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ABSTRACT 

A variety of Saccharomyces strains were examined for the presence of 2p  
DNA and, if present, for the pattern of fragments produced by its digestion 
with site-specific (restriction) endonucleases. Two strains were found that did 
not contain detectable levels of 2p DNA, and two strains contained 2,u DNA 
molecules having only one EcoRI restriction endonuclease recognition site 
rather than the usual two.-A haploid containing 2p DNA with one EcoRI 
restriction site was mated with a haploid containing 2p  DNA with two EcoRI 
restriction sites and the resulting diploid maintained both types during vegeta- 
tive growth. Sporulation of the diploid produced four spores, and the clones 
from these spores contained both types.-A haploid lacking 2p DNA was mated 
with a haploid containing 2p DNA and the resulting diploid contained 2 p  
DNA. The four clones derived from the haploid spores after sporulation of this 
diploid all contained 2p DNA. A rho- strain without 2p DNA was mated to a 
rho+ strain with 2p DNA, and heteroplasmons were selected that had received 
the nucleus from the strain without 2p DNA and the mitochondria from the 
strain with 2p  DNA. Twelve of twenty-four such clones contained 2p DNA.- 
I conclude that: (1) the different types of 2p DNA identified in these strains 
do not restrict one another, (2) the different types are inherited extrachromo- 
somally, (3) lack of 2p DNA in two strains is not due to the absence of genes 
needed for maintenance and (4) the approximately 100 copies of 2ji DNA con- 
tained within a single cell are probably clustered within one or a few cyto- 
plasmic organelles. 

HE yeast Saccharomyces cereuisiae contains approximately 100 copies of a T2 pm circular DNA molecule (SINCLAIR et al. 1967; CLARK-WALKER and 
MIKLOS 1974) called 2p DNA. GUERINEAU, SLONIMSKI and AVNER (1974) have 
shown that the expression of a nuclear oligomycin resistance mutation is corre- 
lated with the presence of 2p DNA within the cell. Furthermore, HOLLENBERG 
et al. (1976), GUERINEAU, GRANDCHAMP and SLONIMSKI (1976) and LIVINGS- 
TON and KLEIN (1977) have shown that 2p DNA contains an inverted repeated 
sequence comprising 20% of the total molecular length. These two properties 
of 2p DNA are interesting because of recent studies which show that inverted 
repetitions which form the boundaries of drug resistance genes on bacterial plas- 
mids are important to the process of translocating the resistance genes from 
plasmid DNA to other cellular or  phage DNA (BERG et al. 1975; HEFFRON, 
RUBENS and FALKOW 1975; KLECKNER et al. 1975; KOPECKO and COHEN 1975). 

Genetics 86: 73-84 May, 1977. 
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Little is known about the maintenance of 2 p  DNA within the yeast cell. For 
example, the cellular location of 2 p  DNA is not known, although neither isolated 
nuclei ( CLARK-WALKER and MIKLOS 1974) nor mitochondria ( CLARK-WALKER 
1972) contains 2 p  DNA. Also, the physiological role of 2p DNA and its mode 
of inheritance are unknown. In order to investigate the formal rules governing 
2 p  DNA distribution during mitosis and meiosis, I have carried out crosses 
between strains bearing and lacking 2p DNA and between strains harboring 
distinguishable forms of 2p DNA. 

MATERIALS A N D  METHODS 

Yeast strains: Strains used in this study are listed in Table I. 
Cell growth: Cells were grown in a synthetic medium at  30" (LIVINGSTON and KLEIN 1977). 

Zygotes, spores, and individual cells were grown on YEPD plates until the colony contained 
approximately 1 x IO5 cells and then transferred to liquid medium. Cultures containing 1 x 1O1O 
cells which represent approximately thirty doublings were harvested for analysis. 

Analysis of 2 p  DNA:  2p DNA was extracted from yeast spheroplasts and purified by centri- 
fugation in the presence of CsCl and ethidium bromide as previously described (LIVINGSTON 
and KLEIN 1977). Purified 2p DNA was analyzed by cleavage with three different site-specific 
endonucleases (restriction nucleases) followed by electrophoresis in an agarose gel (LIVINGSTON 
and KLEIN 1977). The three restriction endonucleases are Pst (from Prouidencia stuartii 164), 
EcoRI (from Escherichia coli RY13), and HincII (from Haemophilus influenme Rc). 

In order to screen strains rapidly for the presence of 2p DNA, cell extracts were prepared 
from 1 x 109 cells using the procedure of HIRT (1967) as modified by LIVINGSTON and KLEIN 
(1977). The nucleic acids in the extract were precipitated by the addition of two volumes cold 
ethanol (95%). After incubation at 0" for 30 min the precipitate was collected by centrifugation 
at 27,000 x g for 15 min. The precipitate was extracted with 1.25 ml of 5 0 m ~  TrisHCl buffer 
pH 8.0, 5OmM NaCI, lOmM EDTA and the insoluble debris removed by centrifugation. The 
nucleic acids in the supernatant solution were once more precipitated with 2.5 ml of cold ethanol 

TABLE 1 

Yeast strains 

Strain Nuclear genotype Z/ i  DNA Plasmid phenotype' 

A364A 
EMS 63 
HQ/5C 
ss 101 
Y379-5D 
NCYC74-CBI1 
MI91 
499 
JC K5-25C 

a adel a d d  ural tyrl his7 lys2 
Q: his2 

a p e t  

a adel MAL6 
(Y pets-l 
a pets-2 
a kar l  his4 ade2 

Q: 

a 

[cir+-EI,E2] 
[&+-El ,E21 
[&+-E21 
[&+-E21 
[cir"] 
[cir"] 
[cir+] 
[cir+] 
[cir+] 

* The presence of 2p DNA in a cell is designated [cir+] and its absence [cir"]. The addition 
of E l  and E2 after cir+ denotes the presence of the EcoRI restriction endonuclease recognition 
sequences EcoRI-1 and EcoRI-2, respectively, previously defiied by LIVINGSTON and KLEIN 
(1977). 

Strain NCYC74-CBll was provided by R. NEEDLEMAN, Albert Einstein School of Medicine, 
New York; strains MI91 and 499 were from R. WICKNER, National Institutes of Health, 
Bethesda, and JC K5-25C was from J. CONDE, Cornel1 University, Ithaca. All other strains were 
from the collection of L. HARTWELL at this university. 



2pm DNA INHERITANCE 75 
and collected as described above. The pellet containing the 2p DNA plus other nucleic acid 
species was then resuspended in 200 81 10mM T n s  HC1 buffer p H  7.4, ImM EDTA. 100 p1 
aliquots were then subjected to agarose gel electrophoresis. To distinguish DNA from double 
stranded RNA species, 100 81 samples were incubated with 1 pg RNase (Bovine Pancreas 5X 
recrystallized Sigma) for 30 min at 37" before electrophoresis. 

Genetic techniques: Standard techniques for the genetic analysis of S. cereuisiae have been 

Heteroplasmons (WRIGHT and LEDERBERG 1957) were produced by first selecting a clone of 
Y379-5D [cir"] which was resistant to cycloheximide ( I O  ag/ml). This strain Y379-5D cyh' 
[cir"] was then grown in YM-1 media in the presence of ethidium bromide ( IO ag/ml) for 12 
hrs a t  30" to eliminate mitochondrial DNA. A clone of the cycloheximide resistant petite 
Y379-5D kur+ cyhr [rho- cir"] was then mated with the grande strain JC K5-25C k a r  cyh* 
[rho+ cir+] (CONDE and FIMK 1976). The k u r  mutation in strain JC K5-25C prevents nuclear 
fusion in  the zygote produced in this mating, and a high proportion of zygotes bud off cells with 
haploid nuclei and a cytoplasm that may contain extrachromosomal elements from both input 
strains. 

followed (MORTIMER and HAWTHORNE 1969). 

RESULTS 

Di#erences in physical structure of 2 p  DNA from uariolus strains: The yeast 
strains selected for examination were capable of mating with the reference 
strains A364A or EMS 63, and the resulting diploids were able to sporulate. The 
2p DNA of these strains was purified and subjected to an analysis of its physical 
structure by cleavage with restriction nucleases. Figure 1 is a map of 2p DNA 

FORM L FORM R 
FIGURE 1.-A physical map of 2 p  DNA. The sites of restriction endonuclease cleavage and 

the repeated sequences (jagged lines) were mapped previously as described by LIVINGSTON and 
KLEIN (1977). Two forms of 2 p  DNA (Form L and R)  are shown, which differ by the inversion 
of interstitial segment A, probably as a result of an intramolecular reciprocal recombinational 
event between the two units of the repeat. The two EcoRZ and two HincII restriction endo- 
nuclease sites have been arbitrarily numbered (LIVINGSTON and KLEIN 1977). 
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from A364A showing the inverted repeated sequence and five restriction endo- 
nuclease sites. 2p DNA from A364A contains one Pst recognition sequence, two 
EcoRZ sites, and two HincII sites (LIVINGSTON and KLEIN 1977). All 2p DNAs 
examined contain the Pst recognition sequence and the two HincII recognition 
sequences, and within the limits of experimental error these sites are located 
in the same positions as those in 2 p  DNA from A364A. 

One structural difference was found among the 2p DNAs from the various 
strains, and two strains were found that lacked detectable 2 p  DNA. 2 p  DNA 
from strain SS 101 (Figure 2d) and strain HQ/SC contains only one EcoRI 
recognition site instead of the two found in the 2p DNA from A364.A (Figure 

o b c d e f  o h  i i  L 

FIGURE 2.-Agarose gel electrophoresis of restriction fragments of 2p DNA. Enzymatic diges- 
tion and electrophoresis has been previously described (LIVINGSTON and KLEIN 1977). Migration 
is from top to bottom. Slots a, c, and e are restriction nuclease digests of 2p DNA purified from 
A3WA [&+-El, E23, and b, d, and f are digests of 2p DNA from SS 101 [cir+-E2]. Digests 
shown in slots a and b are made with the restriction nuclease Psr, digests in slots c and d are 
made with EcoRI, and digests in  slots e and f are made with simultaneous addition of Pst and 
EcoRI. The single band in  slots a, b, and d represent full length linear molecules of 2p DNA 
and the pattern of four bands in slots c, e, and f are the result of two forms of 28 DNA as shown 
in Figure 1. A fifth fragment corresponding to the segment between the EcoRI-1 and Pst sites 
of A3WA 2p DNA cannot be seen in  slot e because it has migrated off of the gel. Minor bands 
probably result from cleavage of concatenates of 2p  DNA. 

Slot g contains a digest of 2p DNA from a diploid from the cross SS 101 [&+-E21 X EMS 63 
[&+-El, E2], and slots h-k are digests of 2p DNA from four spore clones of a tetrad resulting 
from sporulation of this diploid. Digests in slots g-k are made by simultaneous cleavage with 
Pst and EcoRI, and the eight fragments seen are a superimposition of the four fragment patterns 
shown in slots e and f. 
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2c). The phenotype one EcoRI restriction site is designated [cir+-E2] and the 
phenotype two EcoRI restriction sites is designated [cir+-El ,E2]. Simultaneous 
digestion of SS 101 2p DNA was made with Pst and EcoRI to ascertain the map 
location of the one remaining EcoRI site. Figure 2f shows that simultaneous 
digestion produces a pattern of four fragments much like the four fragment pat- 
tern obtained by digestion of A364A 2p DNA with EcoRI alone (Figure 2c). The 
four fragments produced by EcoRI cleavage of A364A 2p DNA are indicative of 
the fact that 2p DNA exists in two forms (Iqigure I ) ,  probably as a result of an 
intramolecular reciprocal recombination between the inverted repeated sequences. 
The four fragments produced by simultaneous digestion of SS 101 2p DNA by 
Pst and EcoRI demonstrates that 2p DNA from this strain also exists in two 
forms. The actual presence of an inverted repeat in SS 101 2 p  DNA which would 
give rise to the two forms has been confirmed by electron microscopic exami- 
nation as previously described (LIVINGSTON and KLEIN 1977). Mapping of the 
one remaining EcoRI site using Pst and HincII reveals that the number and 
order of restriction endonuclease recognition sequences in SS 101 2p DNA is the 
same as that of A364A 2p DNA except that the EcoRI-I site is absent in SS 101 
2p DNA (LIVINGSTON and KLEIN 1977). Restriction cleavage also demonstrates 
a second difference between SS 101 2p DNA and A364A 2p DNA. If the only 
difference were the loss of the EcoRI-I site, then two of the four bands produced 
by simultaneous digestion with Pst and EcoRI of SS 101 25. DNA (Figure 2f) 
should be the same as two of the four major bands produced during a similar 
digest of A364A 2p DNA (Figure 2e). One possible explanation for the absence 
of this correlation is that SS 101 2p DNA differs from A364A 2p DNA in that 
SS 101 2p DNA contains a small deletion (less than 2% of the total molecular 
length) of a sequence within the region including the Pst, HincII-I, HincII-2 
and EcoRI-2 restriction sites of the A364A 2,p plasmid. Whether the loss of one 
EcoRI site and an apparent deletion are the only differences between the 2p 
DNA plasmids from these two strains will require further physical and genetic 
studies. 

Maintenance of 2p DNA during mitotic division: The occurrence of strains 
bearing 2p DNAs which differ in the number of EcoRI sites permitted an analysis 
of the mode of inheritance of the different types of 2p DNA. 2p DNA from 
progeny obtained by crossing these strains was digested simultaneously with 
the restriction endonucleases Pst and EcoRI and analyzed by agarose gel electro- 
phoresis. As shown in Figure 2e and 2f, simultaneous digestion by both restric- 
tion endonucleases produces a unique pattern of fragments which distinguishes 
cir+-E2 2p DNA with one EcoRI site from cir+-EI,E2 2p DNA with two 
EcoRI sites. Strain SS 101 [cir+-E2] was mated with strain EMS 63 [cir+-El, 
E21 and two zygotes were removed from the mating mixture by micromanipula- 
tion. Figure 2g shows the restriction pattern of 2p DNA obtained from one 
zygotic clone. The diploid clone obtained from the zygote contains both types of 
2p DNA. The second zygote from this cross as well as two independent zygotes 
from the cross of strains HQ/SC [cir+-E2] and A364A [cir+-El,E2] also con- 
tain both types of 2p DNA. 
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Since the 2p DNA from the zygote cultures represents a collection of 2 p  DNA 
molecules from many cells, some cells might contain one type of plasmid and 
other cells in the culture the second type of plasmid. To examine this possibility, 
cells from the diploid culture were cloned and the 2p DNA content of the clones 
were examined. Six different clones from the same zygotic culture contain both 
types of 2p DNA. One of the clones examined was started from a cell after more 
than 100 cell divisions following zygote formation. 

Although both types of 2p DNA are present in the diploid shown in Figure 2g, 
a predominance of ~ J . L  DNA molecules with one EcoRI site is present. In many 
of the other diploid cultures examined a predominance of one or the other of 
the two types of 2p DNA was also evident. Furthermore, cultures started by 
recloning individual cells from the original clone did not necessarily result in 
the predominance of the same molecular type as that seen in the original clone. 
Thus, no significant exclusion of one molecular type by another during mitotic 
division of the diploid was observed, and both types can reproduce in the same 
cell for at least 100 generations. 

Maintenance of 2 p  DNA during meiotic division: To investigate whether the 
two molecular types of 2p  DNA would segregate during meiotic division, diploid 
cells from the cross SS 101 [cir+-E2] with EMS 63 [cir+-EI,E2] were sporu- 
lated and the resulting tetrads dissected. 2p DNA was purified from the four 
spore colonies from two tetrads. The restriction analysis of one tetrad is shown 
in Figure 2h-k. Cultures from all four spores contain both molecular types. As 
in diploid clones, some spore colonies show a predominance of one molecular 
type. Although a predominance of one type was often evident in some of the 
spore clones, the predominant type was not necessarily the same as that which 
predominated in the diploid clone from which the spore arose. Also, spores from 
the same tetrad did not all display predominance of the same type, nor did they 
appear to show any clear segregation pattern such as two spores with a predomi- 
nance of one type and two spores with a predominance of the second type. Indi- 
vidual haploid cells contained both molecular types as evidenced by their appear- 
ance in subclones from the spore clone. Thus, the two physical types do not 
segregate during meiosis nor during subsequent mitotic division of the haploid 
cells. 

Crosses with strains lacking 2 p  DNA: Although most strains of Saccharomyces 
contain 2p DNA, some do not. GUERINEAU, SLONIMSKI and AVNER (1974) were 
able to find cells without the plasmid by selecting for the loss of a particular oligo- 
mycin resistance phenotype. Other workers have been unsuccessful in curing the 
plasmid by growth in ethidium bromide (CLARK-WALKER 1972, GRIFFITHS, 
LANCASHIRE and ZANDERS 1975). Among the strains that I examined, two were 
found that did not contain 2p DNA. The absence of 2p DNA is designated [cir"] . 

Figure 3 shows an agarose gel in which extracts of cellular DNA have been 
subjected to electrophoresis. Extracts made from strain Y379-5D are missing the 
DNA species corresponding to superhelical and relaxed circular 2p DNA. Sur- 
prisingly, this strain (as well as the other strain lacking 2p DNA, NCYC74- 
CBI 1 ) also is missing the species of double stranded RNA designated as L-dsRNA 
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I 

FIGURE 3.-Agarose gel electrophoresis of nucleic acid extracts from [cir+] and [cir"] 
strains. Nucleic acid extracts were made as described under MATERIALS AND METHODS and then 
subjected to electrophoresis. Slots a and b are nucleic acids from A364A and c and d from 
Y379-5D. The extracts in  slots b and d have been treated with RNase before application to the 
gel. The two major bands in slot e which contains purified 2s DNA are superhelical molecules 
(bottom) and circular molecules with single strand interruptions (top). These two bands can 
be seen in the extracts of A364A (a and b). In all extracts the stained material above the level 
of the relaxed circular molecules is nuclear and mitochondrial DNA fragments remaining i n  
the extract. The heavy band in slot a between the superhelical and relaxed 2p DNA bands is a 
double stranded RNA species designated L-dsRNA, and the heavy band below the superhelical 
2p DNA is killer associated double stranded RNA. Both RNA species are removed by RNase 
digestion (slot b). 

Slots f and g contain extracts from two heteroplasmons of the cross JC K5-25C k u r  cyh* 
[cir+ rho+ J x Y379-5D kar+ cyh' [cir" rho-]. The extracts have not been treated with RNase. 
Slot h contains purified 2p DNA as a reference. The minor bands seen above the major bands 
in slots e and h are probably concatenates of 2s DNA. 

(BEVAN, HERING and MITCHELL 1973; VODKIN, KATTERMAN and FINK 1974; 
WICKNER and LEIBOWITZ 1976). To be certain that Y379-5D does not contain 2p 
DNA, cells were grown in the presence of 14C-uracil to label the DNA. The 
agarose gel containing the labeled DNA was then subjected to an analysis by 
autoradiography. These results demonstrate that strain Y379-5D contains less 
than 1% the amount of 2p DNA that strain A364A contains. Because strain 
A364A contains 50 to 100 copies of 2 p  DNA per cell, strain Y379-5D must not 
contain any free copies of 2p DNA. 

Strain Y379-5D [cir"] was mated with strain A364A [&+I. Extracts from 
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a diploid produced by this mating contain 2p DNA. Furthermore, all four spores 
from a single tetrad of the diploid contain 2p DNA. The double stranded RNA 
species are also present in the diploid cells and all four spore colonies. These 
results indicate that Y379-5D [cir'] does not harbor either an element that 
prevents maintenance of 2p DNA, or the double stranded RNA in the hetero- 
zygote, or an element which segregates during meiosis as a single chromosomal 
marker and prevents maintenance of the molecules in the haploid spore colonies. 

To ascertain whether multiple nuclear genes were present in Y379-5D [cir'] 
which prevent the maintenance of 2p DNA and double stranded RNAs, hetero- 
plasmons between JC K5-25C kar- cyh5 [rho+ cir+] which contains both 2p 
DNA and double stranded RNA and the strain Y379-5D kar+ cyh' [rho- cir"] 
were produced. Because JC K5-25C bears the k a r  mutation, matings between 
it and kar+ strains produce heterokaryons which bud off cells with haploid 
nuclei and a mixture of cytoplasm from the two parent strains. Twenty-four 
heteroplasmons containing nuclei from the Y379-5D [rho- cir'] parent and 
mitochondria from the other parent were examined and all contained the double 
stranded RNA species, but I2 did not appear to contain any 2p DNA. Figure 3 
shows one heteroplasmon extract which contains both 2p DNA and double 
stranded RNA and another heteroplasmon extract which contains only the 
double stranded RNA and not 2 p  DNA. Thus, the nuclear genotype of Y379-5D 
does not prevent 2p DNA or do~ible stranded RNA maintenance. These results 
also show that the double stranded RNA may exist independently in the cell from 
2p DNA. 

Presence of 2p DNA in strains incapable of maintaining both killer associated 
RNA and mitochondrial DNA: A single mutation, pets, (FINK and STYLES 1972) 
which produces in a haploid the loss of killer-associated double stranded RNA 
(M-dsRNA) (BEVAN, HERING and MITCHELL 1973; VODKIN, KATTERMAN and 
FINK 1974) and also mitochondrial DNA (WICKNER and LEIBOWITZ 1976) but 
not the loss of the L-dsRNA species, has been detected by assay for loss of the 
killer function. Examination of these strains demonstrated that they do contain 
2p DNA and the large double stranded RNA species (data not shown). Thus, 
the pets mutation, which prevents maintenance of two cytoplasmic nucleic acid 
species, does not eliminate 2p DNA or  another double stranded RNA species. 

DISCUSSION 

This study began with an investigation of physical variations in 2 p  DNA from 
different Saccharomyces strains. Two variations were found. Some strains con- 
tained no detectable levels of 2p DNA, while other strains contained 2p DNA 
with one EcoRI restriction endonuclease recognition site instead of the two sites 
found in 2p DNA from the reference strains. No variation in the restriction pat- 
tern made by two other restriction endonuclease was found. 2p DNA from all 
strains bearing the plasmid exists as an equimolar mixture of two forms differing 
by an inversion. This suggests that all 2p DNA contains an inverted repeated 
sequence as does 2p DNA from A364A. 
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All strains of yeast tested are capable of maintaining 2p DNA. This is true even 
for the two cir" strains. The presence of 2p DNA in spores and some heteroplas- 
mons from crosses of cir" strains with cir+ strains show that there are no nuclear 
genes in the two cir" strains which prevent maintenance. Examination of strains 
bearing a single nuclear mutation, pets, (FINK and STYLES 1972; WICKNER and 
LEIBOWITZ 1976) which renders cells incapable of harboring both mitochondrial 
DNA and killer associated double stranded RNA, are capable of maintaining 2p 
DNA as well as a large double stranded RNA species missing in the two cir" 
strains. Possibly some other nuclear genes necessary for mitochondrial DNA 
maintenance or killer associated RNA maintenance ( WICKNER 1974; WICKNER 
and LEIBOWITZ 1976) will prove to be necessary for 2p DNA maintenance. 

The existence of cir" strains which do not contain 2p DNA might indicate 
that 2p DNA is not needed for growth under laboratory conditions. The ubiquity 
of its presence in diverse yeast strains. the conservation of its physical structure, 
and the inability to cure it by growth on ethidium bromide (CLARK-WALKER 
1972; GRIFFITHS, LANCASHIRE and ZANDERS 1975) are therefore somewhat 
surprising. Possibly, in the strains lacking the plasmid the same genetic informa- 
tion is carried within the nuclear or mitochondrial genome. 

The heteroplasmon formation experiments reveal that during cytoplasmic 
transfer, 2p DNA is not always passed from the cir+ strain to the cir" strain. 
Since heteroplasmons were selected by requiring the transfer of mitochondria 
from the cir+, rho+ parent into buds bearing the nucleus from the cir', rho- 
parent, 2p DNA must neither be transferred with the mitochondria nor can it be 
sequestered exclusively in the nucleus, The failure of some heteroplasmons to 
receive 2p DNA suggests that the approximately 100 copies of 2p DNA may be 
clustered within a membranous organelle, as has been suggested by both CLARK- 
WALKER (1972) and GUERINEAU et al. (1971). 

This study shows that two different physical types of 2p DNA can exist simul- 
taneously in a diploid through mitotic divisions as well as through meiotic 
divisions. Furthermore, haploids containing two types of 2p DNA also maintain 
both types during mitotic divisions. The simplest interpretation of these results 
is that 2p DNA is inherited as an extrachromosomal element and there is no 
preference in either haploids or diploids for either of the two types of 2 p  DNA 
used in this study. 

The lack of segregation of variant physical types of 2p DNA during mitotic 
divisions is in contrast to the very rapid mitotic segregation of genes situated on 
the mitochondrial DNA (COEN et al. 1970). In the case of mitochondrial DNA, 
some strains apparently contain mitochondrial DNA which may suppress or 
exclude mitochondrial DNAs from other strains when the two strains are mated. 
Even in a case where the two strains contain mitochondrial DNAs which do not 
show this suppressive ability, their mating results in zygotes which will, upon 
two or three mitotic divisions, contain either of the two parental types or a 
recombinant type of mitochondrial DNA but will not contain a mixture of vari- 
ous parental and recombinant types. MICHAELIS, PETROCHILO and SLONIMSKI 
(1973) have shown that this rapid segregation of genetic markers on the mito- 
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chondrial DNA is accompanied by a change in the physical state of the DNA 
when strains which differ in the buoyant densities of their mitochondrial DNAs 
are mated. 2p DNA does not show this rapid mitotic segregation. The fluctuations 
seen in the ratio of the two types of 2p DNA either in diploid clones or progeny 
haploid clones may result from random sampling of the limited number of copies 
of 2p DNA molecules packaged in the bud during mitotic divisions or in the 
spores after meiotic division. 

The lack of segregation of the two types of 2p DNA during meiosis excludes 
simple hypotheses in which maintenance of each of the two types is dependent 
on a single chromosomally inherited gene. GUERINEAU, SLONIMSKI and AVNER 
(1974) have advanced the hypothesis that a copy of 2p DNA may be integrated 
into the nuclear genome much like a bacterial episome. If a single integrated 
copy served as a master copy for production of free copies of 2p DNA, then two 
physically different types of 2p DNA should exhibit chromosomal inheritance. 
Such a mechanism apparently operates in the case of the genes for ribosomal 
RNA in Xenopus, where the allelic types segregate during meiosis as single 
copies on one chromosome and then amplification of this chromosomally located 
copy takes place after zygote formation (BROWN and BLACKLER 1972).  If 2p 
DNA inheritance followed a similar pattern, then haploid spores from a diploid 
containing both types of 2p DNA should contain only one molecular type of 2p 
DNA. 

The rules governing 2p DNA inheritance are different from those describing 
nuclear, mitochondrial, and killer inheritance. Unlike nuclear genes, 2p DNA 
inheritance does not show segregation during meiotic division. Its extrachromo- 
somal inheritance is unlike mitochondrial inheritance because it does not exhibit 
rapid mitotic segregation. The heteroplasmon formation experiments, which 
show that 2p DNA does not transfer with 100% efficiency, distinguishes it from 
both killer associated RNA and another species of double stranded RNA which 
do transfer with 100% efficiency (CONDE and FINK 1976).  The rules found in 
this study for the inheritance of physical types of 2p DNA should provide a basis 
for determining whether the drug resistances associated with 2@ DNA by GUERI- 
NEAU, SLONIMSKI and AVNER (1974) are in fact located on 2p DNA. This study 
may also serve to determine whether other extrachromosomally inherited traits 
of yeast which are not associated at present with any particular nucleic acid 
species (Cox 1965; AIGLE and LACROUTE 1975; LANCASHIRE and GRIFFITHS 
1975; and SCHAMHART, TEN BERGE and VAN DE POLL 1975) may also be coded 
for by 2 p  DNA. 
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HARTWELL. This research was supported by grant GM 17709 from the Public Health Service to 
LELAND HARTWELL. I am a postdoctoral fellow of the National Cancer Institute (CA 00592). 

LITERATURE CITED 

AIGLE, M. and F. LACROUTE, 1975 Genetic aspects of [URE3], a non-mitochrondrial, cytoplasmi- 
cally inherited mutation in yeast. Molec. Gen. Genet. 136: 327-335. 



2pm DNA INHERITANCE 83 
Transposition of R factor genes to 

bacteriophage 1. Proc. Nat. Acad. Sci. U.S. 72: 3628-3632. 
Preliminary characterization of two 

species of dsRNA in yeast and their relationship to the “killer” character. Nature 245: 

BROWN, D. D. and A. W. BLACKLER, 1972 Gene amplification proceeds by a chromosome copy 
mechanism. J. Mol. Biol. 63 : 75-83. 

CLARK-WALKER, G. D., 1972 Isolation of circular DNA from a mitochondrial fraction from 
yeast. Proc. Nat. Acad. Sci. U.S. 49: 388-392. 

CLARK-WALKER, G. D. and G. L. G. MIKLOS, 1974 Localization and quantification of circular 
DNA in yeast. Eur. J. Biochem. 41: 353-365. 

COEN, D., J. DEUTSCH, P. NETTER, E. PETROCHILO and P. P. SLONIMSKI, 1970 Mitochondrial 
Genetics. I. Methodology and phenomenology. pp. 449-496. In: Control of organelle deuelop- 
ment. 244th Symp. Soc. Experiment. Biol. Cambridge University Press. 

CONDE, J. and G. R. FINK, 1976 A mutant of Saccharomyces cereuisiae defective for nuclear 
fusion. Proc. Nat. Acad. Sci. U.S. 73: 36513655, 

Cox, B. S., 1965 ‘E, a cytoplasmic suppressor of super-suppressor in yeast. Heredity, 20: 
505-521. 

FINK, G. R. and C. A. STYLES, 1972 Curing of a killer factor in Saccharomyces cereuisiae. Proc. 
Nat. Acad. Sci. US. 69: 28%-2849. 

GUERINEAU, M., C. GRANDCHAMP and P. P. SLONIMSKI, 1976 Circular DNA of a yeast episome 
with two inverted repeats: Structural analysis by a restriction enzyme and electron micro- 
scopy. Proc. Nat. Acad. Sci. US. 73: 30130-3034. 

Characterization of 
a new class of circular DNA molecules in yeast. Biochem. Biophys. Res. Commun. 4.2: 
550-557. 

GUERINEAU, M., P. P. SLONIMSKI, and P. R. AVNER, 1974 Yeast episome: oligomycin resistance 
associated with a small covalently closed non-mitochondrial circular DNA. Biochem. 
Biophys. Res. Commun. 61 : 462-469. 

Evidence for an extra-chromo- 
soma1 element involved in mitochondrial function: a mitochondrial episome? FEBS Letters 
53: 126-130. 

Translocation of a plasmid DNA sequence 
which mediates ampicillin resistance: molecular nature and specificity of insertion. Proc. 
Nat. Acad. Sci. U.S. 72: 3623-3627. 

terization of 2-pm DNA of Saccharomyces cereuisiae by restriction fragment analysis and 
integration in  an Escherichia coli plasmid. Proc. Nat. Acad. Sci. U.S. 73: 2072-2076. 

Mutagenesis by insertion of a 
drug-resistance element carrying an inverted repetition. J. Mol. Biol. 97: 561-575. 

Site-specific red-independent recombination between 
bacterial plasmids: involvement of palindromes at the recombinational loci. Proc. Nat. Acad. 
Sci. U.S. 72: 1373-1377. 

Studies on energy-linked reactions: genetic 
analysis of venturicidin-resistant mutants. Eur. J. Biochem. 51 : 403-413. 

DNA sequence organization of a yeast plasmid. J. 
Bacteriol. 129: 472-481. 

Mitochondrial Genetics 111. Recom- 

BERG, D. E., J. DAVIES, B. ALLET, and J-D. ROCHAIX, 1975 

BEVAN, E. A., A. J. HERING and D. J. MITCHELL, 1973 

81-86. 

GUERINEAU, M., C. GRANDCHAMP, C. PAOLETTI and P. P. SLONIMSKI, 1971 

GRIFFITHS, D. E., W. E. LANCASHIRE and E. D. ZANDERS, 1975 

HEFFRON, F., C. RUBENS and S .  FALKOW, 1975 

J HOLLENBERG, c .  P., A. DEGELMANN, B. KUSTERMANN-KOHN and H. D. ROYER, 1976 Charac- 

KLECKNFR, N., R. K. CHAN, B-K. TYE and D. BOTSTEIN, 1975 

KOPECKO, D. J. and S. N. COHEN, 1975 

LANCASHIRE, W. E. and D. E. GRIFFITHS, 1975 

LIVINGSTON, D. M. and H. L. KLEIN, 1977 

MICHAELIS, G., E. PETROCHILO and P. P. SLONIMSKI, 1973 



84 D. M. LIVINGSTON 

bined molecules of mitochondrial DNA obtained from crosses between cytoplasmic petite 
mutants of Saccharomyces cerevisiae: physical and genetic characterization. Molec. Gen. 
Genet. 123: 51-65. 

MORTIMER, R. K. and D. C. HAWTHORNE, 1969 Yeast Genetics. pp. 385-460. In: The Yeast 1. 
Edited by A. H. ROSE and J. S. HARRISON. Academic Press, New York. 

SCHAMHART, D. H. J., A. M. A. TEN BERGE and K. W. VAN DE POLL, 1975 Isolation of a 
catabolite repression mutant of yeast as a revertant of a strain that is maltose negative in 
the respiratory-deficient state. J. Bacteriol. 121 : 747-752. 

SINCLAIR, J. H., B. J. STEVENS, P. SAKGHAVI and M. RABINOWITZ, 1967 Mitochondrial-satellite 
and circular DNA filaments in yeast. Science 156: 1234-1237. 

VODKIN, M., F. KATTERMAN and G. R. FINK, 1974 Yeast killer mutants with altered double- 
stranded ribonucleic acid. J. Bacteriol. 117: 681-686. 

’~~TICKNER, R. B., 1974 Chromosomal and nonchromosomal mutations affecting the “killer char- 
acter“ of Saccharomyces cereuisiae. Genetics 76: 423432. 

WICKNER, R. B. and M. J. LEIBOWITZ, 1976 Chromosomal genes essential for replication of a 
double-stranded RNA plasmid of Saccharomyces cereuisiae: the killer character of yeast. 
J. Mol. Biol. 105: 427-434. 

Extranuclear inheritance in yeast heterocaryons. Proc. 
Nat. Acad. Sci. U.S. 43: 919-923. 

Corresponding editor: F. SHERMAN 

WRIGHT, R. E. and J. LEDERBERG, 1957 


