 
containing bisection at M A K 1 6 ;  lane 2. parent haploid VGS7-8B 
containing full length copy of chromosome I; lanes S and 4, strain 
VG37-8B:YLpVG47 (transformants 1 and 2)  containing bisection 
at C E N l .  A designates concatemeric bacteriophage lambda DNA 
size markers. 

VG79-BM and VG80-BM were in the 0:4 class  while 
only 9% were in the 2:2 class and 2% were in the 1:3 
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FIGURE 6.-Fornlation of strains monosomic  for a bisected copy 
o f  chromosome I .  Diploid strains containing a full-length copy of 
chromosome I carrying a conditional centromere  and a bisected 
copy of chromosome I were grown  on galactose to induce loss of 
the full length copy of chromosome 1. (0) Conditional centromere; 
(0) wild-type centromeres; U ,  LIRA3 A, ADEI;  H, adel::HIS3. 

class (Table 3). Chi-squared analysis indicated that 
these results were significantly different ( P  < lO-6) 
from  that  predicted by random  segregation. 

Viable spores in  all the 2:2  class  asci and all but two 
of  the 1:3 class  asci were Ura+  indicating the  chro- 
mosomes remained bisected. Both VG79-BM and 
VG80-BM gave rise to one ascus containing  a single 
viable Ura- spore. These asci were not  included in 
the results because they probably were due to recon- 
stitution of chromosome I (see below). In  addition, 
viable spores in the 2:2  class  asci were always sisters 
indicating the two half chromosomes  cosegregated at 
the first meiotic division. 

T o  determine  whether  nuclear division was occur- 
ring normally, sporulated  cultures  of  both bisected 
monosomic strains were treated with DAPI and ex- 
amined by fluorescence microscopy. All four-spored 
asci contained  four  normal  appearing nuclei that flu- 
oresced with approximately  equal intensity (data  not 
shown). Thus, these strains undergo two apparently 
normal meiotic divisions. Again, spore inviability was 
not caused by a  failure to complete meiosis. 

To show that  the  high  percentage of asci containing 
four inviable spores was not  due to genetic back- 
ground, we examined the  spore viability of strain 
VG90. This isogenic variant of both VG79-BM and 
VG8O-BM contains two full-length copies of chromo- 
some I and yielded 95% 4:O (viab1e:inviable)  asci 
(Table 3). In  addition,  the  parent diploids  VG79 and 
VG80 also exhibited very good  spore viability giving 
mostly 4:O and a few 3:l asci (data not shown). 

Congenic diploid strains  VG86 and VG87  contain- 
ing homozygous diploid copies of the bisected chro- 
mosome also gave rise to mostly 4:O (viab1e:inviable) 

FIGURE 7.-Physical detection of chromosome I loss and  chro- 
mosome I reconstitution using TAFE. Electrophoresis was carried 
out  for 20 hr using 55-sec pulses (panel A) and 16 hr using 40-sec 
pulses to better visualize the small chromosomes (panel B) as de- 
scribed in MATERIALS AND METHODS. Lane l ,  reconstituted chro- 
mosomel monosomic strain VG79-MR; lane 2, diploid strain VG79; 
lane 3, bisected monosomic strain VG79-BM; lane 4, bisected 
monosomic strain  VGSO-BM; lane 5, diploid strain VGSO; lane 6, 
reconstituted chromosonle I monosomic strain  VGBO-MR. 

asci (Table 3) indicating that each chromosome  frag- 
ment was able to  segregate efficiently from its homo- 
log during meiosis. Thus, spore inviability  in strains 
VG79-BM and VG80-BM  was not  due to either some 
aberrant behavior of the chromosome  fragments or 
the bisection of a  gene essential for  spore  germination 
or viability. 

To prove that  spore inviability in strains VG79-BM 
and VG80-BM was not due to loss of additional  chro- 
mosomes or some other unexpected cause, we ob- 
tained isogenic variants of these  strains that had 
undergone mitotic recombination between the ho- 
mologous regions of the bisected chromosome  frag- 
ments  and now contained  a  reconstituted  intact copy 
of  chromosome I. Strains VG79-MR  (MR for mono- 
somic reconstituted  chromosome) and VG8O-MR 
were selected directly from the bisected monosomic 
strains  as  Ura- colonies on FOA medium as  described 
in MATERIALS AND METHODS. TAFE  (Figure 7) and 
blot hybridization (data  not shown) indicated that 
VG79-MR and VG80-MR lacked the chromosome 
fragments  and contained  a single 250-kb full length 
copy of chromosome I. Meiotic analysis of  these  strains 
(Table 3) indicated  that 83-87% of the asci contained 
two viable spores and 5- 1 5% contained  a single viable 
spore.  Only 2-8% were in the 0:4 class. This level of 
spore viability is comparable to  that seen in other 
strains monosomic for a single chromosome (BRUENN 
and MORTIMER 1970; KABACK 1989). 

Thus, we observed  a high level of asci  in the 0:4 
class only when two monosomic chromosome  frag- 
ments were present. The  most likely explanation  for 
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TABLE 3 

IDistributivel  Random 
Disiunction  Segregation I 

FIGURE 8,"Predicted consequences of  segregation  of  chromo- 
some I fragments in bisected  monosomic strains. Disjunction results 
in 0:4 (viab1e:inviable) asci; Nondisjunction results in 2:2 (via- 
1Ae:inviable) asci. In  some cases nondisjunction  can also yield 1:3 
(viab1e:inviable) asci due  to  spore inviability of unknown  origin. 
Spore viability predicted  for 100% distributive disjunction and 
random segregation is shown. 

these results is that  these  fragments disjoined during 
meiosis. Since these chromosomes are mostly nonho- 
mologous and rarely if ever  underwent  recombina- 
tion, we conclude they segregated by distributive dis- 
junction. 

Effect of a centromere  plasmid on spore  viability 
in the  double  monosomic  strain: When three chro- 
mosomes distributively disjoin, two chromosomes cos- 
egregate  to  one pole and  the  third segregates to  the 
opposite pole (GRELL  1976; DAWSON, MURRAY and 
SZOSTAK 1986). Since a CEN plasmid distributively 
disjoins from one full length  chromosome (KABACK 
1989), it may be  able to participate with two mono- 
somic chromosomes in distributive  disjunction.  When 
the two full length monosomic chromosomes cosegre- 
gate  to one pole and  the CEN plasmid segregates to 
the opposite pole, two viable spores and two inviable 
CEN plasmid containing  spores, respectively, are  pro- 
duced.  Therefore, participation of a CEN plasmid in 
distributive disjunction could actually restore some 
spore viability to  the  double monosomic strain. How- 
ever, if the spore inviability observed in the  double 
monosomic strain was not caused by distributive dis- 
junction  or  the CEN plasmid cannot  participate when 
two monosomic chromosomes are  present,  the plas- 
mid would not affect spore viability. 

Plasmid pVG96, the CEN plasmid used for this 
experiment,  contains CEN4, ARSI, the ARG4 gene 
and a 12-kb insert from  chromosome XZZ. This plas- 
mid was constructed as described in MATERIALS AND 

METHODS from plasmid pWB2, which was previously 
shown to exhibit relatively efficient meiotic segrega- 
tional behavior (KABACK 1989). 

First, we examined  the efficiency that plasmid 
pVG96 was transmitted during meiosis  in diploid 
strain VG72. The plasmid segregated 2:2 (Arg+:Arg-) 
at the first meiotic division  in SO%, 1:3  in 12%, 0:4 
in 3% and 4:O in 4% of the  76 asci analyzed. These 

Meiotic analysis of monosomic strains containing a bisected 
copy of chromosome I 

Percentage of asci with 
ascus  type (via- 

b1e:inviable) 
Chromosome I No. of asci 

Strain form analyzed 4:O 3.1 2:2 1:3 0:4 

VG79-BM O/lL,IR" 79 0 0 9 2 8 9  
VGHO-BM O/IA,IB" 79 0 0 9 2 8 9  
VG90 I/Ib 20 9 5 0 5 0 0  
VG86 IL,IR/IL,IR 40 75 15 7 0 2 
VG87 IA,IB/IA,IB 40 88 12 0  0  0 
VG79-MR O/Id 40 0  0 83 15  2 
VG80-MR O/Id 40 0 0 8 7  5 8 

Meiotic segregation  of functional chromosome I fragments in 
diploid and monosomic strains was analyzed  as described in MATE- 

Chromosome I monosome  containing two chromosome I frag- 

Diploid containing two full length copies  of chromosome I. 
Diploid for  both  chromosome I fragments. No full length copies 

Chromosome I monosome  containing a reconstituted full 

RIALS AND METHODS. 

ments. 

of  chromosome I are  present. 

length  chromosome I .  

results indicate that plasmid pVG96 is maintained as 
a single copy  in most cells and is transmitted efficiently 
during meiosis  in diploids. Plasmid segregation is re- 
ported  for only asci containing four viable spores. 
However, the few  asci containing three viable spores 
gave data  that was consistent with results from asci 
with four viable spores.  Second, we introduced this 
plasmid into  strain  VG89-M3 and examined  whether 
plasmid pVG96 is capable of distributive disjunction 
from  a single monosomic copy  of chromosome ZIZ. 
93% of the asci examined  contained two viable Arg- 
(plasmid negative) spores suggesting that  the plasmid 
segregated  from the monosomic chromosome  into  the 
inviable spores at approximately  the same frequency 
observed  for other CEN plasmids (KABACK 1989). 

T o  determine if plasmid pVG96 increases spore 
viability  in the  double monosomic strain, plasmid con- 
taining VG72-DM was isolated in two ways as de- 
scribed in MATERIALS AND METHODS. TAFE  generated 
karyotypes showed that these  strains were double 
monosomes and genomic blot hybridization con- 
firmed they contained the full length plasmid (data 
not shown). 

Four types of asci can be  formed  due  to segregation 
of plasmid pVG96 and  the two monosomic chromo- 
somes (MATERIALS AND METHODS; Figure 9). In type 
1,  both monosomic chromosomes  cosegregate to  one 
pole and  the plasmid segregates to  the opposite pole. 
This segregation leads to mostly  2:2  (viab1e:inviable) 
and in some cases 1:3 asci (due  to  spore inviability  of 
unknown origin)  where all  viable spores lack plasmid. 
In type 2,  the plasmid and chromosome Z cosegregate 
while chromosome ZZZ segregates to  the opposite pole. 
In type 3, plasmid and chromosome ZZZ cosegregate 



484 V. Guacci and D. B. Kaback 

IDisjunction (Segregation1 
Diotributive Random 

TYPES 2 and 3 1 6 7 %  1 1 
K l + P  N-14' N-1 N-1 

FIGURE 9.-Predicted consequences of segregation of a CEN 
plasmid and two monosomic chromosomes. Strains that are mono- 
somic for both chromosomes I and 111 and contain plasmid pVG96 
were analyzed as described in MATERIALS AND METHODS. Segrega- 
tion of the CEN plasmid and two monosomic  chromosomes  gener- 
ates the ascus types shown. Type 1 asci are either  2:2 or 1:3 
(viab1e:inviable) where all viable spores lack plasmid. Type  2  and 
rype 3 asci are 0:4 (viab1e:inviable). Since the specific chromosome 
which cosegregated with the CEN plasmid cannot be  determined,  a 
single  generic  chromosome (hatched) is depicted.  Type 4 asci are 
either  2:2 or 1:3 (viab1e:inviable) where all viable spores contain 
plasmid. Predicted percentages of type 1 ,  types 2 and 3 or type 4 
asci are shown for distributive disjunction when the plasmid and 
monosomic chromosomes are equivalent and  for random segrega- 
tion of the plasmid. 

while chromosome Z segregates to  the opposite pole. 
Types 2 and 3 are indistinguishable since they both 
give rise to 0:4 (viab1e:inviable)  asci. In type 4, the 
plasmid and both monosomic chromosomes all cose- 
gregate  to  the same pole. This cosegregation leads to 
mostly 2:2 (viab1e:inviable) and in some cases 1:3 asci 
(due  to  spore inviability of unknown  origin)  where all 
viable spores contain plasmid. 

If distributive disjunction occurs and  the plasmid 
participates, we expect most asci to be of types 1, 2 
and 3 and few  if any to be of type 4. The number of 
type 1 asci will be dependent  on  the efficiency at 
which the plasmid participates. If the CEN plasmid 
and  the monosomic chromosomes are equivalent, one 
third of the asci should  be type 1 and two thirds 
should be types 2 and 3. If the plasmid participates in 
distributive disjunction but  not as an equal partner, 
the two monosomic chromosomes would preferen- 
tially disjoin leading to fewer type 1 and  more types 
2 and 3 asci. Alternatively, if spore inviability in the 
double monosomic strain is not  due  to distributive 
disjunction or  the plasmid does not participate, the 
plasmid should not cause an increase in spore viability. 
Approximately 90% of the asci would still contain 
four inviable spores and  the  number of type 1 and 
type 4 asci would be  equal due  to  random segregation 
of the plasmid. 

Analysis  of the plasmid pVG96 containing  double 
monosome, VG72-DM indicated  that  a total of 27% 
of  the asci were type 1 (Table 4). 67% of the asci 

TABLE 4 

Effect of a CEN plasmid on spore viability in the  double 
monosomic  strain 

Percentage of asci with ascus  type 
(viab1e:inviable) 

Type 1 Types 2 + 3 Type 4 

Strain" analyzed 2:2 1:3 0:4 2:2 1:3 
No. of asci ~ 

+Plasmid 319 21 6 67 5 1  
Ascus type (via- 

b1e:inviable) 

2:2 1:3 0:4 

-Plasmid 220 10 2 88 
Untransformed 80 9 2  89 

Strain VG72-DM containing CEN plasmid pVG96 (+plasmid) 
was isolated and analyzed as described in MATERIALS AND METHODS. 
Isolates that spontaneously lost plasmid (-plasmid) and untrans- 
formed strain VG72-DM were analyzed as controls. 

contained four inviable spores and were classified as 
types 2 and 3 and only 6% of the asci were type 4. As 
a  control, colonies that spontaneously lost  plasmid 
were  examined.  Only 12% of these asci contained 
viable spores, in close agreement with the  11% ob- 
tained with the original  untransformed  double  mon- 
osomic strain. Chi-squared analysis indicated that  the 
observed increase in  asci  with  viable spores to 27% 
(type  1 asci)  in plasmid containing VG72-DM was 
significant and could  not  be caused by random  chance 
( P  < 4 X In  addition, in the 2:2 (viab1e:inviable) 
asci (types 1 and 4), 81  out of 82 contained sister 
spores  indicating  that the monosomic chromosomes 
cosegregated at  the first meiotic division. 

We also transformed  the bisected monosomic 
strains, VG79-BM and VG80-BM, with  plasmid 
pVG96 and  found  that spore viability was similarly 
increased due to the presence of plasmid (data  not 
shown). 

These results show that this CEN plasmid increased 
spore viability  in the  double monosomic strains. The 
most likely explanation is that  the CEN plasmid par- 
ticipated in distributive disjunction causing both full 
length  chromosomes to segregate away from  the plas- 
mid in a significant fraction of  asci (type 1 asci). The 
observation that type 1 asci were fivefold more  pre- 
dominant  than type 4 asci  is  also consistent with  dis- 
tributive disjunction since random  segregation of the 
plasmid predicts that these classes would be  equal. 
The fact that nearly one  third of the asci were type 1 
indicates that  the plasmid participated with the two 
chromosomes almost as an equal partner in distribu- 
tive disjunction. These results further  demonstrate 
that  authentic  chromosomes are capable of undergo- 
ing  distributive disjunction in S. cerevisiae and elimi- 
nate  the possibility that  spore inviability is caused by 
factors other  than chromosome  segregation. 
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DISCUSSION 

We examined meiotic segregation of unpaired cop- 
ies  of chromosome Z and chromosome ZZI in S.  cerevis- 
iae strains monosomic for  both  chromosomes. Dis- 
junction of the monosomic chromosomes yields  asci 
with four inviable spores while nondisjunction yields 
asci  with two or  one viable spores. Eighty-nine percent 
of  the asci dissected contained four inviable spores 
suggesting  that the two monosomic chromosomes dis- 
joined in  most meiotic cells. Since these  chromosomes 
are nonhomologous,  authentic yeast chromosomes  ap- 
pear  to be capable of distributive  disjunction. 

In  these  experiments most asci had  four inviable 
spores making it necessary to show that chromosome 
segregation was the only cause of spore inviability. 
Several lines  of evidence eliminated other possible 
causes of spore inviability. First, the  parent diploid 
exhibited 96%  spore viability demonstrating  that  the 
genetic background did not  contribute significantly 
to spore inviability. Second, isogenic single mono- 
somic strains isolated from  the  parent diploid yielded 
mostly  asci  with two viable and two inviable spores 
demonstrating  that  the  method of inducing  chromo- 
some loss did  not cause any unexpected  spore invia- 
bility. Third, electrophoretic  karyotyping showed that 
spore inviability in the  double monosomic strain was 
not  due  to  the loss of additional  chromosomes. The 
double monosomic strain was clearly monosomic for 
chromosomes Z and ZII and as best could be judged, 
diploid for all other chromosomes. The karyotype 
contained two chromosomal  doublets (VZZ-XV and 
XZZZ-XVZ) making it  possible that  a  doublet  contained 
three copies of one chromosome and a single copy of 
the  other. However,  formation of such a  complex 
aneuploid (monosomic for  three chromosomes and 
trisomic for  another) would require two additional 
mitotic nondisjunctional events  concommittant with 
or  following growth of the  parent diploid on galactose. 
Presumably these complex aneuploids could arise be- 
cause strains missing additional  chromosomes  could 
have some selective advantage  over the  double mon- 
osomic strain.  However, such complex events would 
be expected  extremely  infrequently making it difficult 
to generate  the  double monosomes. Alternatively, we 
could  expect slow growing  primary isolates from 
which faster growing  variants  arise.  Contrary to these 
predictions,  the  double monosomic strains  arose at a 
high frequency and grew rapidly from  the  time they 
were first isolated. Thus, we can conclude  that our 
strains were indeed monosomic for  chromosomes I 
and ZZZ and diploid for all other chromosomes. Finally, 
the presence of a CEN plasmid  in the  double  mono- 
somic strain increased spore viability significantly. 
This result cannot  be  explained by the loss of  addi- 
tional chromosomes but is the expected  finding  for 
distributive disjunction of two monosomic chromo- 

somes and a nonessential CEN plasmid. Therefore, 
the high  percentage of  asci  with four inviable spores 
obtained with the  double monosomic strain is most 
likely the result of distributive disjunction of the two 
monosomic chromosomes. 

It is possible that  failure to  undergo  distributive 
disjunction in the  double monosomes can affect the 
formation of four-spored asci.  If this were true, dis- 
section of only four-spored asci might have selected 
those that  underwent  disjunction.  However, all eu- 
ploid, single monosomic and  double monosomic 
strains  produced similar high percentages of four- 
spored asci making this possibility unlikely. 

To provide  additional evidence for  distributive dis- 
junction, we bisected chromosome Z into two func- 
tional chromosome  fragments and examined  their 
meiotic segregation in a yeast strain monosomic for 
both  fragments. The chromosome was bisected near 
C E N l  and  near MAK16 and  the results from  both 
bisections were identical. Disjunction of the mono- 
somic chromosome  fragments  produces  an ascus con- 
taining four inviable spores while nondisjunction pro- 
duces an ascus with two viable and two inviable spores. 
89% of the asci analyzed contained four inviable 
spores suggesting that  the chromosome  fragments 
disjoined in  most meiotic cells. Coincidentally, this 
was the same percentage  obtained using the  double 
monosomic strain.  Thus,  the two almost completely 
nonhomologous  chromosome Z fragments also appear 
to  undergo distributive  disjunction. 

It was necessary to exclude all other potential causes 
of spore inviability to show that disjunction of the 
chromosome  fragments caused the high percentage 
of 0:4 asci  in the bisected monosomic strains. First, an 
isogenic strain  containing two full length copies of 
chromosome Z had  98% spore viability demonstrating 
that  the  genetic  background  did  not  contribute signif- 
icantly to spore inviability. Second, most of the asci 
from  congenic diploids homozygous for  both  chro- 
mosome fragments  had  four viable spores  demonstrat- 
ing  that  spore inviability is not  due to  either  the 
inability of the chromosome  fragments to segregate 
as normal  chromosomes or the bisection of an essential 
gene. Finally, we reconstituted  chromosome Z in each 
bisected monosomic strain and  found  that most  asci 
from these  strains  had two viable and two inviable 
spores as expected  for  a  strain monosomic for  a single 
chromosome (BREUNN and MORTIMER 1970).  This 
result directly demonstrates  that  neither loss  of addi- 
tional chromosomes  nor  anything else  in the genetic 
background  contributed  to  spore inviability. Thus, we 
observed  a high percentage of  asci  with four inviable 
spores only when strains  contained  a bisected mono- 
somic copy of chromosome I .  The most probable 
explanation  for  these results is that the two chromo- 
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some Z fragments distributively disjoined during 
meiosis. 

Homologous recombination between the two chro- 
mosome I fragments in the bisected monosomic strains 
or between the two monosomic chromosomes in the 
double monosomic strain could not have been  a  factor 
in these experiments. Each pair of chromosome  frag- 
ments contained only 2 or 7 kb of homologous DNA. 
Based on the average  cM/kb  observed  for yeast, re- 
combination between these  regions of homology is 
expected to occur in  less than  5% of meiotic cells 
(KABACK, STEENSMA and DEJONCE 1989). A single 
crossover between the chromosome  fragments  recon- 
stitutes  a full length  chromosome and gives rise to an 
ascus  with a single viable spore  containing the intact 
chromosome. Only 2 out of the  160  tetrads examined 
were of this type. Since the chromosomes  segregated 
from each other in 89% of the asci and recombination 
was a rare  event,  recombination could not have been 
involved in the  segregation of the chromosome  frag- 
ments. The precise amount of sequence homology 
shared by chromosomes Z and ZII is not known. How- 
ever, it probably is no more  than  10 kb. Each chro- 
mosome has a  related  but  not identical 120  bp CEN 
sequence  (HIETER et al. 1985b),  approximately  200 
bp of related  telomeric sequences (SZOSTAK and 
BLACKBURN 1982)  and  both  contain 5.6-kb T y l  retro- 
posons (STEENSMA, CROWLEY  and KABACK 1987; 
KLEIN and PETES 1984).  Chromosome I also has a few 
repeated  tRNA genes but  there is no evidence that 
these genes are  repeated on chromosome ZZZ (LIEB- 
MAN et al. 1984;  STEENSMA,  CROWLEY and KABACK 
1987;  COLEMAN et al. 1986; A. BARTON and D. B. 
KARACK, unpublished results). Based on the limited 
homology, recombination is expected to be rare  and 
is not likely to be involved in the segregation of the 
two intact monosomic chromosomes. We cannot elim- 
inate  the possibility that  the  telomeres  recombined 
since these events cannot  be  detected.  However, based 
on the observations that  circular  chromosomes 
undergo  distributive disjunction (MANN and DAVIS 
1986; KABACK 1989), it is unlikely that  telomeric 
recombination plays a  role. 

We  also wanted to investigate distributive disjunc- 
tion of authentic  chromosomes  where all the  products 
of meiosis  would be viable. It was previously demon- 
strated  that  a synthetic circular  minichromosome seg- 
regated  from  a trisomic copy of chromosome Z (KA- 
RACK 1989). Therefore, we examined  a  strain trisomic 
for both chromosome Z and chromosome VI  (double 
trisomic strain) to  determine if the two extra  chro- 
mosomes underwent  distributive  disjunction. The ex- 
tra copies of chromosomes Z and VI did  not  distribu- 
tively disjoin, but instead segregated  randomly with 
respect to each other (GUACCI 1990).  It is known that 
three homologous chromosomes  undergo  trivalent 

pairing during meiosis (SHAFFER et al. 197  1; CUL- 
BERTSON and  HENRY  1973).  Therefore, we suggest 
that  trivalent  pairing  among each set of trisomic chro- 
mosomes prevents  the two extra  chromosomes  from 
distributively disjoining. Accordingly, the use  of dou- 
ble trisomic strains  cannot  be used to examine distrib- 
utive disjunction in S. cerevisiae. 

Our results demonstrate  that  authentic  nonhomol- 
ogous yeast chromosomes  undergo  distributive dis- 
junction  about  90% of the time. This frequency is no 
better  than has been  observed between two nonho- 
mologous circular CEN plasmids, an  unpaired  chro- 
mosome and a CEN plasmid or a  nonhomologous 
synthetic  linear  chromosome and a  chromosome ZZZ 
fragment (MANN and DAVIS 1986; KABACK 1989; 
DAWSON, MURRAY and SZOSTAK 1986).  In  contrast, 
authentic Drosophila chromosomes  undergo distrib- 
utive disjunction 99.9% of the time. Therefore, dis- 
tributive disjunction in  yeast is much less efficient 
than in Drosophila, and  the previously observed inef- 
ficiency of distributive disjunction in  yeast was not 
related to  the use of synthetic chromosomes. 

The relative efficiencies observed in  yeast and Dro- 
sophila are consistent with the fact that  distributive 
disjunction is rarely if ever  needed in  yeast but is 
always needed in Drosophila. Virtually all  yeast chro- 
mosomes undergo meiotic recombination (KABACK, 
STEENSMA and DE JONCE 1989), whereas the smallest 
Drosophila chromosome  rarely, if ever,  undergoes 
recombination. Thus, it makes sense that Drosophila 
has an efficient mechanism for  segregating  nonrecom- 
binant chromosomes. In  contrast,  the  role of distrib- 
utive disjunction in S. cerevisiae is enigmatic because 
there is no obvious need  for  it.  It was suggested that 
distributive disjunction is a backup system for  segre- 
gating the occasional nonrecombinant yeast chromo- 
some (DAWSON, MURRAY and SZOSTAK 1986). How- 
ever, it also is possible that distributive disjunction is 
simply a  result of the  normal processes and interac- 
tions involved in segregating homologous chromo- 
somes (NOVITSKI 1964). 

The presence of a CEN plasmid  in the  double mon- 
osomic strain significantly increased the  number  of 
asci containing two viable spores. The CEN plasmid 
appeared  to distributively disjoin from the two mon- 
osomic chromosomes in 27% of the asci. Chi-squared 
analysis showed that  the  percentage of asci  with  viable 
spores was not significantly different  from the  33% 
predicted if the plasmid and chromosomes were equiv- 
alent in their ability to  undergo  distributive disjunc- 
tion.  However, the  appearance of a small number  of 
asci  with  viable spores in the  untransformed  double 
monosomic strains  combined with the  infrequent mi- 
totic loss of plasmid or increase in  plasmid  copy num- 
ber makes it impossible to  determine  the real effi- 
ciency at which the plasmid participates in distributive 
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disjunction. Nevertheless, the level of asci containing 
viable spores was not significantly different  from 33%. 
Therefore, it is likely that  the CEN plasmid and  the 
monosomic chromosomes are almost equivalent in 
their ability to  undergo  distributive  disjunction. 

Our results may be in contrast with the findings in 
Drosophila, where the two nonhomologous  chromo- 
somes closest  in  size preferentially disjoined while the 
third usually cosegregated with one of the  other two 
chromosomes. Since the CEN plasmid was  less than 
I/IB the size of the two chromosomes,  preferential 
segregation based on size does  not  appear to occur in 
S. cerevisiae. However, it must be  noted  that  the lack 
of size preference could be  related to  the use of a 
circular  chromosome in  yeast since only linear  chro- 
mosomes were examined in Drosophila. 

In  summary, we have found  that  authentic  nonho- 
mologous chromosomes undergo distributive disjunc- 
tion in S. cerevisiae. Disjunction occurs  about 90% of 
the time and does  not  appear to be dependent  on  the 
size  of the chromosomes involved. At present the  role 
of this type of segregation in  meiosis is not known. 
Perhaps the isolation and analysis  of mutants  that 
cannot  undergo  distributive disjunction will enable 
the mechanism and function of distributive disjunc- 
tion in yeast to  be  understood. 
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