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The Mechanism of Maternal Inheritance in Chlamydomonas: 
Biochemical and Genetic Studies 1 

RUTH SAGER and ZENTA RAMANIS 

Dept.  of Biological Sciences, Hunte r  College of the City Universi ty of New York (USA) 

Summary. The cytoplasmic linkage group of Chlamydomonas shows maternal inheritance, i.e. preferential transmis- 
sion of cytogenes from the female (mt § parent and loss of the corresponding male (mt-) genome in sexual crosses. The 
mechanism of this process is postulated to be enzymatic modification of chloroplast I)NA of the female to protect it 
from a restriction enzyme which degrades the chloroplast DNA of the male parent in the zygote soon after fusion. 
Genetic, biochemical and physical data bearing on this hypothesis are summarized and discussed. 

This paper  will discuss studies of the molecular me- 
chanisms regulating maternal  inheritance of cyto- 
plasmic genes (cytogenes) in Chlamydomonas. Ma- 
ternal  (or more generally uniparental) inheritance is 
the hal lmark of cytoplasmic inheritance and the 
original criterion by  which cytogenes were first identi- 
fied; it is still the simplest means of distinguishing 
cytoplasmic from nuclear genes in most  organisms 
(Sager t972). Yet the mechanism of this fundamental  
process is not understood and has hardly been studied. 

The molecular basis of maternal  inheritance is also 
of interest in a wider context,  namely the phenome- 
non of chromosome elimination. In  the normal  life 
cycle of m a n y  invertebrates  especially the insects 
(Rhoades t96t) ,  elimination of particular chromoso- 
mes is a characteristic feature of somatic develop- 
ment.  In  mammal ian  cells, preferential chromosome 
elimination is a regular occurrence following somatic 
cell fusion during the growth of interspecies hybrids 
(Weiss and Green t967). Not  only nuclear chromo- 
somes, but  also the mitochondrial  DNA (Attardi and 
Attardi  t972, Clayton and Teplitz t97t)  of one of the 
parental  cells, is regularly excluded during growth 
of hybr id  clones. Understanding the mechanism of 
chromosome elimination would be of great uti l i ty in 
controlling the process experimental ly and thereby 
determining the chromosome composition of hybr id  
clones. 

An analogous system is modification-restriction in 
bacteria,  in which foreign (unmodified) DNA's  are 
preferentially a t tacked and digested while the native 

1 This paper is dedicated, with great admiration and 
affection, to Professor Marcus M. Rhoades, whose enthu- 
siasm and curiosity contributed so much to my own 
scientific development, whose openness to biochemical 
and molecular interpretations of genetic data, played an 
exemplary role in focussing my own approach to research 
and whose fundamental studies of cytoplasmic inheri- 
tance in maize (Rhoades 1933, 1946) were directly respon- 
sible for my determination to tackle this difficult and 
perplexing area of research. 

(modified) DNA's  within the same cell are fully pro- 
tected (Arber and Linn 1969, Boyer t97t) .  Our pre- 
sent understanding of maternal  inheritance in Chla- 
mydomonas, as will be presented in this paper, strong- 
ly suggests tha t  the mechanism is a kind of modifica- 
tion-restriction system. The evidence will be summa-  
rized and discussed on the basis of a model to be 
presented below. 

Why  is it tha t  maternal  inheritance is such a reliab- 
le criterion for the identification of cytogenes? The 
short answer is tha t  transmission of cytogenes from 
one parent,  ra ther  than from both, seems to be a ge- 
neral proper ty  of cytoplasmic genetic systems. The 
evidence from studies of numerous organisms has 
recently been extensively discussed (Sager 1972). 

Briefly stated, in higher plants and in eukaryotic 
microbes (e.g. Chlamydomonas, yeast,  Neurospora), 
maternal  transmission in meiosis coupled with exclu- 
sion of cytogenes from the male, is the rule. Super- 
ficially, the mechanisms of male exclusion appear  to 
differ in organisms e.g. higher plants and fungi in 
which the male contributes very little cytoplasm, 
from those like Chlamydomonas and yeast,  in which 
the fusing gametes are genetically different but  of 
equal size. 

In  the lat ter  class, the exlusion mechanism must  be 
enzymatic,  since genes from the two parents co-exist 
after fertilization within the same cell. In the former 
class, simple physical exclusion has long been postu- 
lated as the sole basis of maternal  inheritance. The 
recent studies of Tilney-Bassett  (1970) (see Kirk and 
Tilney-Bassett  1967) confirming and extending the 
classical original observations by  Baur (1909) of 
varying amounts  of paternal  transmission of cyto- 
plasmic genes in the flowering plant  Pelargonium 
have demonstra ted tha t  physical exclusion of male 
cytoplasm is not a sufficient explanation of the com- 
plex pat terns  of cytoplasmic transmission seen in this 
plant,  and have focussed on the probable existence of 
an enzymatic  mechanism, and the need for a mole- 
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cular interpretation. A report of paternal inheritance 
in Neurospora (Srb t96@ (discussed in Sager 1972), 
increases the likelihood that analogous mechanisms 
of preferential transmission and exclusion of cyto- 
genes are also at work in the fungi. 

The plan of this paper is first to review published 
evidence on the mechanism of maternal inheritance 
in Chlamydornonas, especially the effects of UV irra- 
diation (Sager and Ramanis 1967) and the different 
fates of chloroplast DNA's from male (rnt--) and 
female (rot+) gametes in the sexual cycle (Sager and 
Lane 1972). These findings set the direction of more 
recent studies to be presented, which include the ef- 
fects of various chemical treatments and of a new 
mutation upon the polarity of transmission of cyto- 
genes from the two parents in the meiotic phase of 
the life cycle. 

Effects of UV Irradiation upon Maternal Inheritance 

Chlamydomonas reinhardi is heterothallic with two 
mating types, determined by the nuclear alleles 
rot+ and rot--; and isogamous, the rot+ and rnt-- 
gametes being of equal size. Thus, the discovery 
(Sager 1954) that cytogenes exhibited polarity of 
transmission in meiosis (i.e. maternal inheritance) 
immediately raised the question of mechanism. The 
first insight into the mechanism came in the same 
study (Sager 1954), with the recognition that some 
spontaneously occurring exceptions to the rule of 
maternal inheritance were also present. It was felt 
that the key to understanding the mechanism might 
well lie in investigating these exceptions. Indeed, the 
existence of spontaneous exceptions, not resulting 
from mutations and with a frequency of about t0 -3, 
already suggested a biochemical or enzymatic control 
mechanism. 

The next important clue came with the discovery 
(Sager and Ramanis t967) that UV irradiation of the 
female (rot+) but not of the male (mr--) parent 
immediately before mating, resulted in almost total 
inhibition of the maternal pattern of transmission, 
and gave rise instead to exceptional zygotes with 
a biparental or paternal transmission pattern. (Ex- 
ceptional zygotes are defined as those that transmit 
cytogenes from the male parent (Sager 1954), inclu- 
ding biparental zygotes transmitting cytogenes from 
both parents and paternal zygotes transmitting only 
cytogenes from the male.) The precise proportions 
of maternal, biparental, and paternal zygotes depen- 
ded on the UV dose, and the whole range (even t00% 
paternal) could be recovered with UV exposures giving 
little loss of zygote viability. The effective UV doses 
were sufficient to kill all but ca. 1% of the unmated 
gametes (plated as controls) but they were rescued by 
mating to unirradiated males. Irradiation of the 
male gametes before mating had no effect on mater- 
nal inheritance, and irradiation of zygotes after fusion 
was highly lethal. 

The ratio of biparental to paternal zygotes was 
found to be UV dose dependent, as was the disappe- 
arance of maternal zygotes. The UV effect was 
shown to be photoreactivable. When gametes which 
had been exposed to UV were subsequently exposed 
to visible light, either before or during mating, the 
proportions of the three classes were shifted back 
towards the maternal. However, the efficiency of 
photoreactivation was such that the conversion from 
paternal to biparental was far more effective than 
from either class of exceptional zygotes back to ma- 
ternal. 

In practice this situation was very useful, permit- 
ting us to collect the largest number of biparental 
zygotes which were utilized for further genetic ana- 
lysis. At the level of mechanism, this result suggested 
the existence of two different UV-sensitive and pho- 
toreactivable reactions, the first concerned with the 
inhibition of maternal inheritance, and the second, 
requiring a higher UV dose, concerned with survival 
of the irradiated genome. The fact that both are 
photoreactivable shows that both targets are DNA 
but does not further identify them. 

We postulated that the second reaction might be 
involved primarily with replication of chloroplast 
DNA (the probable carrier of the cytogenes under 
observation; see below), whereas the first reaction, 
might be rather directly involved in the regulation 
of maternal inheritance, and therefore of particular 
interest in the present context. The studies with 
ethidium bromide, various antibiotics and other che- 
micals to be presented below, stem directly from 
these considerations, and represent attempts to 
pinpoint more directly the site of UV action. Before 
turning to these studies, however, it is necessary to 
review briefly what is known about the behaviour of 
chloroplast DNA's from the two parents during the 
meiotic phase of the life cycle. 

Behaviour of Chloroplast DNA's 
in the Sexual Life Cycle 

The identification of the cytogenes being investi- 
gated in Chlamydomonas with chloroplast DNA is 
based on a number of separate lines of evidence. 
Genetic analysis revealed the occurrence of regular 
patterns of segregation and recombination charac- 
teristic of DNA; the UV effect and photoreactivation 
described above pointed to a DNA target; the only 
well-defined cytoplasmic DNA known in Chlamydo- 
monas is chloroplast DNA (Sager 1972, Sager and 
Ishida 1963, Sueoka et al. t967). Many additional 
observations have further supported the correlation 
of the known cytogenes with chloroplast DNA (revie- 
wed in Sager 1972) but recently two independent 
lines of experimentation have greatly strengthened 
the evidence. One line of evidence is the correlation 
between an alteration affecting chloroplast ribosome 
function and a cytogene mutation mapping in the 
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cytoplasmic linkage group of Chlamydomonas (Schlan- 
ger et al. 1972, Sager and Ramanis 1970). This corre- 
lation confirms and extends the findings of Gillham 
et al. (t970) that  chloroplast ribosomes from some 
cytoplasmic mutants  of Chlamydomonas were 66 S 
rather than 70 S, indicating some unspecified altera- 
tion; and of Mets and Bogorad (t97t) that  chloro- 
plast ribosomes from a cytoplasmically inherited 
erythromycin resistant mutant  were impaired in their 
erythromycin-binding ability compared with the 
wild type. In our s tudy (Schlanger et al. t972) muta- 
tion to carbomycin resistance conferred resistance at 
the ribosome level as assayed in an in vitro amino 
acid incorporating system. Thus, known cytogenes 
of Chlamydomonas influence the structure and func- 
tion of chloroplast ribosomes, strongly supporting 
the hypothesis that  they are located in chloroplast 
DNA. 

The second recent line of evidence involves the 
s tudy of the different fates of chloroplast DNA's 
from male and female gametes during zygote matu- 
ration, showing that  the chloroplast DNA from the 
female parent is preserved and replicated, while that  
from the male is degraded soon after zygote forma- 
tion (Sager and Lane t972). This pattern of repli- 
cation and destruction is precisely the same as the 
transmission pattern of cytogenes observed in crosses 
with suitable markers. 

The studies of chloroplast DNA in the sexual cycle 
were performed by prelabelling the DNA's of male 
and female parents during growth of the gamete cul- 
tures with 15N or 14N, and then making crosses: 
14N (female) • 15N (male) and the reciprocal (Sager 
and Lane 1972). (In another series of experiments, as 
yet unpublished, radioisotope labels (1'C- and all- 
adenine) were also used.) Two remarkable events 
occurring soon after zygote formation were discover- 
ed. (t) Chloroplast DNA from the female parent 
undergoes a density shift within six hours after zygote 
formation, as seen in CsC1 density gradients, shifting 
from the bouyant density of 1.695 gm/cm a, characte- 
ristic of vegetative cells and of gametes, to the lighter 
density of 1.690 gm/cm a in zygotes. (2) Chloroplast 
DNA from the male parent disappears from the 
gradients by about 6 hours after zygote formation, no 
longer being detectable as a high molecular weight 
component. 

Gradients from samples of 24-hour old zygotes are 
virtually indistinguishable from the 6-hour samples, 
and no further changes are seen in these two features 
of the DNA until the first round of replication several 
days later, i.e. the chloroplast DNA from the female 
parent remains at the shifted density, and that  of the 
male does not reappear. Thus it seems highly prob- 
able that  the observed events represent the mole- 
cular basis of maternal inheritance, the loss of gene- 
tic markers from the male resulting directly from the 
observed disappearance of the male chloroplast DNA. 
We have furthermore interpreted the accompanying 

density shift in the female chloroplast DNA as evil 
dence of a biochemical modification in that  DNA, 
serving to protect it from enzymatic degradation. 

Our detailed studies of later times in zygote matu- 
ration when replication of chloroplast DNA occurs, 
have not yet been published. In brief, they confirm 
the published findings: a density difference in the 
surviving DNA, depending on the polarity of the 
cross, is retained and can be seen through at least 
one round of replication. 

In the interpretation of these results, the timing of 
cellular events after mating needs to be recalled. 
Light microscope observations (Sager, unpublished), 
later confirmed by electron microscopy /Friedmann 
et al. t968, Cavalier-Smith 1970) show that  after zy- 
gote formation, a period of a few hours elapses before 
the fusion of chloroplasts and of nuclei. The time of 
chloroplast fusion, of importance in the present con- 
text, was estimated at approximately six hours. This 
is the same interval chosen on technical grounds, in 
our physical studies (Sager and Lane 1972 and in pre- 
paration) for taking the first sample, by which time 
the early events affecting chloroplast DNA had al- 
ready occurred. Thus the biochemical and physical 
changes in chloroplast DNA occur before or near the 
time of chloroplast fusion. 

As mentioned earlier, neither the density shift nor 
the degradation of male chloroplast DNA can be 
detected in the gametes before mating occurs. We do 
not know whether the enzymes required for these 
events are already present in an inactive form or not. 
If so, their activity is not seen until after zygote for- 
mation. The possibility that  the enzymes are pre- 
synthesized is strengthened by the likelihood that  
very little if any protein synthesis occurs during the 
first 24 hours after zygote formation. The conver- 
sion of vegetative cells into gametes, capable of ma- 
ting, requires extensive nitrogen-deprivation, (Sager 
and Granick 1954) and during this period of gameto- 
genesis, ribosomes are degraded (Siersma and Chiang 
t971). After mating occurs, under our procedure, 
no nitrogen source is added to the medium during the 
first 24 hours, and only then NH4NO 3 is added to 
fulfill the nitrogen requirement for maturation of 
zygotes. Thus the changes in chloroplast DNA occur 
at a time of minimal availability of either ribosomes 
or a nitrogen source for protein synthesis. 

Effects  of  Ant ib iot ics  and Other Chemica l s  
u p o n  Maternal  Inheritance 

These studies were initiated to find a chemical 
substitute for the UV treatment that  would block 
maternal inheritance specifically. Inhibitors of pro- 
tein synthesis were examined on the hypothesis that  
proteins concerned with maternal inheritance and 
zygote formation might be the only ones synthesized 
in this period of ribosome breakdown. Rifamycin 
and cyclic AMP were tested to see if transcription 
was involved, and ethidium bromide was tested as 
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Table t. Increase of exceptional zygotes after treatment of 
gametes 

Treatment 

Table 2. Increase of exceptional zygotes after treatment 
during gametogenesis 

Female (mr +) Female (mr +) Male (rot-) treated treated Male (mr-) treated treated 

% excep- relative % excep- relative Treatment % excep- relative % excep- relative 
tional tional tional tional increase increase increase increase zygotes zygotes zygotes zygotes 

U V irradiation U V irradiation 
mated 2 hrs. after 18 hrs. in dim 

UV 68. 200 1.0 0.25 light t 3. 40. 0.9 
mated 6 hrs. after 18 hrs. in dark 25. 80. 1.0 

UV 40. t 20 4.5 14. Ethidium bromide 
Ethidium bromide 10 ~g/ml 8. 45. 0.004 
10 ~g/ml, 6 hrs. 12. 70. 5.0 24. Cycloheximide 
20 gg/ml, 6 hrs, 12. 70. 25.* 12. 

5 ~g/ml 0.3 d 33.* 
Cycloheximide 10 ~g/ml 0.7 1.0 25. * 
10 gg/ml, 6 hrs. 0.05 d 5.8 7.5 20 t~g/ml 0.2 d 60.* 
20 ~g/ml, 6 hrs. 1.5 2.6 4.6 8.1 Erythromycin 
Erythromycin 500 ~g/ml 3.0" 10. * 7- 
500 ~g/ml, 6 hrs. 1.2 4.0 6.8 20. 
Spiramycin Spiromycin 

t00 vg/ml 3.4 10. 5. 
200 ~r 6 hrs. 2.0 6.5 10. 30. 
Rifamycin S V Rifamycin S V 

10 ~g/ml 4.8 15. 2.5 
20 gg/ml, 6 hrs. 1.2 5.2 5.0 2t. 25 gg/ml 5.0 15. 1.6 
Butyryl cyclic A M P  50 gg/ml 4.3 t 3.5 2.2 
500 t,g/ml, 6 hrs. 0.5 d 5.0 6.0 DL-ethionine 
t000 ~g/ml, 6 hrs. O.7 1.0 4.O 5.O 10 2.O 3.0 0.3 
DL-ethionine 50 4.0 7.0 1.0 

1oo 5.0 9.0 0.3 
200 gg/ml, 6 hrs. 3.0 9.0 1.o 3.0 10o 4.0 5.0 1,2 

200 6.0 6.5 t.0 
�9 High value owing to decreased viability of maternal zy- 200 10.0 30.0 1.0 

gores d = decrease in treated sample relative to untreated 
control. 

Cells were grown as previously described (Sager and Rama- 
nis 1967) on agar with t/5 the usual NH,NO 8 for four days, 
washed off plates into minimal medium without NH~NO 3 
(N-free medium) and kept in dim light overnight. Cells were 
then gametic: i.e. capable of fusion within an hour after 
mixing the two mating types. Gametes were treated with 
inhibitors in suspension in dim light (table top) then washed 
and mated. Relative increase is computed as the percent 
exceptional zygotes in treated/untreated cultures. 

UV irradiation corresponded to dose giving about 10% 
surviving gametes, if plated for survival without photo- 
reactivation, but approximately 100% surviving zygotes, as 
a result of (1) fusion between irradiated and unirradiated cells, 
and (2) photoreactivation. 

a po ten t ia l  repl icat ion block. (While this work was in 
progress, we found  (Flechtner  and  Sager, in prep.) 
tha t  e th id ium bromide  (EB) degraded chloroplast  
DNA preferent ia l ly  in exponen t i a l ly  growing cells 
bu t  this effect m a y  not  expla in  the act ion of EB in 
the m a t i n g  system.) 

The pr incipal  f indings of these studies are summa-  
rized in Tables  I and  2. In  these exper iments ,  the 
pa ren ta l  cul tures  were grown on agar u nde r  s t a n d a r d  
condi t ions  for gametogenesis  (Sager and  R a ma n i s  
1967). When  growth ceased (after abou t  t 2 - - 1 4  
doublings) the cells were washed off the plates, re- 
suspended in a ni t rogen-free min ima l  medium,  and  

45.* 
34.* 
82.* 

20 

16. 

8. 
5. 
7. 

1.0 
2.0 
t.0 
1.5 
1.2 
3.0 

* High values owing to low viability of all zygotes and 
preferential survival of exceptional zygotes. 

d = decrease in treated sample relative to untreated control. 
Cells were grown as in experiments of Table 1. After four 

days, cells were washed off plates, resuspended in N-free 
medium and incubated in dim light overnight for gamete 
formation in the presence of the inhibitor. Gametes were then 
washed and mated. Results were computed as in Table 1. 
UV irradiation as in Table t. 

i ncuba t ed  a few hours in  the l ight un t i l  a l iquots  exhi- 
b i ted  rapid  zygote formation.  The pa ren ta l  cul tures  
were then  considered ful ly different ia ted gametes,  
and  t rea ted  wi th  ant ib iot ics  or other  chemicals as 
no ted  in the table.  For  t r e a t m e n t  dur ing  gameto-  
genesis, the chemicals were added as soon as cells were 
washed off the plates and  left for 18 hours in d im 
light, a condi t ion  t ha t  pe rmi t t ed  slow gametogenesis.  
After  t r ea tmen t ,  the cells were washed, mixed with 
equal  number s  of cells of the opposite m a t i n g  type,  
and  allowed to mate.  When  zygote format ion  was 
complete, al iquots  were p la ted  on a s t anda rd  med ium 
to de termine  to ta l  zygote v iab i l i ty  (zygote colony for- 
mat ion)  and  on a selective med ium to assay the 
n u m b e r  of zygotes receiving genes from the male 
parent .  Resul ts  are expressed in two ways:  the per- 
cent  of except ional  zygotes in t rea ted  cul tures ;  and  

Theoret. Appl. Genetics, Vol. 43, No. 3/4 



R. Sager and Z. Ramanis: The Mechanism of Maternal Inheritance in Cklamydomonas t05 

the relative increase in the percent of exceptional 
zygotes in the treated vs. untreated cultures. 

The largest effects are seen after UV irradiation of 
the female parent,  confirming the results first repor- 
ted in 1967 (Sager and Ramanis 1967) and utilized conti- 
nuously since fhat  time in genetic studies. No che- 
mical t reatment  approached the yield of exceptional 
zygotes obtained with UV. The phenanthridium dye, 
ethidium bromide, produced a similar effect to tha t  
of UV but less pronounced, when the female gametes 
were treated for 6 hours in dim light before mating. 
However, when the male gametes were treated, an 
effect of EB was also seen, amounting to 5 % excep- 
tional zygotes with t0~g /ml  EB, and 25% with 
20 ~tg/ml. The latter figure is somewhat misleading, 
resulting in part  from preferential survival of excep- 
tional zygotes, rather than from a real increase. 

Nonetheless, the small but  real effect of EB on 
male gametes raised two questions. 1. Does the 
effect result from carryover of the drug into the zy- 
gotes, where its real target is some system coming 
from the female parent ? This question concerns all 
chemical t reatments in contrast to UV irradiation. 
2. Is there a target in the male gamete which is also 
involved in maternal  inheritance? The results of 
t reatments  with the other chemicals shown in Table l 
bear on both questions. 

All the other compounds tested (except for DL- 
ethionine), namely cycloheximide, erythromycin,  
spiramycin, rifamycin SV, and butyryl-cyclic AMP 
clearly had a greater effect when males were t reated 
than females. This finding shows that  the effect on 
males cannot be at t r ibuted simply to carryover of 
the chemical, and that  consequently the male game- 
tes do play some independent role in the control of 
maternal  inheritance. 

Further  support for this conclusion comes from the 
s tudy of chemical t reatments  during gametogenesis, 
summarized in Table 2. Here again, UV irradiation 
and EB were the principal treatments effective on 
female gametes, with DL-ethionine showing a small 
effect; whereas some of the same compounds effec- 
tive on male gametes were also effective when the 
cells were t reated during gametogenesis. 

The most dramatic effects were obtained with 
cycloheximide, with recoveries of 60% exceptional 
zygotes. However, extensive lethality occurred in 
these cultures, and the high yield of exceptional zy- 
gotes resulted primarily from their preferential sur- 
vival. 

Comparison of Tables t and 2 indicates that  treat- 
ments during gametogenesis except for cycloheximide 
were generally less effective in influencing exceptio- 
nal zygote formation than were treatments of mature 
gametes. This observation supports the impression 
from previous studies tha t  the choice of alternative 
pathways, maternal  vs. exceptional zygotes, is made 
during a very  short interval near the time of zygote 
formation. 

A Mutation, mat, Influencing Maternal 
Inheritance 

A mutation of unknown origin appeared in an mr-- 
stock culture carrying the cytoplasmic markers spc --r 
(spectinomycin resistance) and sm2--r (high level 
streptomycin resistance). The mutat ion was detected 
by its dramatic effect on zygote viability and on ma- 
ternal inheritance. In a cross with an mr+ strain 
carrying the cytoplasmic marker ery--r (erythromy- 
cin resistance), only 1% of the expected zygotes ger- 
minated, and about 50% of them were exceptional, 
as shown by transmission of cytogene markers from 
the male parent. Of the exceptional zygotes recovered 
2/3 were biparental ~md 1/3 were paternal. Each of 
the parental strains of this cross were then test- cros- 
sed, and the new phenotype was found associated with 
the male (mr--) parent.  Less than t % of the expec- 
ted zygote germination occurred, and about 20% of 
the zygotes were exceptional. 

Transmission of this trait  to the F, generation was 
examined by  choosing one exceptional zygote from 
the first cross, and independently crossing each of 
the 6 progeny from that  zygote (2 mr-- and 4 mt+). 
The two rot-- Fl's showed the same phenotype:  de- 
creased zygote viability and 30% exceptional zygotes 
in one cross and 20% exceptional in the other. Test 
crosses of the female Fl's also showed low viability 
but  gave frequencies of exceptional zygotes close to 
control values: 0 . t%,  0.3%, 0.4%, and 2.0%. 

These results suggested that  the mt+ Fl's might be 
carrying the gene but  not expresshag it. To test this 
possibility, several male (mt--) progeny of the F, 
generation were back-crossed with a standard rot+ 
tester stock. The % exceptional zygotes in these cros- 
ses was higher than in the controls, but  lower than 
the results of crosses in earlier generations. Thus, we 
do not yet  know whether the gene is nuclear or cyto- 
plasmic. Nonetheless, these preliminary results de- 
monstrate the presence of a mutant  gene called mat, 
responsible for the drastic reduction in viability of 
zygotes, coupled with a preferential survival of ex- 
ceptional zygotes when carried in the male parent  
but  not in the female. Its phenotypic effect is re- 
markably like that  resulting from cycloheximide 
t reatment  of male (mt--) cultures during gametoge- 
nesis. 

Discussion 
This paper has summarized the available evidence 

bearing on the molecular basis of maternal  inheri- 
tance in Chlamydomonas. Maternal inheritance is 
seen genetically as the transmission of cytogenes from 
the female parent to all progeny, and the concurrent 
disappearance of the corresponding cytogenome from 
the male. The principal known physical and bioche- 
mical events underlying these genetic observations 
are the following: (1) in zygotes, chloroplast DNA 
from the female parent undergoes a density shift. 
while that  from the male parent disappears as a high 
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female {mr +) gamete male (rot-) gamete 

newly formed zygote 
,Q. 

maturing zygote 

Fig. t. Proposed mechanism of maternal inheritance of ch]oro- 
plast I)NA in Chlamydomonas 

Female (mt +) gamete contains inactive modification en- 
zyme [M] in chloroplast, and two regulatory substances, G I 
and G2, in the cell sap. The male (mr-) gamete contains 
inactive restriction enzyme [R] in its chloroplast. After zygote 
~ormation and before fusion of chloroplasts, the modification 
enzyme is activated by G 1 to modify chloroplast DNA in the 
female chloroplast, and the restriction enzyme is activated 
by G~ to degrade chloroplast DNA in the male chloroplast. 
The two chloroplasts then fuse, and only the chloroplast DNA 

from the female parent is available for replication 

molecular weight component  bandable in CsC1 density 
gradients;  (2) these effects on chloroplast DNA occur 
soon after mating, within the first few hours of zygote 
development;  and (3) prior events occurring in both 
female and male gametes contribute to the process of 
materna l  inheritance. 

The model shown in Fig. I was developed as an 
aid in visualizing the steps in this process, including 
those revealed by  experimental  da ta  and those postu- 
lated to occur. The features of this model will first be 
described and then discussed in relation to the data  
presented above. 

A Proposed Molecular Mechanism 
of Maternal Inheritance 

In this model, the female (mr+) parent  contributes 
three essential components of the system: 1. a modi- 
fication enzyme responsible for the density shift of 
female chloroplast DNA, 2. a regulator substance 
which activates the modification enzyme after zygote 
formation, and 3. a regulator substance which acti- 

vates a restriction enzyme produced in the male 
(mr--) parent.  The restriction enzyme responsible for 
degrading male chloroplast DNA is postulated to be 
synthesized in the male gamete,  but  act ivated by  
a regulator from the female parent  some time after 
mating. 

The t ime course is critical. The density shift in 
female chloroplast DNA occurs after mating, but  the 
modification enzyme may  be present in an inactive 
form well before mating, and the same is true of the 
restriction enzyme in the male. Both timing and com- 
partmental izat ion must contribute to the (assumed) 
protection of the female DNA by  modification before 
it can be at tacked by  the restriction enzyme; and 
conversely, the male DNA must  be shielded from the 
modification enzyme so that  it remains susceptible 
to degradation. Thus, the two postulated regulator 
substances play key roles in the timing. 

The fact, noted above, that  chloroplasts do not 
fuse for a few hours after mating, is of great impor- 
tance. During this interval,  chloroplast DNA from 
the female could be modified by  an enzyme localized 
within the female chloroplast, and unavailable to 
male DNA. Similarly, the restriction enzyme could 
be localized with the male chloroplast, act ivated by  
a substance coming in from the mixed cytoplasm, 
and degrading the male DNA before chloroplast fusion. 
By the time the chloroplasts fuse, the female DNA 
would be fully protected and resistant to the restric- 
tion enzyme. Because of technical difficulties in ob- 
taining samples of zygotes during the first 6 hours 
after mating, it has not been possible to find out 
experimental ly whether the effects on male and fe- 
male chloroplast DNA proceed simultaneously or 
sequentially. However, both are completed within 
about  6 hours. 

The model in Figure I is based primarily on the 
bacterial  modification-restriction systems (Arber and 
Linn t969, Boyer t97t) .  The data  so far available for 
the Chlamydomonas system seem to fit this model 
bet ter  than any  other we have considered. Both the 
density shift of the female, and disappearance of the 
male chloroplast DNA's  are predictable from the 
bacterial data. However, the density shift we have 
observed, amounting to a bouyant  density of 0.005 
gm/cm * in CsC1, is very high compared with the few 
methyl  groups added to modify bacterial  DNA's. If  
methylat ion is the chemical basis of the density shift, 
about 5 % of the bases would have to be methylated.  

Support  for the view tha t  methylat ion itself may  
be involved in the density shift comes from the ob- 
served effect of t reat ing gametes (Table t) and cells 
during gametogenesis (Table 2) with DL-ethionine, 
a competit ive inhibitor of methionine, the usual 
methyl  donor. In the bacterial  system, methionine 
has been shown to be required for modification, and 
ethionine toinhibit  the process (Arber and Linn t969). 
The chemical basis of the density shift in Chlamydo- 
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monas is currently under investigation in our labora- 
tory.  

Specific evidence concerning each component of 
the model will now be considered. The synthesis of 
the modification enzyme in the female gamete is pure 
speculation, since no mutants  affecting this step have 
been discovered. The fact tha t  inhibitors of protein 
synthesis have a very small effect on maternal  in- 
heritance when female gametes are treated may in- 
dicate that  the enzyme is synthesized during gameto- 
genesis; this assumption is supported by  the effects 
of rifamycin, erythromycin,  and spiromycin treat- 
ment of the female during gametogenesis. The le- 
thal i ty associated with cycloheximide t reatment  ma- 
kes it difficult to distinguish whether cytoplasmic 
protein synthesis is important  in the female during 
gametogenesis, but  the effects of the other antibiotics 
support the idea that  a protein synthesized in the 
chloroplast of the female parent during gametogenesis 
is necessary for maternal  inheritance. Whether  this 
protein is the modification enzyme or some other 
component is not indicated by  these data. 

The fact tha t  UV irradiation of the female gametes 
immediately before mating has such a profound effect 
on maternal  inheritance, blocking it 100% without 
lethality of zygotes at optimal UV doses, indicates 
tha t  some controlling event which can be blocked by  
UV, occurs very close to the time of mating. We 
postulate tha t  this event is the release of a regulator 
substance that  activates the restriction enzyme in 
the male chloroplast after mating. We must assume 
that  the release of this substance is coupled to mating, 
since the UV effect decays with time, being less effec- 
tive if cells are mated six hours after irradiation than 
two hours after irradiation, and much less effective 
if given earlier in gametogenesis. Also, the UV effect 
is photoreactivable, showing that  the target is DNA. 
These results are reminiscent of UV induction of bac- 
teriophage, a process known for 30 years but  still not 
fully understood. In the lambda system, a repressor 
which normally holds lambda in check, is inactivated 
by  UV leading to induction, but  the mechanism by 
which UV irradiation inactivates the repressor is un- 
known (Ptashne t97t) .  

The assumption that  the restriction enzyme is 
made in the male gamete is based primarily on the 
behaviour of the mutant  strain mat and on the pre- 
ferential survival of exceptional zygotes after cyclo- 
heximide t reatment  of males during gametogenesis. 
In both cases, the male parent  determines the switch 
from maternal  to exceptional zygotes, and in both 
cases, lethality of zygotes and preferential survival 
are involved. In addition, t reatment  of male gametes 
by compounds that  interfere with transcription and 
translation (rifamycin, cyclic AMP, erythromycin,  
and spiramycin) was shown (Table 1) to increase the 
yield of exceptional zygotes substantially, while the 
corresponding t reatment  of the females had a much 
smaller effect. 

We have concluded, from the data presented and 
discussed in this paper, that  proteins synthesized in 
each of the parental strains, during gametogenesis or 
at the time of mating, are required for the process of 
maternal  inheritance. The concept that  a modifica- 
tion enzyme is produced in the female chloroplast 
and a restriction enzyme in the male chloroplast is 
proposed as a working model consistent with the 
available evidence. Further  studies are of course re- 
quired, and are in progress, to test the model. 

Application to other Systems 

Maternal, or uniparental, inheritance is such a per- 
vasive feature of cytoplasmic inheritance in all 
known systems, that  the mechanism is of fundamen- 
tal interest. The application of the modification- 
restriction system of bacteria to maternal  inheritance 
in Chlamydomonas raises the question of whether 
a similar mechanism may be operativein allorganisms. 
Indeed, at present, modification-restriction is the 
only mechanism known for destroying some DNA's 
and not others co-existing within the same cell at the 
same time. 

If one grants that  the mechanism may be appli- 
cable to other organelle DNA's as well, which are 
naked DNA's like those of bacteria and viruses, one 
may then ask whether nuclear chromosomes, which 
are nucleoproteins, may also be regulated by  a similar 
mechanism. As noted in the introduction, two kinds 
of nuclear systems deserve consideration in this light. 
One system is that  of chromosome elimination or di- 
minution as found in normal life-cycles of many in- 
vertebrates (Rhoades 196t) and the other is preferen- 
tial chromosome elimination as it occurs in somatic 
cell hybrids (Weiss and Green 1967). In some inter- 
species hybrids, e.g. mouse and Chinese hamster, X- 
or y-irradiation of one "paren t"  before fusion has 
been shown to predetermine which chromosomes will 
be preferentially lost (Pontecorvo 197t); and labeling 
with 5-bromodeoxyuridine (BUdR) to sensitize chro- 
mosomes to visible light has also been successful 
(Puck and Kao 1967). However, in human-mouse 
hybrids, the strong polari ty of elimination of human 
chromosomes has been found not reversible by  irra- 
diation (Pontecorvo, personal communication). 

Finally, it should be noted that  restriction systems, 
heretofore identified only in bacteria, probably have 
a wide distribution in nature. Indeed, the usefulness 
of an elegant mechanism for distinguishing between 
different DNA's simultaneously present in the same 
cell has such broad possibilities and applications, 
that  its existence must surely not be limited to the 
bacteria. 
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