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I feel honored to have been asked to participate in this 
Symposium . DR . STADLER's search for the identity of the gene had 
a powerful impact on my thinking about genetics when I was a stu
dent, and subsequently influenced the philosophy behind the research 
I shall be describing in this paper. From the outset, my efforts 
to analyze non-Mendelian heredity were focused upon establishing the 
particulate nature of the non-Mendelian genetic unit. 

In this paper I have sketched the principal steps in genetic 
analysis of the non-Mendelian genetic system which we have been 
investigating in Chlamydomonas. We have recently succeeded in 
generating the first genetic map of a non-Mendelian linkage group 
or chromosome (SAGER and RAMANIS 1970a) . This paper will summarize 
the mapping procedures which we have developed for genetic analysis 
in this system. In the last section of the paper the Chlamydomonas 
system will be compared with the yeast mitochondrial system in 
which the first evidence of recombination has been reported very 
recently . This section has been taken from the Australian Academy 
of Science Symposium paper (SAGER and RAMANIS 1970b) in which it 
first appeared. 

Our story begins with the discovery of a non-Mendelian gene 
for streptomycin resistance (SAGER 1954), initially identified by 
its special pattern of inheritance. In Chlamydomonas, all nuclear 
genes by which the parents differ, including the mating type gene mt, 
segregate 2 : 2 among the progeny, i.e., simple Mendelian segregation 
in a haploid organism (Figure 1) . We found that streptomycin resis
tance segregated 4:0, indicating that the allele carried by one 
parent was transmitted to all the progeny, while that from the other 
parent was not transmitted at all . This pattern of uniparental 
transmission closely resembles classical maternal inheritance, the 
hallmark of non-Mendelian inheritance in higher plants (RHOADES 
1955). Subsequently many other mutations were found which exhibited 
the same uniparental transmission pattern; thus the transmission 
pattern has provided a very convenient means of distinguishing 
between nuclear (i . e ., Mendelian) and cytoplasmic or organelle 
(i . e . , non-Mendelian) genes. 

A note on terminology : non-Mendelian genes were originally 
identified because they did not obey Mendel's laws . Subsequently 
the terms "cytoplasmic," "non-Mendelian" and "non-chromosomal" (NC) 
were used. Now it seems likely that non- Mendelian genes are associ 
ated with specific cytoplasmic organelles . As this association 
becomes firmly established, it would seem appropriate to call them 
organelle genes . This term permits flexibility in denoting chloro
plast genes, mitochondrial genes, etc ., as new knowledge develops. 

GENETIC ANALYSIS OF AN ORGANELLE SYSTEM 

In what follows , I have itemized the principal steps in 
genetic analysis of an organelle system with detailed examples 
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Figure 1. Life cycle and pedigree analysis of crosses. Gametes of 
opposite mating type (+and - ) fuse pairwise to form 
diploid zygotes which later germinate releasing the 
four meiotic products (zoospores). All nuclear genes 
including mt+ and mt- segregate 2:2. For pedigree 
analysis, sets of progeny are replated at the octospore 
stage. After a further doubling each pair of octospore 
daughter cells is separated and allowed to form colo
nies. The sixteen colonies representing the first two 
doublings of each zoospore are then classified for all 
segregating markers (from SAGER and RAMANIS 1970a). 

taken from our investigations with Chlamydomonas. A precondition of 
gen~tic analysis, of course , is the acquisition of mutant genes. To 
induce organelle mutations in Chlamydomonas we have used strepto
mycin as mutagen, growing cells for several doublings in the presence 
of a sub-lethal concentration of the drug (SAGER 1962). The effec
tiveness of N-methyl-N'-nitro-N'-nitrosoguanidine has been reported 
by GILLHAM (1965). 

IDENTIFICATION OF THE GENETIC UNIT. In Mendelian genetics, the 
genetic unit is identified by crossing two distinct parental types 
and observing the reappearance of the parental phenotypes in the F2 
generation, following their segregation out of the intervening F1 
hybrid. The molecular principle underlying this simple genetic test 
is the demonstration of a stable, heritable, alteration in DNA which 
can be transmitted unchanged, i.e., replicated precisely in a 
heterozygote. One needs to show that the mutated state under con
sideration is stable, both in clonal multiplication and in the 
sexual life cycle. 

An analogous test can be performed with non-Mendelian systems . 
With Chlamydomonas, for instance, new mutant strains are subcloned 
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to a state of phenotypic uniformity, and then crossed to examine 
transmission of the trait to the sexual progeny. Characteristically 
uniparental transmission of non-Mendelian genes occurs , all progeny 
being genetically identical with the mt+ (female) parent . Thus , 
mutant genes present in the mt+ parentcan be checked for stability 
in transmission through the hybrid zygote. 

If there were no exceptions to the rule of uniparental trans
mission , further genetic analysis would have been stymied at this 
point . However, even in our first investigation (SAGER 1954), a low 
frequency of male transmission had been noted . Subsequently these 
spontaneous exceptions to the rule of maternal inheritance were 
utilized in e x tensive studies of biparental transmission and allelic 
segregation during clonal growth of haploid progeny from crosses 
(SAGER and RAMANIS 1963 , 1965) . 

These studies of biparental inheritance utilized selective 
techniques to recover the rare (0 . 01-0 . 1%) spontaneous biparental 
zygote s and their progeny . The fundamental discoveries of allelic 
segregation and recombination of linked non-Mendelian genes were 
made in this cumbersome system . The principal highlights of these 
studie s will be briefly summarized here . 

The selective markers used were: acl and ac2, respectively 
leaky and stringent acetate-requiring mutants; sr;-a streptomycin 
resistant strain now called sm2 ; and sd, a streptomycin dependent 
strain now called sm4; ss denotes streptomycin sensitivity. A typi
cal result is shown"Tn Table 1 . In the cross sd mt+ x ~ mt-, 

TABLE 1 . RECOVERY OF ZYGOTE COLONIES IN CROSSES OF STREPTOMYCIN- DEPENDENT 
AND - SENSITIVE STRAI NS . Fr om Sager & Ramanis , 1963, 

(1) 

(2) 

(3) 

(4) 

Pe r Ce nt Zygote Coloni e s 

Streptomycin-agar 

100 

0 . 08 

100 

< 0.0001 

Minimal-agar 

0.07 

100 

<0. 0001 

100 

streptomy cin must be present for growth 0£ progeny from germinating 
maternal zy gotes . In the absence of streptomycin a small fraction 
of zygotes germinate . 

By quickly transferring the germinating zygotes to a low 
streptomy cin agar (non- lethal toss cells) we found that both sd and 
ss markers were present . Furthermore each e x ceptional zygote was 
found to contain eight genetically different progeny classes. Each 
of the four products of meiosis distinguishable by the segregation 
of nuclear markers gave rise both to streptomycin dependent and 
streptomycin sensitiv e subclones . Thus sd and ss must have segre
gated from each other at post-meiotic divI'sions-:- Similarly in the 
reciprocal cross , when the sd gene was present in the mt- parent , a 



68 SAGER and RAMANIS 

low fraction of zygotes germinated and produced colonies in the 
presence of streptomycin. 

With the discovery that UV irradiation of the mt+ parent 
before mating blocks maternal inheritance and produc~over 50% of 
biparental zygotes (SAGER and RAMANIS 1967), we have been able to 
examine biparental inheritance in unselected systems. As will be 
discussed in detail below, somatic segregation of the parental 
alleles of all markers is the rule and occurs with great regularity 
during vegetative multiplication of each zoospore clone. In general, 
the same rules of segregation and recombination apply to selected 
spontaneous and unselected UV-induced biparental zygotes and their 
progeny . 

ALLELIC SEGREGATION PATTERNS. In Mendelian systems, the allelic 
segregation ratios of 1 : 1 seen in meiosis are the consequence of the 
mechanics of chromosome replication and distribution on the meiotic 
spindle. In classical cytogenetics, allelic pairs served as markers 
whose segregational patterns were correlated with the behavior of 
physical markers on the chromosomes, such as knobs and small dis 
continuities. 

In non-Mendelian systems so far studied, there has been little 
evidence of allelic segregation at meiosis. Typically, the pattern 
has been maternal; and in the exceptions to maternal inheritance, 
segregation has occurred during clonal or vegetative growth, i.e. 
somatic segregation. In the higher plant systems involving male 
transmission , for instance , meiotic segregation of non-Mendelian 
genes is generally rare and no evidence of an orderly pattern has 
been reported . Attempts to study somatic segregation in higher 
plants have been thwarted by the complexity of cell lineage patterns 
and differential cell division rates superimposed on the complexity 
of the organelle systems themselves (KIRK and TILNEY-BASSETT 1967). 

In Chlamydomonas, by virtue of the simple sexual cycle and the 
clonal multiplication of zoospores, it has been possible to examine 
in detail the behavior of gene pairs in meiosis and in the subsequent 
mitotic multiplication of the progeny. Our principal findings (SAGER 
and RAMANIS 1965, 1967, 1968, 1970a) will be briefly summarized here. 

A. Segregation rarely occurs in meiosis . Usually in biparental 
zygotes each of the four products of meiosis , the zoospores, is 
heterozygous for all of the non-Mendelian genes being studied in the 
cross. 

B. Each pair of alleles segregates on the average 1:1. For 
example, if colonies are grown from single zoospores and then sub
cultured to count the proportion of parental types in the colonies, 
those proportions are statistically close to 1 : 1 for each of the 
marker pairs in the cross. 

c . However, if individual zygotes are plated at the 16 to 32-
cell stage and colonies grown and classified, we find that individual 
gene pairs do not segregate 1:1 in these first few doublings. How
ever, the deviation from 1:1 is only seen in the first few cell 
divisions of zoospore clones. 

D. The explanation of 1 : 1 segregation and of the deviation 
from 1 : 1 was discovered by pedigree analyses of zoospore clones. 
We found three patterns of segregation at cell division, as dia
grammed in Figure 2. Type I, the commonest type, produces no 
segregant offspring ; the hybrid cell gives rise to two daughter 
cells both hybrid. Type II segregation produces one daughter cell 
which is hybrid and the other which is a pure type like either one 
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or the other of the parents . Type III gives rise to t wo segrega nts , 
one resembling each parent . It is the Type II events that may dis 
tort the 1 : 1 ratio temporarily in individual zygotes . However , the 
Type II events produce equal numbers of the t wo parental alleles . 
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Figure 2 . Segregation patterns . The homologous DNAs from the t wo 
parents are shown as straight (acl sm2-s parent) a n d 
wavy (ac2 sm2 - r parent) solid lines representing 
double- stranded molecules . The complementary repli 
cated strands are shown as dashed lines . The 
homologous DNAs are shown attached to a hypotheti c al 
membrane by one of the complementary strands . The 
model predicts that the "old" attachment points go to 
one daughter at cell division and the "new" points to 
the other daughter , thus determining the r egularity o f 
distribution following semi- conservative repli c ation. 
Type II segregation is pictured as a double- str anded 
loss and replacement of a segment , and Type III is 
shown as a double-stranded exchange . This model is 
consistent with the genetic data but otherwise 
speculativ e . 

E . In multi-factor crosses involving several genes , the 
frequency of Type II events is approximately the same for each 
gene . However , the frequency of Type III segregation shows a 
definite polarity . That is , different genes show different a n d 
characteristic frequencies of Type III segregation . This polarity 
prov ides an order on the basis of whic h genes can be mapped . 
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The successful application of this approach to mapping is 
shown in Figure 3, based upon published data (SAGER and RAMANIS 
1970a). This map compares well with the one in Figure 4 based on 
recombination data. The polarity of Type III segregation is taken 
as evidence of a centromere-like "attachment" (ap) governing the 
distribution of molecules to daughter cells at cell division. In 
Figure 3, a reciprocal exchange occurring between genes ac and ery 
results in Type III segregation for the genes ery and sm2whichare 
beyond the exchange point with respect to ap. "°Tapping by the fre
quency of Type III segregation is based onthe assumption that 
exchanges occur at random along the molecule and that the further 
a gene lies from~, the more frequently will it undergo Type III 
segregation. 

The Type III polarity map agrees well in order and relative 
spacing of genes with maps based upon recombination and upon co
segregation frequencies (discussed below). It seems likely there
fore that Type III segregation is the result of a recombination or 
exchange event occurring between the gene and ap. The occurrence 
of Type III polarity among linked genes also provides evidence that 
Type III segregation is not the result of a sorting out process but 
rather is the result of a true recombinational event. 

~------ 10 . 7 ------~ ~------ 9 . 3 ---~ cross 2 

ap 15 ac2 acl sm4 ery nea sm2 0 -Jf-+ __ ....., ____ ,._ ____ ....,.--__ ,._ _____ ...,. ____ • • 

L-. 5. 0 ___J '------ B. 9 ----' 
c.ross 4 

~------ 13.9 ______ _, 

'--------- 8.0 ______ _, L__ 4. 3 ____J 
cross 5 

.__ ___________ 12 ."3 ----------~ 

Figure 3. Genetic map based upon the frequencies of reciprocal 
recombination (Type III segregation) of each gene pair 
scored in the same crosses as in Figure 4. Frequencies 
are c~nsidered as distances from the postulated 
attachment point (from SAGER and RAMANIS 1970a). 

F. We have inferred that Type II segregations also are not 
the result of sorting out. Progeny of multi-factor crosses often 
show a pattern of Type II and Type III segregational events occur
ring on the same strand and presumably at the same doubling . 
Intervening linked genes may still be heterozygous. Thus it seems 
likely that the cells remain permanently diploid for this linkage 
group whether heterozygous or homozygous for individual marker 
genes . Formally Type II segregation resembles "gene conversion," 
a kind of miscopying process . We recover three copies of one 
allele and one copy of the other , instead of two and two; the 
molecular mechanism is not known . 

COSEGREGATION AND RECOMBINATION OF MARKER GENES. In early studies 
zygotes were allowed to germnate and form colonies of 106 - 107 
cells, a sample of which were then scored for parental and recombi
nant types. Subsequently we discovered that the frequency of 
exchange events was so high that data obtained from cells which 
had undergone many doublings were virtually uninterpretable in 
terms of recombination analysis. As an example of the difficulty, 
consider the genes ac and sm2. Initially we reported that these 
genes were unlinkedand even in studies with cells which had under
gone only 4-6 doublings, no evidence of linkage was found . However, 
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by restricting our analysis to the first two doublings and with the 
aid of intervening markers, it became apparent that the t wo loci are 
indeed members of the same linkage group (SAGER and RAMANIS 1970a). 

Current mapping procedures make use of multi-factor crosses 
analyzed after two doublings of each zoospore. Thus, we examine 16 
progeny from each zygote. In each cross, three pairs of unlinked 
nuclear genes are used to distinguish the four products of meiosis . 
Thus at the 16-cell stage, we can tell which four cells came from 
each of the four zoospores. In order to distinguish between Type II 
and Type III segregation patterns, it is necessary to identify the 
pairs of sister cells arising at each doubling. We do this in the 
following way. Zygotes are picked at the 8-cell stage and spread 
individually onto whole agar plates. After one doubling, each of 
the eight cells is respread by a method of limited respreading so 
that the two daughter cells can be identified. The 16 cells are 
then allowed to grow to form colonies which are subsequently classi
fied for all markers. Since the segregation frequencies are sub
stantial (10-30% per doubling), an extensive amount of data becomes 
available by this procedure . 

The data may be analyzed in a number of ways. There are 
three possibilities for each marker: homozygous for one parental 
allele or the other or still heterozygous. The heterozygotes are 
identified by subculturing: they give rise to both parental types 
in later rounds of segregation. In addition to considering the 
progeny as individuals, we derive information from the pedigree 
relations. We can distinguish between events occurring at the 
first and second doubling. We can distinguish cosegregation of 
linked markers as we ll as recombination resulting from Type III 
events and from Type II events. We can check for any segregation 
or recombination which occurred in meiosis. We can score e ither 
events or progeny. 

The map shown in Figure 4 was prepared by conventional 
genetic procedures, counting up recombinants whether they arose by 
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Figure 4. Genetic map of 8 non-Mendelian genes, based upon recombi
nation frequencies found in four crosses. The numbers 
represent relative frequencies, normalized as discussed 
in SAGER and RAMANIS 1970a . 

Type II or Type III events and computing the fraction of recombinant 
progeny using total progeny analyzed in the cross as the denominator. 
As discussed in our paper (SAGER and RAMAN IS 1970a), this map com
pares wel l with the map shown in Figure 3 based upon the frequencies 
of Type III segregation for each of the gene pairs involved in the 
crosses . The same set of crosses were used in preparing the two 
maps . 
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More recent studies have indicated the importance of refining 
these procedures . Some exchange events not recognizable in scoring 
of progeny per~ can be identified if one examines the zoospore 
clones as a unit, classifying events rather than progeny . Further
more it now appears likely that cosegregation frequencies will 
provide more valuable data for classifying progeny than recombina
tion frequencies. Cosegregation provides a larger number of progeny 
for calculation of map intervals than does recombination because 
genes must become homozygous in order to be scored in our system . 
Thus recombinants represent the small class which are both homo
zygous and recombinant whereas cosegregants include both recombinant 
and parental classes so long as they have become homozygous . 

EVIDENCE OF GENETIC CIRCULARITY , We have found evidence of genetic 
circularity, in recent studies, utilizing cosegregation data, several 
new markers, and a new simplified mapping procedure to be discussed 
below. 

The new mapping procedure is based upon our previous evidence 
that segregation and recombination proceed at a constant rate per 
doubling during growth of zoospore clones (SAGER and RAMANIS 1968) . 
Utilizing a multi-factorial cross we can follow the segregation of 
each of the gene pairs by sampling from a population of zoospores 
growing synchronously in liquid culture . An example of this proce
dure is shown in Figure 5 . Each of the markers in the cross 
segregated with a constant and characteristic rate . The differen
tial rate depends entirely upon the relative frequencies of Type III 
segregation of each gene pair . As discussed elsewhere (SAGER and 
RAMANIS l970a;SAGER and RAMANIS manuscript in preparation), segrega
tions due to Type II e v ents occur with equal frequency in all 
regions and therefore do not contribute to the differential segrega
tion rates. 

The comparative slopes of these curves can be used directly to 
generate a map as shown in the figure. The comparison of this map 
with cosegregation frequencies provided the first evidence of 
circularity . We found that the genes ac and tr which showed similar 
rates of Type III segregation were notcloselylinked by cosegrega
tion data; and the same was true of sm2 and spc . However, spc and 
tr were linked and linkage between acand sm2had been previously 
shown (SAGER and RAMANIS1970a) , This discrepancy could be satisfied 
by a two-armed linear map with tr and spc on one side, ac and sm on 
the other side, and ap lying between trand ac . What about ery 
(erythromycin)? In previous studies ery hadappeared to liebetween 
ac and sm2 (Figures 3 and 4) . In thiscross however ery showed 
strong cosegregation with both sm and spc , and appearedto lie 
between them . In further crosses (SAG~and RAMANIS unpublished) , 
the position of ery between spc and sm2 has been confirmed , as has 
its high segregation rate and steep slope in liquid culture mapping 
e xperiments . 

Thus it appears likely that the organelle linkage map described 
in this paper is genetically circular . Whether the corresponding 
DNA is physically circular remains to be established . Difficulties 
encountered in mapping ery may represent evidence of terminal 
redundancy in that region":° 

COMP AR I SON OF CHLOROPLAST AND MITOCHONDRI AL GENETIC SYSTEMS 

Although the mitochondrial genetic system of yeast is at an 
earlier stage of investigation than the chloroplast system of 
Chlamydomonas, some comparisons can already be made . Of first 
importance is the identification of the genetic units themselves . 
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Figure 5 . Genetic map based upon segregation rates . The log % of 
remaining heterozygotes for each gene pair is plotted 
against the number of doublings . Initial heterozygotes 
were : 
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In Chlamydomonas we have used the phenotypic stability of mutant 
traits in the sexual cycle, and particularly in segregation from 
heterozygotes, as an essential criterion of their identity as unit 
genes . Maternal inheritance in crosses has distinguished them as 
non-Mendelian . 

In y east , an important distinction has been demonstrated 
between the mutations to drug- resistance on the one hand , and the 
heterogeneous class of mutations known as "cytoplasmic petites , " or 
rho- mutations. The non-Mendelian mutations to drug resistance so 
far described are phenotypically stable , and the parental types , 
i . e . drug resistance and sensitivity , segregate out of heterozygous 
diploids (SLONIMSKI 1970, GINGOLD et al . 1970 , THOMAS and WILKIE 
1968a) . Thus far meiosis has not been studied with these hetero
zygotes , since they become homozygous before sporulation occurs . 
Thus , their identification as non- Mendelian units rests on their 
somatic segregation in diploid clones, which, on the basis of 
present knowledge, is a reliable criterion . 
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The situation with respect to rho- is quite different. 
EPHRUSSI et al . (1949) described neutral petites in which the 
petite phenotype was never transmitted to diploids in crosses or 
to progeny in meiosis . Subsequently suppressive petites were 
discovered (EPHRUSSI et al~ 1955) in which the petite phenotype 
was transmitted to some fraction of the diploid clones arising from 
crosses . Different suppressive petites were shown to exhibit dif
ferent degrees of suppressiveness, as measured by the percent of 
petite colonies produced by zygotes from crosses of petite x wild 
type . Suppressiveness was also shown to be transmitted in meiosis 
to a variable fraction of the progeny. This evidence established 
the non- Mendelian nature of these petite mutations but left the 
mechanism of suppressiveness unknown. 

Subsequently MOUNOLOU et al. discovered that some (but not 
all) rho- mutations involve extensive changes in mitochondrial DNA, 
seen as alterations in buoyant density and base composition 
(MOUNOLOU , JAKOB and SLONIMSKI 1966) . Some mutations to rho- wipe 
out the mitochondrial drug- resistance mutations initially present 
(i . e . rho+ ERr becomes rho- ER0 ) while in other strains the rho
still carri~ERr, as shown ~suitable crosses . Thus it seems 
likely that few"Tf any mutations to rho- are simple point mutations, 
and that different rho- mutations involve more or less extensive 
losses of genetic information. Furthermore, some rho- strains, 
while remaining phenotypically petite, undergo increasingly drastic 
shifts in base composition and buoyant density of mitochondrial DNA 
as reflected in changes in suppressiveness (EPHRUSSI et al . 1966) 
and loss of ERr (GINGOLD et al . 1970) . 

In view of these findings, further studies of rho- petite 
strains , while of the greatest interest , will requireaaditional 
precautions to establish homogeneity and stability for biochemical 
investigations . Perhaps the presence of a set of marker genes of 
known location along the DNA will be necessary to define the state 
of the mitochondrial DNA . In order to develop such strains, as well 
as to investigate segregation and recombination of mitochondrial 
DNAs , it seems essential to use stable mutations in rho+ parental 
strains. 

The analysis of somatic segregation in Saccharomyces cereviseae 
is complicated by the process of budding. A single zygote may give 
rise to as many as 20 - 25 successive buds, during which process the 
early buds proceed to bud again, leading to the overlapping of gen
erations in zygote clones whether grown in liquid or on agar . Thus 
the cell lineages in a growing culture of budding yeast are much 
more difficult to assess than in organisms like Chlamydomonas which 
regularly divide in two at each cell division . 

Of prime concern in genetic analysis is the evidence in the 
yeast system that the gene pairs from the two parental strains do not 
segregate 1 : 1, but that the allele from the parent of mating type~ 
predominates among the progeny (SLONIMSKI 1970, GINGOLD et al . 1970). 
Does this deviation from 1 : 1 reflect a difference in the number of 
copies present in each parent or a difference in the survival and 
replication of genes coming from the t wo parents? Since the mating 
type effect is not all- or-none , different genes along the DNA might 
have different chances of survival , resulting in a polarity which 
could be utilized for mapping . In any event, the deviations of 
allelic segregation from 1:1 need to be understood in order to pro
vide a bas i s for r ecombination analysis . 

Another fundamental question concerns the mechanism of segre
gation . In Chlamydomonas , segregation appears to be entirely the 
result of ex change events , whether reciprocal (Type III) or non
recipr ocal (Type iI). We have found no evidence of a sorting out 
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process, leading to reduction in the number of copies. However, we 
found it essential to limit our observations to the first two 
doublings in order to keep the system comprehensible . In the yeast 
system, analysis is complicated by the presence of many molecules 
of mitochondrial DNA, and of many mitochondria per cell, as well as 
by the budding process. Thus, it will be necessary to distinguish 
between molecular exchange events and sorting out of DNA in order 
to analyze the observed segregational and recombination events. 

Despite the complexities of the system, the occurrence of 
events which probably reflect recombination of mitochondrial DNA 
molecules has been reported from three laboratories (THOMAS and 
WILKIE 1968b, SLONIMSKI 1970, GINGOLD et al. 1970). SLONIMSKI has 
proposed a mapping procedure based on the frequency of recombinants 
found in a set of 2-factor crosses between a number of different 
erythromycin and chloramphenicol-resistant mutants. It was clearly 
shown that recombination between erythromycin and chloramphenicol 
markers gave stable recombinant molecules. 

CONCLUDING REMARKS 

This paper has summarized the principal steps leading to the 
establishment of the first genetic map of an organelle DNA. The 
steps in the development of this system included: the discovery of 
a suitable mutagen, the proof of allelic segregation, the demonstra
tion of "somatic" segregation in post-meiotic doublings, the recovery 
of reciprocal recombinants between linked genes, and the development 
of the UV method of producing biparental zygotes. With the availa
bility of this system, genetic analysis has thus far provided 
evidence to support the following points : (1) the non-Mendelian 
linkage group or chromosome under observation undergoes a regular 
pattern of replication , recombination, and distribution to daughter 
cells at cell division; (2) this linkage group is genetically 
diploid; (3) extensive recombination, both reciprocal and non
reciprocal, occurs during vegetative multiplication; (4) homozygo
sis results from somatic recombination; (5) reciprocal recombination 
occurs at a "4-strand" stage, after replication but before cell 
division; and (6) the linkage group is probably circular, at least 
genetically. 

Comparison of the Chlamydomonas system with the mitochondrial 
genetic system in yeast indicates certain fundamental similarities . 
Both systems have the capacity for genetic recombination . Molecular 
exchanges between DNAs from the two parents have been demonstrated 
in both systems by genetic methods . In Chlamydomonas the high fre
quency of exchanges seen at every cell doubling at which hetero
zygous genes are still present , shows that pairing of organelle 
DNAs and molecular exchanges are regular occurrences in vegetative 
growth. In the yeast system, it is not yet clear whether exchange 
events occur only in the zygote or whether they continue in the 
buds. 

In nuclei , genetic recombination is largely limited to 
meiosis, with rare exceptions occurring in mitosis. In organelles , 
on the contrary, it seems that the frequency of recombination is 
not regulated in this way. The mating type effect, i.e. the prefer
ential transmission to progeny of organelle genes from one of the 
parents, acts to limit genetic recombination . In Chlamydomonas 
maternal inheritance is usually all-or-none with 0 . 01-0 . 1% excep
tions, while in yeast the mating type effect is less extreme. 
Nonetheless in both systems the consequence is to decrease the 
opportunity for genetic recombination . 

From the viewpoint of developin g a workable s y stem for genetic 
analysis and mapping , it is the recombination feature which is 
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essential, Thus molecular exchanges in DNAs provide the backbone 
upon which the organelle genetic methodologies are being con
structed, With the developments recently reported (Australian 
Academy of Sci. Symp., 1970), it would appear that organelle genetics 
is rapidly becoming available to play its part in a concerted inves
tigation of structure, function, and biogenesis. 
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