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It is a particular pleasure for me to contribute to this 
Sympos i um honoring the memory of L.J. STADLER. While an under
graduate I had the privilege of worki ng with one of his students, 
Seymour FOGEL, on genetics of the R l ocus in maize and hope that 
these slender credentials may admit me to qualify as an intellectual 
F2 of Dr. STADLER ' s and as a somet i me geneticist. It was perhaps 
this casual flirtation with the genetic estab l ishment which gave me 
a profound respect for the powerful technique of classical Mendelian 
genetics without the compulsive urge to place all eucaryotic genetic 
determinants upon chromosomes or within the nucleus. I n addit i on , I 
was led in my genet i c he r esy, to believe that meaningful answers to 
the questions surroundi ng organe l le inheri tance and deve l opment could 
be obtained by studying an organism which, to date, has shown no 
inclination for sexual recombination, transduction or transformation. 

Thi s organism, Euglena graci lis Klebs var. baci l laris Pringsheim, 
however, offers many inducements to students of organell e development 
and inheritance . Seymour HUTNER, Luigi PROVASOLI and their numerous 
co- workers at Haskins Laboratories persuaded the organism to grow 
l uxurient l y in axenic culture on a variety of completely defined 
media over the extraordi narily wi de pH range of three to eight. They 
also showed that this strain of Eugl ena could be made to lose visible 
p l ast i ds and pigmentation reversibly by gr owth in the dark and 
i rreversib l y through growth on streptomycin (PROVASOLI et al. 1948). 
CRAMER and MYERS (1952) studied its photosynthetic properties while 
PRINGSHEIM, who had original l y i sol ated this strain, also showed that 
growth above 32°0 would also bring about irreversib l e loss of plastids 
(PRINGSHEI M and PRINGSHEI M 1952). Out of these observations has 
grown a body of knowl edge and techniques f or exp l oiting these useful 
attri butes. 

Figure 1 summari zes some of the techniques we emp l oy i n our 
l aboratory to study chloroplast deve l opment and inheritance in thi s 
or ganism. Since Euglena is an efficient organotroph and since many 
carbon sources do not impair the formation and function of chloro
plasts, p l astid development and even p l astid elimination can be 
studied under conditions where photosynthes i s is gratuitous, By 
employing media contai ning carbon sources, photosynthesis and 
plastids can be impaired or eliminated without appreciably affecting 
the growth or viability of the cells. 

In the l ight the growing organism contains about ten chloro
plasts. This number is kept fair l y constant as the cells divi de, 
through concornmitant chlor op l ast divis i on (Figure 2) (GOJDICS 1934). 
Chlorop l ast division has been observed in a l gae for some time, the 
earl iest observations going back more than 50 years (see BOLD 1951 ). 
These observations provided some of the earliest evidence that these 
organelles might possess some degree of autonomy. 
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FIGURE 1. Plastid replication and development in Euglena gracilis 
(light-grown cell after LEEDALE, 1967) , 

When grown in the dark, Euglena gracilis var, bacilTaris con
tains precursor bodies to the chloroplasts, the proplastids which are 
smaller in size and possess far less internal structure (SCHIFF 1970, 
KLEIN et al . 1971). Since the cells always retain the ability to be 
induced by light to form chloroplasts when grown indefinitely in the 
dark, the proplastids must also replicate themselves at each division. 
This process of plastid replication can be studied in either darkness 
or light in dividing cells and, carried back far enough in time, 
prompts questions about plastid origins. 

The dark-grown proplastid-containing cells can be placed upon 
a medium lacking essential nutrients which prevents the cells from 
dividing (STERN et al. 1964a). Under these conditions, when exposed 
to light, the proplastids will develop into chloroplasts unencumbered, 
from the experimenter's point of view, with variables due to cell and 
plastid division (Figure 1). This process we call plastid develop
ment to distinguish it from plastid replication in dividing cells , 
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FIGURE 2. A di vi ding plastid in Euglena gracilis var . bacillaris . 
See Figure 5 for abbreviations . 
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I began this discussion with the remark that all genetic 
determinants need not be chromosomal nor even nuclear. Like most 
apostasy, this heresy is as old as the dogma which called it forth . 
With the flourishing of experimental genetics at the beginning of 
the century sparked by the rediscovery of MENDEL's works, came the 
great scientific generalizations which extended and confirmed his 
principles but along with the . confirmation important exceptions to 
these principles were found as we ll . Many of these exceptions were 
found in the very plants on which STADLER and his students later 
worked. Beginning at least with CORRENS, it became apparent that 
there were genetic determinants in higher plants, particularly those 
connected with plastic phenotypes, which did not strictly obey 
Mende lian principles. The behavior of these characteristics was 
not identical in reciprocal crosses since the progeny always 
exhibitep the phenotype of the female parent. Since the plastids 
were known to have some degree of autonomy and since the bulk of the 
cytoplasm of the zygote came from the egg rather than the pollen, 
the notion was .advanced that this matroclinal inheritance was due to 
genetic factors which were localized in the cytoplasm and, perhaps, 
in the plastids themselves . We now know the situation to be more 
complicated than this, but this picture is a fair representation of 
the general outlines of the problem (RHOADES 1946) . 
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FIGURE 3. Simplified hypothetical schemes for possible genetic 
interactions between organelles. In all c;ases, the circular .s truc
ture represents the nucleus and the ellipse depicts the chloroplast. 
I n alternative 1, an informational unit in the nuc leus codes for the 
proteins of the entire cell including the chloroplast. Alternative 3 
represents the other extreme in which the nucleus and chloroplast 
have independent informational units, the nuclear unit codes for 
generalized cell protein, and the chloroplast unit determines chloro
plast proteins. Alternative 2 is necessitated by genetic studies 
with higher plants and shows two addit ional modes of interaction. 
The nucleus may code for a protein(s) which manufacture nutrients (X) 
required by the chloroplast . Alternative ly , the nucleus may manu
facture a mutagen (M) which irreversibly mutates the chloroplast 
informational unit (SCHIFF and EPSTEIN 1965, 1966 , 1968) . 

On the basis of avai l ab le information from many organisms, it 
is possible to make some general models of chloroplast inheritance. 
Figure 3 (SCHIFF and EPSTEIN 1965, 1966, 1968) shows three extremes 
for the purposes of discussion. In the first alternative informa
tion for the construction of a plastid resides in the nucleus which 
codes for production of everything else in the cell as well. This 
model predicts that the chloroplast (or proplastid, or any other 
organelle) is constructed'de novo 1in each generation from information 
supplied by the nucleus. The large numbers of mutations in maize, 
barley, and other organisms which affect chloroplast phenotypes and 
which behave in a perfectly Mendelian fashion can be used in support 
of this model. As we will see later, however, other interpretations 
of this data are possible . 
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The third alternative visualizes independent informational 
units in the nucleus and in the plastid. The unit in the nucleus 
codes for proteins produced in the nucleus and cytoplasm exclusive 
of the organelle in question. The organelle itself contains an 
informational unit which codes for its own proteins . When the cell 
replicates, the two informational units are replicated independently 
leading to the possibility of autonomous chloroplast division. 

In between these two extremes of· interpretation are the possi
bilities for genetic interaction between the nucleus and the organelle 
shown in the second alternative of Figure 3, These possibilities 
have been suggested by experiments with higher plants. RHOADES 
(1946) discovered a mutant affecting chloroplast phenotype in maize 
which he called iojap. The iojap gene is chromosomal and behaves in 
a Mendelian manner. Plants homozygous for the mutant gene produce 
abnormal chloroplasts. These abnormalities persist and are perpetu
ated, however when the females with abnormal chloroplasts are cros-sed 
with males having a normal chromosomal genet ic constitution. RHOADES 
suggested, therefore, that the nucleus and plastid might have differ
ent genomes but that a mutant gene in the nucleus could produce a 
mutagen which irreversibly mutated the genome of the plastids which 
then continue to replicate the abnormality even after the nuclear 
constitution was returned to normal. Similar and even more complex 
interactions have been found in other plants, particularly Oenothera 
(CLELAND 1962). 

Nuclear mutations affecting chloroplast phenotypes but which 
are entirely normal in Mendelian behavior (cited above in connection 
with alternative l) can also be reinterpreted here. It is possible 
that the nucleus and plastid have independent genomes but that during 
the course of evolution the plastid has become nutritionally dependent 
on the rest of the cell for one or more metabolites (represented by 
"X" in alternative 2). A n uclear mutation which prevented the forma
tion of these nutrients would lead to chloroplast abnormalities even 
though there was no direct informational dependence of the chloro
plast on the nucleus. 

As we will see the evidence favors some version of model 2 . We 
have already indicated that the plastid is capable of division and 
that genetic studies in higher plants implicate matroclinal inheri
tance indicating that there is a plastid genome distinct from, and 
in addition to, the nuclear genome. Further along we will supply 
evidence that the plastid seems to be nutritionally and information
ally dependent on the rest of the cell. 

FIGURE 4 . Three dimensional visualization of the proplastid and 
chloroplast from thin sections . Scale indicates l.0 µM . 
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FIGURE 5 , Sections of Euglena gracilis var . bacillaris showing a 
proplastid (dark- grown cell) and a chloroplast after light- induced 
development (SCHIFF 1970) . Abbreviations : C, Chloroplast; Go, 
Golgi; L, lamella; M, mitochondrion; Mb, membrane(s); MD, membrane 
depot; N, nucleus ; P, pyrenoid; PB, prolamellar body ; Pe , pellicle; 
Pm, paramylum ; Po, polyphosphate; PP, proplastid; R , ribosome- like 
particles; T, thylakoids . Scale marker indicates 1 µm , here and 
elsewhere . 
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THE DEVELOPMENT OF THE PROPLASTID INTO THE CHLOROPLAST IN EUGLENA 

Dark-grown cells or Euglena contain proplastids which are 
l-2µ in size and are roughly spheroidal (Figures 4, 5 [SCHIFF 1970, 
KLEIN et al. 1971, SALVADOR et al. 1971]) . The organelle is bounded 
by a membrane at least two layers in thickness as round by S. GIBBS 
ror the fully mature chloroplast (GIBBS 1960). Ribosome-like bodies 
are present in the proplastids which are smaller than those in the 
surrounding cytoplasm consistent with the finding that the plastid 
ribosomes are 70s and those or the cytoplasm are 87s (RAWSDN-and 
STUTZ l968, l969, SCOTT and SMILLIE 1969, HEIZMANN 1970 , LeDOIGT, 
COHEN and SCHIFF, unpublished). Antibiotics which selectively inter
fere with 70s ribosomes selectively affect chloroplast development 
and inheritance in Euglena without affecting cell viability and 
growth. This undoubtedly arises from the l ack of sensitivity or the 
87s ribosomes to these inhibitors together with a mitochondrial 
resistance to their action. It has not been possible so rar to 
demonstrate ribosomes in electron micrographs or Euglena mitochondria 
(Figure 5) and should they be completely absent or very different 
this could explain the high selectivity or 70s inhibitors ror 
plastids in Euglena. 

The proplastids also contain prolamellar bodies which are com
posed or tubular elements but these are much less highly organized 
than those in higher plants. Also, in Euglena, the prolamellar 
bodies are smaller than in higher plants and the primary membranes 
or thy~akoids extending from them are more extensive (KLEIN et al. 
197l). 

When dark-grown: resting cells of Euglena are placed in the 
light chloroplast development b egins. Chlorophyll synthesis for the 
first 12-14 hrs. is continuous at a low rate (STERN et al. 1964a). 

· During this lag period, there is little or no change in the amount 
or membrane material in the plastids (KLEIN et al. l971) . Photo
synthesis makes its appearance at about four hrs. of development 
(STERN et al. 1964a, SCHIFF 1963). 

From 14 hrs. onward chlorophyll synthesis is rapid and photo
synthesis grows concomittantly as shown in Figure 6 (STERN et al. 
1964a). During this period, until the completion or development at 
72-96 hrs. of development, the plastids increase in size and 
reorganize into a discoid shape (BEN SHAUL et al. 1964, KLEIN et al. 
1971). At the same time thylakoids fuse with each other to form 
stacks or bands composed of 2-4 thylakoids closely appressed to each 
other , and much new membrane material is formed and incorporated 
into thylakoids and bands. The pyrenoid differentiates between 24 
and 48 hrs. or development. By the end of development, the proplastid 
has increased about 60 fold in volume in becoming the chloroplast 
(Figures 4 and 5), 

The period or chloroplast development in Euglena is a period of 
rapid synthesis or many constituents. Molecular synthesis as evi
denced by the appearance of chloroplast-specific antigens, enzymes, 
lipids, carotenoids and t-RNAs (see SCHIFF and EPSTEIN 1965, 1968 for 
references with the addition or: BARNETT et al. 1969, CARELL et al. 
1970) is extensive and is associated with an increase in the rate or 
oxygen uptake by the cells. In many ways, the situation is reminis
cent or adaptive enzyme formation. Presented with lactose in the 
medium as a potential substrate E . coli cells produce the necessary 
enzymes to utilize this substrate. Presented with light, a potential 
substrate, dark-grown cells of Euglena produce the necessary 
machinery to use this light, but unlike lactose utilization which 
requires the formation or a rew activities, photosynthesis requires 
the induction or many activities and much structure, all properly 
coordinated. This sequential induction and coordination or synthesis 
we call chloroplast development. 
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FIGURE 6. Kinetics of the appearance of chlorophyll, carotenoids, 
photosynthetic oxygen evolution, and photosynthetic carbon dioxide 
fixation during chloroplast development in Euglena. Zero time 
represents measurements on dark-grown cells; time is measured from 
inception of light-induced chloroplast deve l opment (STERN et al. 
1964a). 
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At least two interesting questions are prompted by the material 
presented so far: (1) where do the building blocks for plastid 
development come from, and'(2) where does the genetic information 
necessary to build the chloroplast come from? 

WHERE DO THE BUILDING BLOCKS FOR PLASTID DEVELOPMENT COME FROM? 

Several lines of evidence indic,ated that the developing plastid 
might not provide the energy and intermediates for its own synthesis 
(SCHIFF and ZELDIN 1968). Photosynthesis does not make its appear
ance until about 4 hrs. of ch l oroplast development and the rate is 
quite low before 12-14 hrs. Also, the optimal light intensity for 
chloroplast deve l opment (150 ft, c) is much lower than the optimum 
for photosynthesis at all stages of chloroplast development (2200 ft. 
c; STERN et al. 1964a) suggesting that plastid development is not 
very sensitive to the rate of photosynthesis. Further, the onset of 
chloroplast development is associated with an increase in the rate of 
ce l lular respiration (SCHI FF 1963) suggesting that the cytoplasm is 
call ed upon to supply energy for chloroplast development and this is 
in agreement with the finding that the proplastids of Euglena have a 
l arge surface in contact with the cytoplasm through extensive 
invaginations which frequently contain mitochondria and other 
ce llular organelles (SCHIFF 1970). 

We decided to check whether photosynthesis was necessary for 
plastid development by carrying out the developmental process in the 
presence of DCMU a specific and powerful inhibitor of photosynthesis 
which acts by preventing the emergence of electrons from system II 
(SCHIFF et al. 1967). This DCMU treatment should deny the developing 
p l astid ATP produced during non-cyclic photophosphorylation and 
reducing power in the form of TPNH. Concentrations of DCMU which 
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FIGURE 7 , Chl orophyll synthesis and photosynthetic carbon dioxide 
fixation by dark-grown resting cells of Eugl ena exposed to l ight i n 
t he presence or absence of DCMU (SCHIFF et al . 1967) , 

block photosynthetic carbon dioxide fixation completely do not 
impair chlorophyl l formation during chloroplast development to any 
great extent (Figure 7) . I f the DCMU is washed away at the end of 
plastid development (72 hrs . ) full photosynthetic activity appear s 
indicating that all constituents necessary for normal development of 
the plastids have been formed in the presence of DCMU (SCHIFF et a l . 
1967) . Figure 8 shows that plastids of normal size are formed with 
extensive membrane structures . An interesting peculiarity of these 
plastids is that they frequent l y lack pyrenoids . Since the pyrenoid 
has classically been thought to be the pl ace where the products of 
photosynthesis are organized into pol ysaccharide, it is possib l e that 
the products of photosynthesis normal ly induce the pyrenoid; i n the 
presence of DCMU there are no photosynthetic products, hence no 
pyrenoids . 

These data indicate that the developing pl astid need not rely 
upon its own photosynthesis for the energy and bui l ding blocks f or 
its own development and strongl y suggest that the developing p l asti d 
calls upon the rest of the ce ll for many constituents . This woul d 
exp l ain why those many mutants of maize and other higher p l ants 
which affect chloroplast phenotypes are normal Mende l ian mutants 
which map to nuclear chromosomal l oci. These are probably mutat i ons 
which deny the deve l oping p l ast i d a source of certain constituent s 
ordinarily supplied by the rest of the cell. 

After we had comp l eted this work, we realized that nature had 
already performed this experiment for us . Many organisms such as 
Chlorella, Chlamydomonas, and pine cotyledons form normal chlorop l asts 
and chlorophyll in the dark (BOGORAD 1950, SAGER 1958) . I n these 
organi sms the rest of the cell must supp l y the energy and bui l ding 
blocks for plastid development . Simi l arl y, those mutants of 
Chlamydomonas and Chl orella which are blocked for some step in 
photosynthesis but make otherwise normal ch l oroplasts can be 
enlisted to support this mode l (LEVINE and VOLKMANN 1961, BISHOP 
1966). Higher plants and Chlorel l a protothecoidies also make some 
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plastid structures in the presence of CMU (KLEIN and NEUMANN 1966, 
MATSUKA and HASE 1966) . It would seem that chloroplast nutrition 
requires extensive contributions of energy and materials from the 
rest of the cell, and this seems to be true of many different 
organisms. 

FIGURE 8. Dark-grown resting cell after 72 hrs. of development at 
150 ftc in the presence of 10 µM DCMU (SCHIFF et al. l967). See 
Figure 5 for abbreviations . 

WHERE DOES THE INFORMATION FOR BUILDING A CHLOROPLAST COME FROM? 

99. 

The reason this question is not trivial is that at least three 
different DNA genomes exist in the Euglena cell (Table 1). The 
existence of the chloroplast DNA was first inferred from data pro
vided by studies of ultraviolet (UV) inactivation of plastid inheri
tance (LYMAN et al . 1959, 1961). UV quantitatively eliminated the 
ability of Euglena cells to transmit the plastid-forming potentiality 
to their progeny. This inactivation displayed a multiplicity of 30 
indicating that there were 30 entities concerned and the action 
spectrum for the phenomenon indicated that a nucleoprotein was the 
chromophore involved. The UV effect was photoreactivable, suggesting 
that a DNA nucleoprotein was involved (SCHIFF et al . 1961). Since 
the number of entities was large, and since no loss of cell viability 
occurred at UV doses which produced 100% loss of plastid-forming 
ability, the entities were assumed to be cytoplasmic (LYMAN et al . 
1961, SCHIFF et al. 1961). This was later confirmed with UV micro
beam experiments (GIBOR and GRANICK 1962) . 

It then became possible to demonstrate a unique species of DNA 
which was associated with the ability of the cells to produce plastids 
(LEFF et al. 1963) . This DNA was shown to be chloroplast-lo.calized 
(EDELMAN et al. 1964, RAY and HANAWALT 1964, BRAWERMAN and EISEN
STADT 1964) and was found to be absent in mutant strains cloned from 
dividing cells which had been treated with streptomycin, UV or tem
peratures above 34° (EDELMAN et al . 1965, RAY and HANAWALT 1965). 
It soon became apparent that there was yet another species of DNA 
with a base composition different from either chloroplast or nuclear 
DNA which could be localized to the mitochondria (EDELMAN et al. 
l966). The properties of these DNAs are shown in Table 1 . 
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Also shown in Table 1 are the amounts of DNA found per organelle. 
The val ue for the amount per mitochondrion is very approximate since 
the exact number of mitochondria in a Euglena cell has not been 
determined with precision--the val ue shown here is probably somewhat 
too ~igh. However, it is c l ear that the plastid contains about 4.5 
x 10 daltons of DNA and if we assume the thirty UV sensitive entities 
are equall y divided among the ten p l astid~, then each p l astid con
tains three DNA genomes of about 1.5 x 10 dal tons each. Thus each 
p l astid genome contains a substantial amount of potential genetic 
informat i on, enough t o code for about 200 proteins of 50,000 mol ecul ar 
weight. The mitochondrion, on the other hand, is not so f ortunate. 
I t contains onl y enough information to code for about 20 such pro
teins, being generous. Thus as has been found for many ot her systems 
(see MILLER, P. L . (ed . ), 1970 for recent reviews), the mitochondrial 
genome of Euglena is rat her small whi l e the p l astid has a rather 
considerab l e genome a l though somewhat small er than those found in 
bacterial ce l ls. 

When the plastid DNA was first found, we had t h e simplistic 
not ion t hat it might supp l y a ll of the information fo r p l astid 
synthesis (al ternati ve 3 in Figure 3). Earl y experiments with 32P04, 
where the bul k RNAs of t he ce ll became l abe l ed during ch l orop l ast 
development yie l ded result s which indicated that this notion was too 
simp l e (ZELDIN and SCHIFF 1967). It was found that the RNAs of both 
the ch l orop l ast compartment and of the non-chl orop l ast compartments 
of the cell became l abeled, a l though the ch l orop l ast RNA had about 
threefo l d higher specific activi ty. This has since been found to be 
true for p l astid development in radish cotyledons (INGLE 1968) and 
Ochromonas danica (GI BBS 1969) a flage llated ameboid member of the 
ye llow a l ga~ese res ults are consistent with an activation of RNA 
synth esis bot h within and wi t hout the plastid brought about by light 
activation of p l astid development . It is also consistent with the 
view a l ready_ advanced that the synthetic machinery of the cytop l asm 
provides intermediates for p l astid formation. 
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FI GURE 9. Chlorophyll and TPN triose phosphate dehydrogenase appear
ance during l ight-induced ch l oroplast development in dark-grown 
resting ce l ls of Euglena in the presence and absence of 0 . 05% 
streptomycin (Sm) . (BOVARNI CK e t al. 1970, BOVARNI CK and SCHIFF, 
in preparation.) 
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Bacillaris 
Density 

Thermal denaturation 

Analysis 

Z strain 
Density 

Analysis 

Thermal denaturation,»; 

Molecular weight, as isolated 
(sedimentation) 

Denaturation studies 

Density (g . /c.c . ) 

Total DNA{%) 

pg. /cell 

pg . /organelle 

Daltons/organelle 

Table 1. DNA 

{From 

Main band 
AT 

52 

45 

47 

51 

49 

47-52 

GC* 

48 

55 

53 

49 

51 

48-53 

20-40 X 106 

Double-stranded 

1. 707 

97 . 0 

0 . 485 

0.485 

2.9 X 10 11 

of Euglena gracilis 

Schiff 1970) 

Chloroplast 

AT 

74 

70 

76 

76 

75 

74-79 

satellite 
GC 

26 

30 

24 

24 

25 

21-26 

20-40 X 106 

Double-stranded 

1. 686 

1.5 

0.0075 

0.00075 

4 . 5 X 108 

Mitochondrial 
satellite 

AT GC 

69 31 

67 33 

2.6 - 3 . 6 X 106 

Double-stranded 

1. 691 

1.5 

0.0075 

0.000027 

'vl6 x 106 
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Brawerman & Eisen
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1966 

* Includes approximately 2 . 3% methyl cytosine (Ray & Hanawalt 1964; Brawerman et al. 1962) . 
Main band is assumed to represent the nuclear DNA. 

-Jd( Calcul:ated from data given in reference . 
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Some extremely relevant findings bearing on the question of 
the origin or information for chloroplast development have been 
obtained from studies of streptomycin inhibition of development . As 
mentioned early in this paper, streptomycin causes plastid elimina
tion and a loss of plastid DNA in dividing cells without impairing 
either cell viability or cell division, suggesting that streptomycin 
acts on the chloroplast in a highly selective manner. In bacterial 
systems, this inhibitor has been shown to exert a major effect by 
blocking translation on ribosomes during protein synthesis and is 
selective for the 70s bacterial ribosomes thought to be closely 
related to the chloroplast ribosomes (WEISBLUM and DAVIES 1968, 
MODOLELL and DAVIS 1968). We surmised that streptomycin might block 
plastid replication in Euglena by selectively inhibiting translation 
on plastid ribosomes leading to the non-production of enzymes (such 
as the plastid DNA polymerase) necessary for plastid DNA replication, 
without affecting ribosomes external to the chloroplast . In order to 
determine whether streptomycin does indeed block protein synthesis in 
plastids, we turned to a study of the effects of this inhibitor on 
chloroplast development and the formation of plastid enzymes in non
dividing cells (BOVARNICK et al. 1968). Unexpectedly, streptomycin 
proved to exhibit at least two patterns of action on the formation of 
certain chloroplast enzymes (BOVARNICK et al. 1970, J. BOVARNICK and 
J. SCHIFF, in preparation). The synthesis of pigments and of 
ribulose diphosphate carboxylase (an enzyme of the photosynthetic 
carbon dioxide fixation cycle) and of cytochrome 552, a carrier in 
photosynthetic electron transport, were inhibited from 15 hr. onward 
in development resulting in a 90% inhibition by 72 hr. (Figure 9, 
Table 2). Another enzyme of the photosynthetic carbon cycle, the 
TPN-linked triose phosphate dehydrogenase, behaved in an entirely 
different manner . Its appearance during development (Figure 9) 
commences without a lag and the final levels achieved demonstrate 
that its synthesis is not strongly inhibited by streptomycin. To be 
sure that this pattern was consistent, chloramphenicol, another 
specific inhibitor of translation on 70s ribosomes, was employed 
with comparable results (Table 3) : all parameters of plastid develop
ment measured were inhibited by chloramphenicol except for the TPN
triose phosphate dehydrogenase whose formation was virtually 
unaffected (BOVARNICK et al . 1970) . 

Which DNA genomes are concerned with the synthesis of these two 
groups of enzymes? Comparing the activities in a mutant of Euglena 
(W3BUL) in which chloroplast DNA is undetectable (Table 2) we see 
that those enzymes which are thought to be synthesized on chloroplast 
ribosomes are not detectable, suggesting that chloroplast DNA con
trols their synthesis . The TPN triose phosphate dehydrogenase and 
the DPN triose phosphate dehydrogenase are both present at the same 
levels as in the dark-grown cells suggesting that these enzymes are 
controlled by nuclear DNA . We cannot yet say that the structural 
genes for the first group are chloroplastic, and the structural genes 
for the dehydrogenases are nuclear, but further studies may well 
show this to be the case. Nuclear DNA, then, can influence the 
synthesis of a chloroplast protein ; elegant studies in yeast have 
shown that the structural gene for the synthesis of a mitochondrial 
cytochrome resides in the nucleus (SHERMAN et al . 1968) . Further 
evidence from Euglena is also at hand since there are now reports 
that certain chloroplast-specific amino acyl t-RNA synthetases 
(REGER et al. 1970) and a plastid DNAase (CARELL and EGAN, personal 
commun.) may be synthesized outside the chloroplast. 

These studies with Euglena suggest that the ribulose diphosphate 
carboxylase and the cytochrome 552 are both coded in the chloroplast 
DNA and are synthesized on chloroplast ribosomes . (I am indebted to 
Dr. K. BOARDMAN for pointing out that if the chloroplast DNA codes 
for chloroplast ribosomes, as indicated by the hybridization experi
ments of STUTZ (1971), the absence of these ribosomes in the mutant 
lacking chloroplast DNA could prevent the synthesis of various 
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chloroplast proteins whether or not they are coded in the chloroplast 
DNA. Thus absence of a chloroplast enzyme from the mutant does not 
conclusively prove that it is coded or controlled in the chloroplast 
DNA.) The TPN triose phosphate dehydrogenase of the chloroplast and 
the DPN triose phosphate dehydrogenase of the cytoplasm are probably 
coded in the nucleus and synthesized on non-chloroplast ribosomes, 
Several models can be offered to account for the relationship between 
the DPN and the TPN-triose phosphate dehydrogenases. The first model 
assumes that both enzymes are coded in the nucleus in separate cis
trons. Thus each enzyme could be regulated separately at the gene 
level in the nucleus. Indeed, the two enzymes in other species have 
proven to be so similar that it has been impossible to separate them 
by conventional fractionation procedures (SHULMAN and GIBBS 1968, 
ANDERSON 1969) , Since in certain photosynthetic bacteria the DPN, 
but not the TPN enzyme is found, while the photosynthetic eucaryotic 
cell has both, it is possible that the TPN gene represents a dupli
cation, during the course of evolution, of the DPN gene with minor 
modifications. A reciprocal relation between the levels of the 
activities of the two enzymes in the same cell has been suggested 
(HUDOCK and FULLER 1965) prompted by data similar to those of 
Table 2, where the DPN enzyme seems to fall somewhat as the TPN 
enzyme increases , This has been interpreted to indicate a possible 
inter-conversion between the two enzymes in certain organisms 
(HUDOCK and FULLER 1965) . Having both enzymes coded in the nucleus 
would certainly facilitate such regulatory interactions. A second 
picture which can be made consistent with the Euglena data, would 
have only the DPN enzyme coded in the nucleus. The DPN enzyme 
might then be modified in a minor way (e . g. through the addition or 
deletion of one or a few amino acids or the degree of oxidation of 
SH groups [see HUDOCK and FULLER 1965] in the cytoplasm or chloro
plast to yield the TPN enzyme). The conversion of the DPN enzyme to 
the TPN enzyme in the presence of high TPN concentrations has 
recently been proposed (MULLER, ZIEGLER and ZIEGLER 1969), Whatever 
the mechanism, it is clear that nuclear-chloroplast and nuclear
mitochondrial interactions are to be expected, and perhaps in the 
opposite direction as well , in eucaryotic cells. All possible 
permutations and combinations of informational crosstalk among the 
th~e~ organelles might eventually be found. 

The level of the TPN triose phosphate dehydrogenase in the 
mutant is at the same level as in dark-grown wild-type ·cells (Table 
2). This indicates that the synthesis of the TPN enzyme is repressed 
to the same extent in both types of cells, if we assume that the 
specificity of the DPN enzyme for DPN is absolute so that the TPN 
activity represents the level of the TPN triose phosphate dehydro
genase . To date non-chloroplast DPN triose phosphate dehydrogenases 
seem to possess this high selectivity for the DPN coenzyme (ARNON et 
al. 1954, R. McGOWAN, personal commun . ). If the control is at the 
level of a nuclear gene,normal conditions of derepression by light 
involve either a signal from the proplastids to the nucleus, or a 
separate non-chloroplast photoreceptor as suggested previously in 
connection with non-chloroplast RNA synthesis (ZELDIN and SCHIFF 
1968). 

THE TEMPORAL SEQUENCE OF NUTRITIONAL AND INFORMATIONAL 

INTERACTIONS DURING CHLOROPLAST DEVELOPMENT 

It would seem from the foregoing that the developing chloro
plast can obtain, and probably must obtain, much of the energy and 
building blocks for development from the rest of the cell. In 
addition, it is becoming clear that the information necessary to 
cons.truct an organelle does not come entirely from the organelle's 
genome nor entirely from the nuclear genome, but rather from both . 
We deal, therefore, with organelles which receive at least part of 



Table 2 . Enzyme formation during chloroplast development in the 
presence of streptomycin (from BOVARNICK et al. 1970, 
BOVARNICK and SCHIFF in preparation). 

__________ W_i_l_d_t~_e _____________ w_3BUL 

Non-dividing 
Euglena 

Structure 

Plastid DNA 

Total chlorophyll 
(pg . /cell) 

Total carotenoid 
(pg./cell) 

PS CO2 fixation 
(102 x picomoles/ 
cell/hr.) 

Cytochrome 552 
(10 11 x µmoles/cell) 

Ribulose diphosphate 
carboxylase (µmoles 
CO 2 fixed/mg. 
protein/hr . ) 

G-3-P dehydrogenase 
TPN (µmoles PNH) 

DPN oxidized/mg. 
protein/hr . ) 

Dark- grown 

Proplastid 

+ 

0 

0.26 + 0.07 

0 . 08 :!: 0 . 02 

0 

0.14 + 0.02 

4.10 + 0.70 

43 . 00 + 14.00 

Dark-grown + 
. light, 72-96 
hr. 

Chloroplast 

+ 

10 . 50 :!: 0 . 86 

2.62 :!: 0 . 19 

28 

2.79 + 0 , 39 

4 . 11 + 0.34 

21.00 + 6.83 

27.00 :!: 5.42 

0 = below limit of detection; + =present . 

Dark-grown+ Light-grown 
light, 72-96 
hr., + strepto-
mycin 

Chloroplast Largely absent 
rudiment 

+ 0 

o.88 :!: 0.22 o 

0. 85 :!: 0 . 12 0 . 13 

o.44 0 

0 . 37 + 0.60 0 

0 . 16 + 0.06 0 

16.00 + 6.25 4.01 

32.00 :!: 4 . 91 40 . 10 



Table 3. Enzyme I'ormation during chloroplast development in the presence or 
chloramphenicol (I'rom BOVARNICK et al. 1970, BOVARNICK and SCHIFF 
in preparation). 

Chlorophyll (pg/cell) 

Photosynthesis (pMoles CO2 

Dark-grown 
0 hrs. 

0 

0 
I'ixed per cell per 10 min.) 

RuDP Carboxylase 
(µMoles CO2 I'ixed 
per mg protein per hr.) 

TPN triose-P 
Dehydrogenase 
(µMoles TPN oxidized 
per mg protein per hr.) 

0.053 
0.046 

6.17 
4.26 

Dark-grown+ 
light, 72 hrs. 

10.07 + 1.59 

0.265 + 0.058 

2 . 11 
9.68 
3.32 

31.40 
40.37 
33. 75 

Dark-grown+ 
light, 72 hr. 
+ Chloramphenicol (2 mg/ml) 

4.95 + o.83 

0.07 + 0.02 

0. 807 
1. 43 
0.59 

18 .60 
37.34 
28.46 

f-J 
0 
Vl 
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their small and large molecules and, probably, most of their energy 
during development, from outside the organelle. 

Chloroplast development is characterized by a lag period during 
which chlorophyll synthesis is slow followed by a period of rapid 
synthesis (STERN et al. 1964a). In Euglena this lag period is about 
twelve hrs. in length and it is striking that not much seems to 
happen within the developing plastid during this period. Chloroplast 
enzymes such as the ribulose diphosphate carboxylase are already at 
significant levels in the dark-grown cell and do not change much 
during the first 12 hrs. of development. The internal structure of 
the developing plastid changes little during this period and there 
does not appear to be any significant membrane synthesis during this 
time. In agreement with this, inhibitors of translation on 70s 
ribosomes have very little effect during this period . In short, the 
twelve hr. lag seems to be a period of minimal activity within the 
chloroplast. It would seem that this period is devoted mainly to 
filling available membrane sites with chlorophyll, although at least 
one photosynthetic component whose synthesis is streptomycin sensi
tive seems to be made during this period (BOVARNICK et al. 1968). 

In contrast, non-chloroplast activities seem to be very promi
nent during this lag period. The TPN triose phosphate dehydrogenase 
which seems to be synthesized on the 87s ribosomes of the cytoplasm 
from information provided by the nucleus is synthesized without a 
lag during the first twelve hrs. of development. The overall 
respirati on of the cell increases at the inception of chloroplast 
development and probably represents the energy demands of the many 
cytoplasmic activities called forth to support chloroplast develop
ment. In agreement, the first twelve hrs . of chloroplast develop
ment is very sensitive to cycloheximide an inhibitor of translation 
on the 87s cytoplasmic ribosomes (SCHWARTZBACH and SCHIFF 1971). 

BLUE, 
FAR RED 

LIGHT 

rlR.SI 12 HOURS OF LIGHT 
(LAG PERIOD) 

> 12 HOURS OF LIGHT 
(MAJOR DEVELOPMENTAL PERIOD) 

FIGURE 10. Model for events of lag period and period of active 
development. See text for details (SCHWARTZBACH and SCHIFF 1971) . 

Using this information we have constructed the following 
picture of the sequence of events in chloroplast development (shown 
in Figure 10) . When light strikes the dark-grown cell, there is an 
activation of cytoplasmic systems to provide the necessities for 
chloroplast development. These include energy, small molecules 
(undoubtedly including early precursors of chlorophyll) and large 
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molecules such as the TPN triose phosphate dehydrogenase and the 
enzymes necessary to mobilize energy and make the small molecules. 
Within the chloroplast, however, very little is known to occur other 
than a low rate of chlorophyll synthesis to fill sites on existing 
me.mbranes and at least one other component associated with photo
synthesis. This makes sense since the dark-grown plastids seem to 
have significant levels of many enzymes, membranes, etc. which seem 
to be adequate for the first twelve hrs. of development. We would 
think, then, that the first twelve hrs. of plastid development are 
mainly devoted to a feeding of the plastid by the rest of the cell 
to raise the levels of those constituents supplied from outside the 
plastid to levels of other chloroplast constituents already within 
the plastid from the beginning of development. At the point where 
these externally-supplied constituents become adequate within the 
plastid, the lag period ends and the period of rapid synthesis inside 
the plastid commences leading to the great expansion in volume of the 
plastid between 14 and 72 hrs . and the large accumulations of mem
branes, enzymes and other constituents. 

A potentially useful approach for exploring the induction and 
early stages of chloroplast development has been provided by the 
finding that a brief preillumination of the dark-grown cells 
followed by a dark period results in the elimination of the usual 
lag in chlorophyll formation when the cells are subsequently returned 
to continuous light, a phenomenon we call potentiation (Figure 11) 
(HOLOWINSKY and SCHIFF 1968, HOLOWINSKY and SCHIFF 1970, KLEIN et al. 
1971). Since the optimal length of the dark period for lag elimina
tion is about 12 hrs. it seems reasonable to assume that a brief 
exposure to light triggers some events which ordinarily take place 
in the lag period of continuous illumination (also 12 hrs. in 
length) and permits them to occur in the dark period following 
preillumination. This should allow a separation of the inductive 
phase from the later consequences of induction since the latter can 
be studied during the dark period. 

PREILLUMINATION 
PERIOD 

l p~~roKo 
POTE N TlATT I E~D~lliE3P~O~ST~-~IL~LU~M~I N~A3r~1o;NmP!ER~l~OD~,i:~rrn==:3:o~ NOR_M.AL (CONTINUOUS ILLUMINATION AT 150 FT. C. • 

12 PRETREATMENT 

_, _, 
>
I 

g, 6 
0: 
0 _, 
t 4 _, 
;'! 
g 2 

-1 0 0 

/ ,o 

USUAL EXPERIMENTAL CONDI T IONS FOR 
CHLOROPLAST DEVELOPMENT 

I 
0 

/ 
0 

I 

/ 
0/ 
I 

10 

/ 
/ 

/ 

/ ,,, 
l 

/ 

/ 
/ 

30 
TIME (HRS.) 

50 70 

FIGURE 11. Time course of chlorophyll accumulation in control and 
potentiated cells. Zero time is taken as the beginning of the post
illumination period. Cells from a 3-day dark-grown resting culture 
were exposed to 90 min. of preillumination (white light, 150 ft.-c.) 
starting at -12 hr. and to a dark period (potentiated cells) before 
exposure to continuous illumination with white light (post illumina
tion) . Control cells experienced an uninterrupted dark period 
until they were exposed to continuous illumination at Ohr. 
(HOLOWINSKY and SCHIFF 1968, HOLOWINSKY and SCHIFF 1970) . 
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The action spectrum for induction during -the preillumination 
period showed evidences of two pigment systems . One is a red-blue 
system related to the protochlorophyll(ide) chlorophyll(ide) trans
formation, the other resembles the high energy blue- far red response 
(see P . ROLLIN 1966) . Evidence for two pigment systems in develop
ment comes also from studies of the intensity dependence of chloro
plast development in Euglena (STERN et al . 1964b) . Since a light 
stimulation of RNA labeling can be . observed in mutants of Euglena in 
which plastid DNA is undetectable (ZELDIN and SCHIFF 1968) and which 
lack the protochlorophyll(ide)-related system, it seems reasonable to 
think that the non-chlroplast or cytoplasmic phase of plastid develop
ment is, to some extent, under the control of the blue-far red 
·system--although not uniquely, since reasonably complete plastid 
development can occur in red light (BOVARNICK et al. 1969). A 
picture consistent with the available evidence, slender as it is, 
suggests a synergistic effect of the protochlorophyll-related system 
(or red-blue system) with the blue-far red system in controlling the 
cytoplasm in plastid- containing cells (see Figure 10). Presumably 
the red-blue system controls chlorophyll formation and chloroplast
centered synthetic activities from within the plastid . It is con
ceivable that phytochrome, which enters the chloroplast development 
picture in the flowering plants, also exerts control over the non
chloroplast cytoplasmic aspects of chloroplast development in higher 
plants. 

CONCLUSIONS 

An old but attractive notion which is currently popular supposes 
that the organelles such as the chloroplast arose from endosymbiotic 
invaders resembling, perhaps , blue-green algae which established 
themselves in the host cells and whose division and other aspects of 
development became subject to control by the host_ (EDELMAN et al. 
1967) . The results obtained to date are not inconsistent with this 
view . The plastid in particular resembles a procaryotic cell within 
the envelope of a nucleated cell . This procaryotic organelle has 
its own DNA, and 70s ribos omes and divides like its free - living 
counterparts . 

It is quite possible that the nutritional, informational and 
regulatory interactions we have detailed in this paper for the 
Euglena chloroplast represent accommodations between invader and 
host which have grown up during the evolution together of the 
associates . Thus the invader has adopted certain constituents pro
vided by the host to replace or augment its own synthesis and has 
thereby become subject to regulation by the host. Still remaihing, 
however, are many basic processes which the plastid carries out for 
itself using its own information a:nd synthetic machinery. 

In answer to the questions posed in this paper then, organelles 
rely both on the capacities of the cell they are in and on their own 
machinery for synthesis and for information . Regulatory inter
actions also exist and perhaps the most interesting one, for which 
we have practically no information, is how the division of the host 
and the organelle are coordinated . 
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