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ABSTRACT 

Cultures of the plus mating type of Chlamydomonas 

moewusii Gerloff were used to study the relationships 

between the timing of cell division and the metabolism of 

deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). 

Cells were cultured under controlled conditions in defined 

liquid medium under axenic conditions and were synchronized 

by a 12 hr light (500 ft-c):l2 hr dark cycle. Synchronous 

cell division was verified independently by microscopic 

observations and periods of DNA synthesis. 

Morphological studies showed that during the 24 hr 

cell cycle there was little alteration in nuclear morphology 

during the light period. Nuclear division began during the 

early dark period with most mother cells producing two 

daughter cells which were released during the last 2 hr of 

the dark period. Analysis of DNA metabolism indicated that 

there were two periods of DNA increase during the cell cycle. 

There was a 10% increase during the 5th-7th hr of the light 

cycle, which was interpreted as reflecting the synthesis of 

the chloroplast DNA, and a large increase between the 11th 

hr of the light and the 2nd hr of the dark period which was 

assumed to be the replication of the nuclear DNA which 

immediately preceded the onset of nuclear division. 

ix 



X 

Analysis of RNA metabolism indicated that the RNA 

content increased dramatically upon light exposure during 

the first 2 hr of the cell cycle which was followed by a 

decrease. There were two decreases in RNA content noted 

during the cell cycle which appeared to precede periods of 

active DNA synthesis. The patterns of RNA content were in 

contrast to other investigations and were interpreted as 

reflecting the growth conditions utilized. Studies of 

32 
RNA's, labelled with PO^ and fractionated by poly-

acrylamide gel electrophoresis, indicated that the label 

was immediately incorporated into an RNA fraction approx

imated to have an S-value of 3S. Labelling studies indicated 

that the 3S fraction may represent the labelling of a rapidly 

labelled but slowly turning over "pool" of oligoribo-

nucleotides, but other alternatives and their significance 

were discussed. 



CHAPTER I 

INTRODUCTION 

The growth and development of a unicellular organism, 

in the course of its asexual cell cycle, is not a uniform 

continuum of steady growth between one cell division and the 

next. From a survey of investigations that have been done, 

the cell cycle must be regarded as a step-wise series of 

ordered morphological and biochemical events which do not 

necessarily all occur simultaneously (Mitchison, 1969). 

Some of the most important information on the events occur

ring within a cell cycle have come from studies using syn

chronous cultures of microorganisms (Scherbaum, 1960; 

Mitchison, 1969). 

Two algal systems that have been utilized extensively 

in studying the cell cycle have been species of the uni

cellular algae Chlorella and Chlarnvdomonas. These organisms 

are ideally suited for such studies because of the ease of 

maintainign axenic cultures and the ease of inducing syn

chrony. With the use of synchronized algal cultures, it has 

been demonstrated that there are morphological changes 

(Bernstein, 1964) and gross physiological changes (Hase, 

Morimura, and Tamiya, 1957) that occur at distinct periods 

during the cell cycle. 

1 
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Certain enzymatic activities exhibit a discontinuous 

appearance and disappearance with peaks of activity occurring 

at specific points in the cell cycle (Jones and Kates, 1963; 

Jones, Kates, and Keller, 1968; Knutsen, 1965; Kates and 

Jones, 1967; Kates, Chiang, and Jones, 1968). Phosphorus 

and nitrogen metabolism exhibit fluctuations during the cell 

cycle (Schmidt, 1961; Schmidt and King, 1961) and changes in 

the nucleic acid content of the cell during the cell cycle 

are evident (Iwamura, 1955, 1962; Iwamura and Myers, 1959; 

Sueoka, 1960; Bernstein, 1961; Johnson and Schmidt, 1966). 

In Chlamydomonas reinhardtii. it has been shown that chloro-

plast DNA replication occurs at a specific point in the cell 

cycle which is distinct from nuclear DNA replication (Chiang 

and Sueoka, 1967a, 1967b). 

A population of algal cells can be synchronized by 

withholding a necessary factor, such as light or nutrients, 

which is required for the completion of the cell cycle, or 

by applying some non-toxic inhibitor, such as a "temperature 

shock." A high percentage of cells will continue to develop 

and reach a "physiological point" beyond which the cells 

cannot proceed without the addition or the removal of the 

factor. The addition or removal of the factor would then 

allow the population of cells to resume normal physiological 

activities in synchrony. A high degree of synchrony can be 

maintained by rhythmically applying and removing such 

factors (Hoogenhaut, 1963). 
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The unicellular green alga Chlamydomonas moewusii 

Gerloff is an obligate photoautotraph that requires a 

minimal exposure to light to complete both its asexual 

(Lewin, 1950; Bernstein, 1964, 1966) and sexual life cycles 

(Sager and Granick, 1954; Lewin, 1956). The organism is 

exceedingly sensitive to environmental factors, namely light 

intensity, CO^ availability (Jones et al., 1968; Kates et 

al., 1968), light duration, and cell concentration (Bern

stein, 1964, 1966). 

Since C .  moewusii has an absolute requirement for 

light to complete its cell cycle, light-dark cycles have 

been used to induce a high degree of synchrony (Bernstein, 

1959, 1960, 1964). According to Bernstein (1960), the cells 

can be maintained at approximately 90% synchrony by exposing 

cultures to cycles of 12 hours of light followed by 12 hours 

of darkness. 

It has been shown that certain physiological activ

ities and morphological changes occur at specific points in 

the cellular cycle and the use of synchronized populations 

of cells permits the examination of critical physiological 

and morphological changes as well as the accurate determina

tion of times of activity within the cell cycle not possible 

with randomly dividing populations. 

It was the purpose of the present investigation to 

examine the metabolism of deoxyribonucleic acid (DNA) and 

ribonucleic acid (RNA) during the synchronous asexual cell 



cycle of Chlamydomonas moewusii grown under controlled 

growth conditions and to correlate the metabolism with 

nuclear events which occur during the cell cycle. 



CHAPTER 2 

REVIEW OF THE LITERATURE 

Nuclear Events During the Asexual 
Life Cycle 

Chiamydomonas moewusii is a haploid, unicellular, 

green alga that reproduces asexually be mitotic division of 

its vegetative cells (Buffaloe, 1958; Bernstein, 1964). 

Since the description of the organism by Gerloff (1940), it 

has been well known that C. moewusii requires at least a 

minimum exposure to light to complete its asexual cell cycle 

(Lewin, 1950; Bernstein, 1964) and this obligate photoauto-

trophism has been utilized to induce synchrony in populations 

of cells (Bernstein, 1959, 1960). Published studies on C. 

moewusii have been limited so references are made to investi

gations published on C. reinhardtii and other algal systems. 

There have been few karyological investigations of 

Chlamydomonas. presumably due to the extreme small size of 

the chromosomes, which border on the limits of resolution by 

oil-immersion objectives, and because the standard procedures 

used for staining and identification of chromosomes have not 

always yielded reliable results. Of those karyological 

studies that have been conducted, there has been considerable 

disagreement concerning the haploid chromosome number of the 

vegetative cells of species of Chlamydomonas. 

5 
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Schaecter and DeLamater (1955) studied mitosis in 

three species of Chiamydomonas and reported the chromosome 

numbers for £. moewusii to be 36 +_ 2, for C. reinhardtii to 

be 18 + 2, and for C. euqametos to be 16 + 1. The numbers 

of chromosomes described for meiosis by these investigators 

was reported to be 8 to 10 leading them to suggest that 

meiosis in these organisms was not of the classical pattern 

or there was a problem in the resolution of the chromosomes 

due to their small size. 

Wetherell and Krauss (1956), in a study of polyploidy 

in species of Chlamydomonas. reported a haploid chromosome 

numberoof 16 for C. reinhardtii and C. euqametos. 

In a study of the cytology of Chlamydomonas. Buffaloe 

(1958) reported that the haploid chromosome number for 

moewusii. C. reinhardtii. and C. euqametos to be 8. A 

haploid number of 8 was also reported by Levine and Folsome 

(1959) for C. reinhardtii and by Kater (1929) for C. nasuta. 

From genetic studies using C .  reinhardtii. it has 

been demonstrated that there are 16 linkage groups but 

according to the interpretation by Levine and Goodenough 

(1970), the apparent non-random distribution of genes 

affecting the chloroplast suggested that 8 of the 16 linkage 

groups should reside in the chloroplast, thus supporting a 

haploid nuclear chromosome number of 8. This interpretation 

has been questioned recently by Chiang (reported by Levine 

and Goodenough, 1970) who showed by using isotope and density 



7 

labeling techniques that the 3-band DNA (presumably chloro-

plastic) contributed by the two parents undergoes extensive 

recombination during zygote maturation. If this is true, 

then it would not be possible to distinguish nuclear from 

the proposed chloroplast linkage groups by their pattern of 

inheritance. 

In addition to the difficulties which stem from the 

extreme small size of the chromosomes, karyological studies 

are further complicated by the appearance of minute dark-

staining granules, termed "chromatinic granules," which pre

sumably condense to form chromosomes during the later stages 

of prophase (Buffaloe, 1958). In addition, the chromosomes 

content appears to be extremely sensitive to environmental 

conditions. For example, the chromosome numbers in 

Chlaymdomonas can be induced to vary with the light intensity 

under conditions of 800 ft-c instead of 100 ft-c, the vege

tative cells enlarged and the nuclei appeared to become 

polyploid (Buffaloe, 1959). 

Physiological Changes During the Cell Cycle 

During the course of the 24 hr asexual cell cycle in 

synchronized cultures of species of Chlamydomonas, dramatic 

physiological as well as morphological alterations are known 

to occur at specified points in the cycle. In C. reinhardii 

it has been shown that the peaks of activity of certain 

enzymes such as alanine dehydrogenase, glutamic 
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dehydrogenose, phosphoenolpyruvate carboxylose, and 

ornithine transcarbamylase occur at specified points in the 

cell cycle (Kates and Jones, 1967). The changes in enzyme 

activity may be due to an activation and subsequent deacti

vation of enzymes already present, or possibly the c[e novo 

synthesis and later degradation of new enzymes. Whatever 

the mechanism, the periodic appearance of enzymatic activi

ties supports the model proposed that the cell cycle is a 

series of ordered events (Mitchison, 1969). 

In synchronized cultures of Chlorella. it has been 

shown that the physiology of the cells, during the dark 

phase of a light:dark cycle, is distinct from that of the 

cells during the light phase of the cycle. The cells during 

the light phase of the cycle were larger, exhibited a higher 

respiration rate (Hase et al., 1957), and synthesized RNA 

more rapidly (Iwamura, 1955; Iwamura and Myers, 1959) than 

cells during the dark phase. 

It is evident, from the investigations concerning 

photoautotrophism in C. moewusii. that certain "basic 

reactions" must occur during light exposure before cell 

division can occur and that these reactions require an 

exposure to a minimal duration of light (Bernstein, 1966). 

DNA Metabolism 

The DNA from Chlamydomonas reinhardtii has been 

isolated and characterized by buoyant density studies using 
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CsCl gradients and at least three distinguishable components 

have been obtained (Chiang and Sueoka, 1967a, 1967b; Sueoka, 

Chiang, and Kates, 1967). The major, or a fraction repre-

3 
senting 85% of the total DNA, has a density of 1.723 g/cm 

and is thought to represent the nuclear or chromosomal DNA. 

In addition, a 3 component of buoyant density 1.695 g/cm^, 

representing 14% of the DNA, and a y component of buoyant 

3 
density 1.715 g/cm , representing 1% of the DNA, were also 

obtained. The 0 DNA is considered to be of chloroplastic 

origin (Chun, Vaughan, and Rich, 1963; Leff et al., 1963; 

Sager and Ishida, 1963) while the origin of the CsCl equi

librium yDNA is not known with certainty. 

The technique of centrifugation has also been used 

to study the pattern of DNA replication in algae. Sueoka 

in 1960, showed that the replication of DNA in C. reinhardtii 

is semiconservative as has been classically demonstrated in 

Escherichia coli (Meselson and Stahl, 1958). 

In cultures of C. reinhardtii. the synthesis of 

nuclear DNA begins near the end of the light phase and is 

completed approximately 4 hr into the dark phase of a 12:12 

light-dark cycle (Chiang and Sueoka, 1967a, 1967b; Kates and 

Jones, 1967). The rapid increase, which represents an 8-

fold increase in DNA content, immediately precedes the 

increase in the nuclear number per cell (Kates et al., 1968) 

and since the majority of the mother cells produce eight 

daughter cells, this increase should represent 3 rounds of 
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nuclear DNA synthesis. The increase in DNA content per cell 

immediately preceding cell division has also been reported 

for species of Chlorella (Hase et al. , 1957; Iwamura and 

Myers, 1959). 

Chiang and Sueoka (1967a, 1967b) also demonstrated 

that, in C. reinhardtii. two periods of DNA replication 

occurred during the mitotic cell cycle. In addition to the 

major increase, which represents nuclear DNA replication, a 

small increase representing approximately 13% of the total 

DNA, occurred 3 to 6 hr after the onset of the light phase. 

15 
By using the heavy isotope of nitrogen N, together with 

CsCl centrifugation, they showed that there was incorpora

tion of *^N into only the p band or chloroplast DNA during 

this time period. This was interpreted as reflecting the 

replication of chloroplast DNA independently of nuclear DNA. 

That chloroplast DNA may show metabolic patterns 

distinct from nuclear DNA has been suggested by other 

investigators using synchronous cultures of Chlorella. 

Iwamura (1962) demonstrated that, during light exposure, 

there was a more rapid rate of phosphorus incorporation into 

chloroplast DNA than nuclear DNA. 

Whether algal systems contain other types of DNA is 

conjectural. Using CsCl density gradients and the hybridiza

tion technique used to detect regions of DNA complementary 

to ribosomal RNA (Yankofsky and Spiegelman, 1963; Ritossa 

and Spiegelman, 1965), Matsuda and Siegel (1967) and 
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Matsuda, Siegel, and Lightfoot (1970) showed that some 

plants were rich in a type of satellite DNA which presum

ably represents cistrons of DNA which codes for ribosomal 

RNA. That such "satellite ribosomal DNA's" occur in algal 

systems has been suggested by recent investigations on 

Chlorella and the unicellular red alga Porphyridium in 

which GC-rich (64%) satellite DNA's have been isolated 

(Gense-Vimon, 1971). 

It has also been shown that the chloroplasts of 

Chlorella have at least two different types of DNA, one of 

which having been interpreted as being "metabolically active" 

in that it is undergoing a constant turning over (Iwamura 

and Kuwashima, 1969). 

RNA Metabolism in Chiamydomonas 

There has been limited quantitative studies on RNA 

changes which occur during the course of the cell cycles in 

Chlamydomonas. Bernstein (1961) in a report concerning 

nucleic acid synthesis in synchronized cultures of C. 

moewusii. reported that the RNA content per cell increased 

linearly during the light phase and continued at least 

through the first 5 hr of the dark phase of a 12:12 light-

dark cycle. In contrast, Wetherell (1958), working with C. 

euqametos. which may be the same species as moewusii 

(Bernstein and Jahn, 1955), reported that net increases in 
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RNA content were confined to the light phase and no in

creases were noted during the dark phase of the cell cycle. 

Other workers have reported that when cultures of C. 

reinhardtii are grown synchronously under growth conditions 

of high light intensity (2,000 ft-c) and CC>2 enriched air, 

there is an immediate increase in RNA content per cell which 

continues to increase throughout the light cycle (Jones et 

al., 1968; Surzycki and Hastings, 1968). The increase in 

RNA content was interpreted as reflecting a linear increase 

in net RNA synthesis in response to light exposure. This in

crease in RNA synthesis has also been reported to proceed 

linearly even through the periods of DNA synthesis during 

the first few hr of the dark cycle (Jones et al., 1968) and 

from labelling data of RNAs fractionated by MAK column 

chromatography, Surzycki and Hastings (1968) suggested that 

the greatest activity of RNA synthesis during the light 

cycle appears to involve the synthesis of chloroplast 

ribosomal RNAs. 

The synthesis of RNAs in other algae appear to be 

stimulated by light to synthesize RNA. In species of 

Chlorella. it has been reported that the RNA content per 

cell increases upon light exposure and the increase appears 

to parallel the increase in cellular mass which is asso

ciated with rapid growth (Iwamura, 1955; Iwamura and Myers, 

1959). Iwamura (1962) also reported that light stimulates 

nucleic acid metabolism in Chlorella in that light enhanced 
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a rapid incorporation and turning over of radioactive 

phosphorus in both RNA and DNA fractions. From labelling 

studies conducted on isolated chloroplast preparations, 

Oshio and Hase (1967, 1968) concluded that during light 

exposure, the most active synthesis of RNA appears to be 

associated with chloroplast RNAs. 

In Euqlena gracilis. it has been shown that light 

stimulates an increase in total cellular RNA content during 

chloroplast development in etiolated cells (Brawerman and 

Chargaff, 1959; Brawerman, Pogo, and Chargaff, 1962; Pogo, 

Brawerman, and Chargaff, 1962). These studies were inter

preted to mean that a rapid synthesis of chloroplast RNA was 

associated with chloroplast development during light exposure 

though rigorous evidence was lacking. With the use of the 

incorporation of radioactive precursors coupled with auto

radiography, it was shown that light also stimulated RNA 

synthesis in the unicellular chrysophycean alga Ochromonas 

(Gibbs, 1967) and similar conclusions were drawn from in

vestigations using Acetabularia (Berger, 1967). 

Ribosomal RNA Metabolism 

Lyttleton (1962) first presented evidence that the 

cells of green plants contain two distinct classes of ribo-

somes which are distinguishable on the basis of their 

sedimentation properties and location within the cell. He 

stated that green plants possess 70S ribosomes in the 
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chloroplasts and 80S ribosomes in the cytoplasm and these 

findings have been substantiated by other workers (Clark, 

Matthews, and Ralph, 1964; Boardman, Francki, and Wildman, 

1966; Stutz and Noll, 1967; Stutz and Rawson, 1967; Svetailo, 

Philippovich, and Sissakian, 1967; Taylor, Glasgow, and 

Storck, 1967). Ensuing investigations on green algae have 

indicated that these organisms, with the possible exception 

of Euqlena gracilis (Rawson and Stutz, 1969), also possess 

both the 70S-type and the 80S-type ribosomes characteristic 

of green plants (Sager and Hamilton, 1967; Rodriguez-Lopez 

and Vasquez, 1968; Hoober and Blobel, 1969; Gillham, Boynton, 

and Burkholder, 1970; Goodenough and Levine, 1970). 

The RNA molecules from the ribosomes of higher 

plants have been isolated and analyzed and the evidence 

indicates that there are two major RNAs in each type of 

ribosome which can be distinguished on the basis of sedi

mentation properties and molecular weight. The ribosomal 

RNAs, isolated from the 70S chloroplast ribosomes have sedi

mentation coefficients of 16S and 23S which are distinct in 

size from the ribosomal RNAs of the 80S cytoplasmic ribo

somes which have S-values of 18S and 25S (Spencer and 

Whitfield, 1966; Loening and Ingle, 1967; Stutz and Noll, 

1967; Stutz and Rawson, 1967; Taylor et al., 1967; Dyer and 

Leech, 1968; Loening, 1968). The molecular weights of the 

6 
ribosomal RNAs were determined to be 1.3 x 10 for the 25S, 



1.1 x 106 for the 23S, 0.7 x 106 for the 18S, and 0.56 x 106 

for the 16S RNA (Ingle, 1968; Loening, 1967, 1968). 

In addition to the four major ribosomal RNA compo

nents, a smaller component with an S-value of 12-13S has 

also been detected. The smaller RNA may be a constituent of 

the ribosomes; however, it is believed to be a degradation 

product of the unstable 23S RNA (Loening and Ingle, 1967; 

Ingle, 1968). 

A smaller species of RNA with a sedimentation co

efficient of 5S has been reported to be associated with 

ribosomes in both plant (Dver and Leech, 1968) and animal 

systems (Galibert et al., 1965). The evidence reported 

indicates that the 5S RNA is bound to the ribosomes and the 

synthesis of the 5S component is coordinated with the syn

thesis of the heavier ribosomal RNAs (Brown and Littna, 

1966) and is not transfer RNA because it does not contain 

the unusual bases nor does it accept amino acids which is 

characteristic of transfer RNA (Galibert et al., 1965). 

The four major ribosomal RNAs have been reported to 

have been isolated from Chlamydomonas reinhardtii and the 

sedimentation coefficients reported for the ribosomal RNAs 

are in close agreement with those reported for the higher 

plants (Sager and Hamilton, 1967; Hoober and Blobel, 1969; 

Gillham et al., 1970; Goodenough and Levine, 1970). However, 

the chloroplast ribosomes and ribosomal RNAs from species of 

Chlamydomonas have been reported to be extremely unstable 
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which makes the analysis of ribosomal RNA from this organism 

difficult to interpret (Loening and Ingle, 1967; Sager and 

Hamilton, 1967; Loening, 1968). 

Cultures of Chlamydomonas are extremely sensitive to 

environmental conditions under which they are grown; namely, 

light intensity and duration, temperature, CO^ availability, 

and population density. Modifications in growth conditions 

are reflected by alterations in nucleic acid metabolism 

(Jones et al., 1968) and number of daughter cells produced 

by each mother cell during the cell cycle (Buffaloe, 1958; 

Bernstein, 1964). It was the purpose of this investigation 

to study the metabolism of total and specific nucleic acids, 

to determine quantitative fluctuations in content on a 

cellular basis, and to determine the periods of active syn

thesis in relation to morphological and nuclear alterations 

which occur during the cell cycle in synchronized cultures 

of Chlamydomonas moewusii cultured under controlled growth 

conditions. 



CHAPTER 3 

MATERIALS AND METHODS 

Culture Conditions 

Pure cultures of the plus strain (#97) of Chlamy-

domonas moewusii Gerloff were used in this investigation and 

were obtained from the culture collection of algae at 

Indiana University at Bloomington, Indiana (Starr, 1964). 

The cells were maintained in axenic culture in sterile 

Bristol's solution as modified by Bold (1942, 1949) with 

Holm-Hansen and Lewin (1968) trace elements added. The 

modified Bold's medium and the Holm-Hansen and Lewin trace 

element solutions were prepared as follows: 

Bold's Medium: 

10 ml of 2.5% NaN03 

10 ml of 0.25% CaCl2 

10 ml of 0.75% MgS04*nH20 

10 ml of 0.75% K2HP04 

10 ml of 1.75% KH2P04 

10 ml of 0.25% NaCl 

940 ml of distilled and deionized H20 

Holm-Hansen and Lewin's Solution: 

2.85 g of H3B03 

1.80 g of MnCl2 

17 
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1.75 g of Na tartrate 

1.36 g of FeS04*7H20 

0.040 g of CoCl2*6H20 

0.027 g of Cu C12*2H20 

0.025 g of Na2 Mo04*2H20 

0.021 g of ZnCl2 

solution made to 1jI with distilled and 

deionized 1^0. 

To 11 of BoId's medium was added l ml of Holm-Hansen and 

Lewin trace element solution and 1 drop of 1% FeCl^. For 

stock cultures maintained on agar slants, 15 g of agar and 

1 g of proteose peptone were added to 11 of the complete 

growth medium. Stock cultures were maintained in a "palmella 

type" growth on agar and exhibited motility upon inoculation 

into liquid culture. 

The cells were cultured in 800 ml of sterile medium 

in 2,000 ml Ehrlenmeyer flasks plugged with loose-fitting 

cotton plugs and placed in a National Appliance Company 

controlled environment chamber at a light intensity of 500 

ft-c provided by a bank of cool white fluorescent bulbs. 

The flasks were shaken on an Eberbadi shaker at approximately 

100 agitations per minute. The temperature was maintained 

at 25°C + 1°C and the population of cells was synchronized 

on a 12:12 light-dark cycle according to the procedure of 

Bernstein (1959, 1960). 
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These culture conditions were maintained throughout 

the duration of the investigation and cells were sampled for 

both morphological and biochemical studies only when the 

5 6 
cell concentration varied between 5 x 10 to 1 x 10 cells/ 

ml. Cell concentrations were determined by hemocytometer 

counts of aliquots of cells fixed with a dilute solution of 

iodine potassium iodide (1 drop/ml cell suspension). To 

minimze counting errors, the cell concentration of a popula

tion was taken to be an average of 15 hemocytometer counts. 

Staining and Photography of Nuclear Events 

The following special solutions were used to fix and 

stain the cells. 

Jackson's fixative; 

Prom cytological studies that have been conducted in 

the Phycology Laboratory at The University of Arizona, the 

use of Jackson's fixative has been shown to be most effective 

(Waer, 1966). Jackson's fixative consists of by volume: 4 

methanol:2 ethanol:2 chloroform:1 acetone:1 propionic acid. 

Nissenbaum's fluid: 

A problem encountered with cytological studies of 

unicellular algae is the lack of adherence of the cells to 

a glass microscope slide throughout the fixing and staining 

procedures. In this investigation, this difficulty was 

overcome with the use of Nissenbaum's fluid (Nissenbaum, 

1953) which is more efficient and convenient than the 
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classical egg albumin technique. Nissenbaum's fluid 

consists of 10 ml of saturated mercuric chloride, 5 ml of 

tertiary butyl alcohol, 2 ml of glacial acetic acid, and 2 

ml of formaldehyde. 

McCallum's iron-propiocartnine stain: 

The nuclei were stained and distinguished from the 

cytoplasm with McCallum's iron-propiocarmine stain (Johansen, 

1940). Iron-propiocarmine was used instead of the classical 

acetocarmine stain of Godward (1948) because better fixation 

and staining is obtained. The propionic acid in the iron-

propio carmine dissolves more carmine dye which leads to a 

more intense reaction and clarified cytoplasm (Johansen, 

1940). 

The iron-propiocarmine stain was prepared according 

to the procedure reported by Wells (1969). Rusty nails were 

placed in 45% propionic acid until the solution became dark-

brown and the resulting solution -was filtered through 

Whatman No. 1 paper. One gram of carmine dye was put into 

200 ml of filtrate, boiled for 30 sec, filtered, and stored 

for future use. 

Chiamydomonas moewusii has one large, dense, cup-

shaped chloroplast which impairs cytological observation. 

To facilitate karyological studies, procedures must be used 

which stain the nucleus and the same time "clears" the 

chloroplast from obscuring observation. To fix and stain 

the cells of moewusii. a satisfactory procedure was 
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developed which represents a modification of the procedures 

reported by Buffaloe (1958) and Wells (1969). The procedure 

is as follows and all steps were conducted at room tempera

ture unless stated otherwise. Ten ml aliquots of cells were 

sampled at hourly intervals throughout the course of the 24 

hr asexual life cycle and were concentrated by centrifuga-

tion at 2,000 rpm for 30 sec. Two drops of concentrated 

cell suspension were fixed to a microscope slide by mixing 

with 2 drops of Nissenbaum's fluid and allowed to air dry. 

Just before complete dryness was reached the slides were 

immersed in Jackson's fixative for 12 to 24 hr. 

The slides were then immersed for 2.min in the 

following sequence of solutions: 70% ethanol, 50% ethanol, 

30% ethanol, 10% ethanol, H20, IN HC1, IN HC1 at 60°C, IN HC1, 

and four changes of distilled K^O. The slides were next 

placed in 45% (v/v) acetic acid for 5 min and then trans

ferred to Coplin jars containing iron-propiocarmine stain 

for 12 to 25 hr to stain the nuclei. After staining, the 

slides were rinsed with pre-heated (90°C) iron-propiocarmine 

dye which gave excellent results and did not cause over-

staining which can result from boiling the stain on the 

slide (Cave and Pocock, 1951; Buffaloe, 1958). The slides 

were examined with a Zeiss microscope (Model GFL) using an 

apochromatic oil-immersion objective. Photography was 

accomplished with a Zeiss camera using black and white 

Panatomic -X fine grain Kodak film. 
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RNA and DNA Content Analysis 

The procedure used for the estimation of RNA and DNA 

is that of Smillie and Krotkov (1960) as modified by Dr. 

Paul Bartels (1967), The University of Arizona, and is as 

follows: 

The concentration of cells in an 800 ml sample was 

determined by hemocytometer counts. The cells were then 

pelleted at 5,000 rpm in a Sorvall SS-34 head using an RC2-B 

refrigerated centrifuge (1°C) suspended in chilled, distilled 

^O, and repelleted to remove interfering materials. The 

cells were then resuspended and ground in 5 ml of cold 

(0-5°C) 0.05 M formic acid in methanol to render acid-soluble 

compounds more easily extractable with cold perchloric acid 

(HC10.) without the loss of RNA and DNA. 
4 

The suspension was centrifuged at 3,000 rpm and the 

pellet twice extracted with 5 ml portions of cold 0.2 N 

HCIO^ to remove cold acid-soluble compounds. After centri-

fugation, the pellet was extracted at 50°C with successive 

10 ml fractions of 95% ethanol, ethanol:ether: chloroform 

(2:2:1), and ether to remove the lipids and pigments. Each 

extraction was followed by a 5 min centrifugation at 5,000 

rpm. The pellet was air dried and extracted with 10 ml of 

0.3 N KOH at 37°C for 12 hr to hydrolyze the RNA and solu-

bilize the DNA (Schmidt and Thannhauser, 1945). To facili

tate the complete precipitation of DNA upon acidification of 

the hydrolyzate, MgC^ was added to a concentration of ImM 
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(Markham, 1955). The DNA was precipitated by first adjust

ing the pH to 2 with 2 N HCIO^ and then adding one volume of 

cold 95% ethanol. The DNA was pelleted at 5,000 rpm and 

stored for analysis. 

The supernatant, containing RNA nucleotides, was 

adjusted to pH 8.0 with KOH. The suspension was centrifuged 

and the pellet washed with 3 ml cold, distilled ^0, centri

fuged, and the supernatants were combined. The RNA nucleo

tides were purified on a column of Dowex-1 ion exchange 

resin, chloride form, 200 mesh, according to the procedure 

of Smillie and Krotkov (1960). 

The concentration of RNA nucleotides was estimated 

by a modification of the orcinol reaction with ribose 

(Markham, 1955). Aliquots (1.5 ml) of RNA-nucleotide solu

tion were heated in a test tube with 1.5 ml of orcinol 

reagent (1 g orcinol, 100 ml conc. HC1, 0.5 ml 10% FeCl^) 

for 20 min in a boiling water bath. The optical density of 

the RNA-nucleotide solutions was determined at 660nm and 

compared to a standard curve prepared with adenosine. Since 

it has been reported that the orcinol reagent reacts more 

readily with purine-bound ribose of RNA than with the 

pyrimidine-bound ribose (Hutchinson and Munro, 1961), the 

assumption was made that the nucleotide bases were in equi-

molar concentration in C. moewusii RNA; therefore, 1 g of 

adenosine reacted with the orcinol reagent was equivalent to 

2 g of nucleotides extracted from RNA. The results were 
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expressed as grams of nucleotides extracted from hydrolyzed 

RNA per cell. According to Smillie and Krotkov (I960), the 

color given by DNA in the ordinol reaction is 0.3% of that 

given by RNA on a molar basis at 660 nm, thus making it un

necessary to correct for any DNA contamination. 

The DNA pellet was hydrolyzed to nucleotides by 

extraction with 5 ml of 5% HCIO^ at 90°C for 15 min. The 

concentration of DNA nucleotides was estimated using the 

diphenylamine reaction (Dische, 1955; Burton, 1956). One ml 

of DNA extract was mixed with 2 ml of prepared diphenylamine 

reagent (1 g purified diphenylamine, 100 ml glacial acetic 

acid, 2.7 5 ml conc. f^SO^) and heated to 100°C for 10 min 

according to the procedure of Dische (1955). The optical 

density was determined at 600 nm and compared to a standard 

curve prepared with deoxyadenosine. The assumption was made 

that the bases were in equimolar concentrations and since 

the diphenylamine reagent reacts predominantly with the 

purine bases, 1 g of deoxyadenosine reacted with the di

phenylamine reagent was equivalent to 2 g of nucleotides 

extracted from DNA. The results were expressed as grams of 

nucleotides extracted from hydrolyzed DNA per cell. 

According to Smillie and Krotkov (1960), RNA does 

not form any coloration in the diphenylamine reaction for 

DNA so it was not necessary to correct for possible RNA 

contamination. 
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32 
Incorporation of PO^ into Total 

RNA and DNA 

Since preliminary studies showed that Chlamydomonas 

moewusii does not absorb significant amounts of labelled 

32 
uridine or thymidine, PO^ (International Chemical and 

Nuclear Corporation) was used to estimate the rate of syn

thesis of RNA and DNA. In order to distinguish between 

incorporation into RNA and DNA and other phosphorus con

taining compounds, the RNAs and DNAs were separated using a 

procedure similar to that employed for the analysis of total 

RNA and DNA. 

The cells were cultured as previously described. 

Aliquots of 100 ml were removed at hourly intervals and 

placed in 150 ml plastic beakers. Each 100 ml sample was 

32 
incubated with 0.05 mc of PO^ for 1 hr and continuously 

shaken. 

After incubation, the cells were trapped on 2.4 cm 

Whatman GF/A glass membranes placed on Millipore XX1002500 

filter holders and filtered using a mild suction force. The 

cells were washed with 25 ml cold distilled *^0, followed 

with 25 ml of cold 5% trichloroacetic acid to remove cold 

acid soluble compounds, and finally with 25 ml cold ethanol: 

ether (1:1) to remove pigments and phosphorus-containing 

lipids. 

The cells were then digested with 0.3 N KOH at 37°C 

overnight and the RNA and DNA nucleotides were isolated as 



outlined in the procedures for the analysis of RNA and DNA. 

One milliliter aliquots of RNA and DNA nucleotides were 

placed in 10 ml of scintillation fluor and the radioactivity 

of the samples determined with a Packard Tri-carb (Model 

3320) liquid scintillation spectrometer. The scintillation 

fluor consisted of 16.5 gm of 2.5-diphenyloxozole (PPO), 0.3 

gm of l,4-bis(2-(5-phenylozazolyl)-benzene (POPOP), 1 liter 

of Triton -x 100 (Rohm & Haas), and 2 liters of toluene. 

The results were expressed as the counts per minute 

32 
of PO^ incorporated into RNA or DNA per cell and were 

interpreted as reflecting the synthesis of nucleic acids. 

The Extraction of RNAs and Their Fractionation 
by Polyacrylamide Gel Electrophoresis 

All samples of cells were concentrated by centrifu-

gation in a Sorvall RC2-B centrifuge using an SS-34 head at 

9,000 rpm for 30 sec and at 1 to 4°C. The resultant pellet 

of cells were ground in a Ten-Broech glass homogenizer with 

6 ml of chilled grinding buffer (1% sodium dodecyl sulfate 

[SDS"i, 1% sodium pyrophosphate, 1% sodium triisopropyl-

naphthalene sulfonate [Eastman], and 1% sodium deoxycholate 

pH 8.0) to which was added 0.6 ml of diethyl pyrocarbonate 

(K & K Laboratories) just before grinding and 10 ml of re

distilled f^O-saturated phenol. The resultant mixture was 

transferred to a 50 ml plastic centrifuge tube, shaken 

vigorously for 15 min, and centrifuged at 5,000 rpm for 5 

min. The upper aqueous phase containing RNA was pipetted 
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into a clean centrifuge tube and re-extracted with 10 ml 

aliquots of phenol until the interface between the aqueous 

and phenol phase was free of any white emulsion. 

The phenol was completely removed from the aqueous 

phase by shaking vigorously with 2 volumes of freshly opened 

cold anhydrous ether in a separatory funnel. The process 

was repeated until the aqueous phase was free of a milky 

color and the ether removed by vacuum. 

The RNA solution was incubated at 50°C for 1 hr with 

predigested pronase (Calbiochem) at a concentration of 1 mg 

of pronase per ml of RNA solution. The pronase was pre

digested by dissolving 5 mg in 1 ml of 1 x SSC (0.15M NaCl, 

0.015M sodium citrate, pH 7.2) containing 0.5% SDS for 1 hr 

at 37°C. The pronase was removed by twice extracting the 

RNA solution with 10 ml of phenol. 

The RNA was precipitated for 30 min at -20°C with 

2.5 volumes of 95% ethanol containing 2% potassium acetate. 

The precipitate was centrifuged at 10,000 rpm for 5 min 

(1-4°C) and the pellet dissolved in 3 ml of resuspending 

medium (2% sodium acetate containing 0.5% SDS). 

The RNA was reprecipitated for 30 min at -20°C with 

2.5 volumes of 95% ethanol containing 2% potassium acetate, 

pelleted by centrifugation, dissolved in 0.5 ml of 0.1 x SSC 

containing 10% Merck sucrose, and clarified by centrifugation. 

The RNAs were fractionated using polyacrylamide gel 

electrophoresis according to the procedure of Bishop, 
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Claybrook, and Spiegelman (1967). The gels were presoaked 

for a minimum of 24 hr in 1 x E buffer (3 x E buffer is 0.12 

M tris, 0.06M sodium acetate, 0.003M sodium EDTA, pH 7.2 

with glacial acetic acid) containing 0.2% SDS in order to 

lower the background absorption of the gels at 260 nm. 

After the gel columns were prepared, samples of RNA 

were gently layered over the presoaked gels using a 20X 

disposable pipet. The quantity of RNA loaded on each gel 

was the equivalent of 0.010 ml of RNA at a concentration of 

0.5 mg/ml. The gels were run for 1.5 hr at 5 ma per gel and 

after electrophoresis, the gels were scanned at 260 nm with 

a Gilford Model 240 spectrophotometer and Model 2410 linear 

transport, coupled with a Honeywell Model Y143X chart 

recorder. 

Following the scans, gels containing fractionated 

32 
RNAs labeled with PO^ were analyzed for radioactivity by 

slicing into 1.25 mm sections. Each section was placed in a 

scintillation vial with 10 ml of scintillation flour and 

the cpm incorporated determined with a Packard Tri-Carb 

Model 3320 Scintillation Spectrometer. 

32 
Incorporation of PO^ into RNA 

"Spot" Labelling 

Synchronized cultures of Chlamvdomonas moewusii were 

grown in 400 ml of growth medium until the population of 

cells reached a density of 0.5 to 1.0 x 10^ cells per ml. 
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32 32 
The cultures were labelled with 0.15 mc of P as H3 PO^ 

and allowed to incubate for 2 hr intervals before the 

cultures were sampled. Samples were labelled for the 

following 2 hr intervals of the light cycle: 0-2 hr, 2-4 

hr, 4-6 hr, and 6-8 hr. 

"Continuous" Labelling 

Synchronized cultures were grown in 800 ml of medium 

until the cell density was 0.5 to 1.0 x 10^ cells per ml. 

32 
The culture was inoculated with a 0.8 mc of PO^ at the 

beginning of the light cycle and 200 ml aliquots were sampled 

at 2 hr intervals through the first 8 hr of the light cycle. 

"Pulse" Labelling 

32 
The path of the P labelling was also followed with 

a "pulse and chase" experiment to dilute the "pool of radio

active phosphorus" so that the path of radioactivity could 

be followed with minimum interference. The cells were grown 

in 800 ml of the growth medium previously described except 

that the concentration of P04 as ^HPO^ and KB^PO^ was one-

half that of the complete medium. When the population 

6 6 
reached a cell density 0.5 x 10 to 1.0 x 10 cells per ml, 

32 
the population was incubated for 1 hr with 0.5 mc of PO^ 

at the beginning of the light cycle. 

32 
After the incubation with H_ PO,, the label was 

3 4 

followed with a "chase" of unlabelled I^HPO^ and Kt^PO^ to 

bring the concentration of PO^ in the medium up to that of 
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the complete medium. Aliquots of 200 ml were sampled at the 

end of the first, third, and sixth hr of the light cycle and 

at the end of the second hr of the dark cycle. 

Aliquots of cells sampled during the three labelling 

studies were concentrated as quickly as possible by centri-

fugation at 9,000 rpm for 30 sec. The cells were resus-

pended in 15 ml of chilled, distilled , concentrated into 

one pellet by centrifugation, and frozen with liquid nitro

gen. The RNAs were isolated, fractionated by gel electro

phoresis , and the incorporation of radioactivity into RNA 

was analyzed as previously described. 



CHAPTER 4 

RESULTS 

Nuclear Events During the Cell Cycle 

As a first step, cells cultured under the 12 hr 

light (500 ft-c):12 hr dark cycle described in -MATERIALS AND 

METHODS were examined to determine the increase in cell 

density during one cell cycle, the extent of cell synchrony, 

and the proportion of mother cells which yield 0 (i.e., the 

number of cells not undergoing cell division), 2, 4, or more 

daughter cells. In these studies, cells were examined 

during the 22nd hr of the cell cycle since this is a 

transient time period just prior to daughter cell release 

when the daughters are still encapsulated in the old mother 

cell wall (see, for example, Figures 8, 9). 

In the representative study reported in Table 1, 

sample A was obtained when the culture density was 4.8 x 10^ 

cells/ml and sample B was obtained exactly 24 hr later. The 

cell count data show that in this 24 hr interval, there was 

8 9 x 105 
an approximate 93% ̂ 4 8 x 105 x 2 x -L00^ increase in cell 

density. Most of the cells in samples A and B appeared to 

be in the same stage of development. The daughter cells 

were still encapsulated by the mother cell wall and 85% of 

the cells examined contained two daughter cells indicating 

31 
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that the development of Chlamydomonas moewusii grown under 

the conditions utilized in this study is highly synchronous. 

In this respect, the results are similar to those 

reported by Buffaloe (1958) and Bernstein (1964) for C. 

moewusii grown on a 12:12 light:dark cycle at a higher light 

intensity (800 ft-c) and higher CC^ content (5% in air). 

However, the results reported in this study differ in that 

two rather than eight daughter cells were usually produced 

during each cell cycle. 

In an effort to gain a clear understanding of the 

morphological development of £. moewusii during the asexual 

cell cycle, cells were examined microscopically at 1 hr 

intervals throughout the cell cycle, and the key points of 

nuclear and cellular development emphasized in this study 

are shown in Figures 1 to 10. In conducting these observa

tions, cells were grown in 800 ml of medium to a density of 

5 6 
5 x 10 to 1 x 10 cells/ml and aliquots were removed and 

examined following staining with iron-propiocarmine. In 

these studies, the beginning of the light period was con

sidered to be the beginning of the asexual cell cycle. This 

choice was made partly because it was known that daughter 

cells are released from the mother cells near the end of 

the dark phase (Buffaloe, 1958; Bernstein, 1959, 1960, 1964). 

Figure 1 is of cells sampled at the end of the first 

hr of the light cycle. The cells are ellipsoid in shape, 

have two flagella (not seen), one nucleus, one pyrenoid, one 



Figures 1-10 represent the nuclear events during 
the cell cycle of a synchronized population of cells of 
Chlamydomonas moewusii grown on a 12 hr light (500 ft-c): 
12 hr dark cycle. The light and dark periods began at 
9:00 a.m. and 9:00 p.m. respectively and the culture condi
tions were as stated in Materials and Methods. Aliquots of 
10 ml of cells were sampled at 1 hr intervals throughout 
the cell cycle. The cells were concentrated by centrifuga-
tion (2000 rpm for 30 sec), resuspended in 1 ml of growth 
medium, and fixed, stained, and photographed according to 
the procedures outlined in Materials and Methods. 

Figure 1. Sample of cells harvested at the end of the 1st 
hr of the light cycle.— n—nucleus, p—pyrenoid, 
c—extra-nuclear propiocarmine-positive granules 
which are thought to represent regions of DNA 
within the chloroplast. 

Figure 2. Cells sampled at the end of the 11th hr of the 
light period.— n—nucleus, p—pyrenoid. 

Figure 3. Cells sampled at the end of the 12th hr of the 
light period.— n—nucleus showing dark-staining 
granules which resemble the "chromatinic 
granules" described by Buffaloe (1958), p— 
pyrenoid. 

Figure 4. Cells sampled at the end of the 2nd hr of the 
dark period.— n—nucleus showing larger staining 
bodies which may represent chromosome formation, 
P—pyrenoid. 

Figure 5. Cells sampled at the end of the 3rd hr of the 
dark period showing chromosomes at metaphase of 
mitosis. 

Figure 6. Cells sampled at the end of the 3rd hr of the 
dark period showing chromosomes during anaphase 
of mitosis. 
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Figures 1 t rough 6. Sa mple s of cells harveste d at various 
t~ e eriods of light and da k cycles . 



Figure 7. Cells sampled ft the end of the 5th hr of the 
dark period showing two nuclei per cell. 

Figure 8. Cells sampled at the end of the 9th hr of the 
dark period.— Cytokinesis has been completed 
and there are two daughter cells within the old 
mother cell wall (mc) each possessing one 
nucleus (n) and one dark-staining pyrenoid. 

Figure 9. Cells sampled at the end of the 9th hr of the 
dark period showing the formation of four 
daughter cells within the old mother cell wall. 

Figure 10. Cells sampled at the end of the 12th hr of 'the 
dark period.— The old mother cell wall has 
ruptured releasing the motile daughter cells, 
n—nucleus, p—pyrenoid. 
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p n 

Figures 7 t h r ough 10. Sampl es of cell s arves t ed at var· o us 
t l me periods o f dark cycle. 
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large cup-shaped chloroplast which is not seen due to the 

fixing procedure, and iron-propiocarmine positive particles 

which are located outside of the nucleus. The stained 

nucleus is well-defined and appears granular in texture. 

The pyrenoid is only slightly stained, although it usually 

absorbs stain intensely. The pyrenoid has been shown to be 

stained by basic dyes (Bernstein, 1964) and in C. reinhardtii. 

the pyrenoid appears to be localized over a region of 

chloroplast DNA (Goodenough, 1970) which in part may account 

for its staining properties. 

The extra-nuclear propiocarmine-positive granules 

are also thought to represent regions of DNA located within 

the chloroplast (Sager and Ishida, 1963; Bernstein, 1964). 

As indicated in Figures 1 and 2, very little visible 

change in the nuclear or cellular morphology was evident in 

cells during the first 10 hr of the cell cycle. However, 

by the 11th hr of the light cycle (Figure 3), the nuclei 

stain less intensely and there is the appearance of minute 

dark-staining granules within the nuclei which appear to be 

the "chrDmatinic granules" described by Buffaloe (1958). By 

the end of the 2nd hr of the dark period, the chromatinic 

granules have been reduced in number and it appears that 

they have condensed to form larger, darker staining bodies 

(Figure 4) which has been interpreted by some investigators 

as representing the formation of chromosomes (Buffaloe, 

1958; Bernstein, 1964). 
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During the 3rd hr at the dark period, i.e., the 

15th hr of the cell cycle, all of the phases of mitosis 

were seen (Figures 5, 6). By the 17th hr, the majority of 

the cells have 2 nuclei per cell (Figure 7) with a few 

cells showing 4 nuclei per cell. From the 17th through the 

22nd hr of the cycle, the mother cells are producing 

daughter cells within the mother cell wall. By the 22nd 

hr, 85% of the mother cells have produced daughter cells 

with the vast majority producing 2 daughter cells per mother 

cell (Figure 8, Table 1) with a few cells showing 4 daughter 

cells (Figure 9). The nuclei are uniformly stained and the 

pyrenoids are intensely stained. 

During the 23rd-24th hr of the cell cycle, the 

mother cell wall erupts releasing the newly formed daughter 

cells (Figure 10). The motile cells have two flagella and 

are ellipsoid in shape and morphologically are like those 

cells of the earlier phases of the light cycle. 

In summary, there are few alterations in nuclear 

morphology which appear to occur during the light period. 

Nuclear division, or the onset of mitosis begins during the 

early dark period with karyokinesis completed by the 5th hr 

of the dark period. From the 5th hr through the 10th hr of 

the dark period, the mother cells undergo cytokinesis to 

complete the formation of daughter cells within the mother 

cell wall. Cell counts indicate that 85% of the mother 

cells produce two daughters per cell (Table 1) and during 
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Table 1. A representative study of the number of daughter 
cells produced per mother cell and the increase 
in cell density during the asexual cell cycle of 
Chlamydomonas moewusii. 

The cells were cultured on a 12:12 light-dark cycle. 
Aliquots (10 ml) of cells were harvested during the 22nd hr 
of the cell cycle (A) and again 24 hr later (B), when the 
daughter cells were still encapsulated in the mother cell 
wall, and prepared for morphological examination as de
scribed in Materials and Methods. Daughter cell production 
was determined from examination of 200 cells at random and 
cell density calculated from hemocytometer counts. The data 
represent the average of three cell counts per experiment. 

Cell 
Density 

Total 
Cells 

Examined 

Number of Daughter Cells 
Produced 

Sample 
Cell 

Density 

Total 
Cells 

Examined 0a 2 4 

(A) 4.8 x 105/ml 200 32 166 2 

(B) 8.9 x 105/ml 200 27 172 1 

aIndicates cells not undergoing cell division at 
22nd hr of the cell cycle. 

the last 2 hr of the dark period, the motile daughter cells 

are released completing the cell cycle. 

DNA Metabolism During the Cell Cycle 

It was the purpose of the DNA analyses to determine 

at what time, in relation to the nuclear events during the 

cell cycle, that Chlamydomonas moewusii synthesized DNA. 

In conducting these studies , cell samples were harvested at 

different times during the cell cycle and analyzed for total 

DNA per cell and the results of these studies are summarized 

in Table 2 and Figure 11. 



38 

Table 2. The DNA content per cell of Chlatnydomonas moewusii 
at various time periods of the asexual cell cycle. 

6 Cells were grown to a density of 0.5 x 10 to 1.0 x 
10 cells/ml in 800 ml of culture medium on a 9:00 a.m. to 
9:00 p.m. photoperiod and were sampled and analyzed for DNA 
according to procedures outlined in Materials and Methods. 
Data reported for each experiment are the average of three 
replicate analyses. 

14 
Hour of Grams of DNA Nucleotides per Cell x 10 
Cell 
Cycle Light Expt. 1 Expt. 2 Expt. 3 Average + SE 

1 + 5.4 5.6 5.7 5.6 0.09 
2 + 5.6 5.7 5.9 5.7 0.09 
5 + 5.7 5.5 5.7 5.7 0.08 
7 + 6.4 5.9 6.3 6.2 0.15 
9 + 6.5 6.3 6.2 6. 3 0.09 
11 + 6.1 6.2 6.4 6.2 0.09 
12 + 9.0 8.5 8.6 8.7 0.15 
14 — 9.7 9.3 9.0 9.3 0.20 
16 — 9.8 9.4 9.5 9.5 0.13 
23 5.8 5.4 5.7 5.7 0.13 
24 — 5.7 5.5 5.4 5.5 0.09 

The small (about 10%) increase in total DNA content 

per cell which is detected between the 5th-7th hr of the 

light period occurs at a time when there is no visible 

alteration in morphology (Figures 1, 2, 11), but this 

increase corresponds closely to the time period in which 

chloroplast DNA is known to be synthesized in C. reinhardtii 

(Chiang and Sueoka, 1967a, 1967b). The major increase in 

DNA occurs between the 11th hr of the light period and the 



Figure 11. The accumulation of DNA per cell and the incorporation of H332PC>4 into 
DNA during the course of the asexual cell cycle of Chlamydomonas 
moewusii — The DNA content data are the average values of Table 2 and 
the H3^PC>4 incorporation data are from experiment 2 of Table 3. 

14 
• 1 • grams of DNA nucleotides per cell x 10 

cpm x 10" of Hj32po^ incorporated into DNA per 100 ml 
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2nd hr of the dark period. This increase presumably repre

sents the replication of the nuclear DNA and immediately 

precedes the onset of the mitotic events (Figures 4, 5, 6, 

11). During the end of the dark period, the DNA content 

-14 
per cell drops to a value of 5.7 x 10 g/cell after 

daughter cell formation as presumably each daughter receives 

one complete complement of DNA. The 85% increase in DNA/ 

cell during the 1st and 16th hr of the cell cycle pre

sumably is a reflection of the incomplete doubling in cell 

number under the conditions utilized in this study. 

Since DNA is normally a stable molecule, the DNA 

accumulation data of Table 2 indicated that there should be 

only two time periods in which synthesis occurs. To test 

this hypothesis, labelling studies were conducted to deter

mine the time periods in which the cells incorporated 

labelled into DNA. The data of Table 3 and Figure 

11 indicate that incorporation into the DNA fraction 

occurred only during the periods when the DNA content per 

cell increased. 

RNA Metabolism During the Cell Cycle 

It was the purpose of the RNA analysis to determine 

how the RNA content per cell fluctuated and which time 

periods were the most active for RNA synthesis for £. 

moewusii in relation to the cellular and nuclear events 

during the cell cycle. In conducting these studies, cells 
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32 
Table 3. The incorporation of H3 PO^ into DNA of 

Chlamydomonas moewusii during the asexual cell 
cycle. 

Cells were cultured in 1600.ml of culture medium and 
were grown to a density of 0.5 x 10 to 1.0 x 10 cells/ml 
and at indicated periods, 100 ml aliquots were labelled for 
1 hr with 9 pc for experiment 1 and 3 uc of for 
experiment 2. After incubation, cells were harvested and 
analyzed for incorporation into DNA as outlined in Materials 
and Methods. 

32 cpm of H. PO. Incorporated into 
DNA/100 ml 

Hour of Incubation 
During Cell Cy cl e Experiment" 1 Experiment 2 

0-1 hr of light 162 47 
1-2 hr 147 51 
2-3 hr 158 48 
3-4 hr 136 55 
4-5 hr 407 196 
5-6 hr 982 502 
6-7 hr 502 217 
7-8 hr 175 56 
8-9 hr 189 50 
9-10 hr 217 48 
10-11 hr 602 107 
11-12 hr 1950 816 
0-1 hr of dark 3417 1623 
1-2 hr 4832 2307 
2-3 hr 2807 1386 
3-4 hr 602 248 
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were harvested at various time intervals during the cell 

cycle and analyzed for RNA content on a per cell basis. 

The results of these studies are presented in Tables 4 and 

5 and Figure 12. 

The data indicate that during the course of the cell 

cycle, the total RNA content per cell increases dramatically 

upon exposure to light at the beginning of the cell cycle 

(Table 4, Figure 12). The RNA content more than doubles 

during the 1st hr then drops to a plateau value of about 

-13 
9.2 x 10 g/cell which is almost double that of the cells 

—13 
during the dark period (5.0 x 10 g/cell). Near the end 

of the light period when cell division is occurring, the 

RNA subsequently drops sharply to another plateau value of 

-13 
5.0 x 10 g/cell which is characteristic of cells during 

the dark phase of the cell cycle. 

To determine the periods of active RNA synthesis 

during the cell cycle, samples were labelled for 1 hr 

intervals throughout the light period and part of the dark 

period and the total RNA fraction was analyzed for incor-

32 poration.of P04* T^e results of these studies presented 

in Table 5 and Figure 12 indicate that when the cells are 

exposed to light, at the beginning of the cell cycle, there 

is a rapid incorporation of radioactivity into RNA which 

corresponds to the rapid rise in RNA content (Figure 12). 

These data provide further evidence that there is a rapid 

induction of RNA synthesis upon exposure to light. 
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Table 4. The RNA content per cell of Chlamydomonas moewusii 
at various time periods of the asexual cell cycle. 

g 
Cells were grown to a density of 0.5 x 10 to 1.0 x 

10° cells/ml in 800 ml of culture medium on a 9:00 a.m. to 
9:00 p.m. photoperiod and were sampled and analyzed for RNA 
according to procedures outlined in Materials and Methods. 
Data reported for each experiment are the average of three 
replicate analyses. 

Itour of 
Cell 
Cycle 

Grams of RNA Nucleotides per Cell x 1013 Itour of 
Cell 
Cycle Light Expt. 1 Expt. 2 Expt. 3 Average + SE 

1 + 11.4 11.8 11.4 11.4 0.16 

2 + 11.8 12.0 12.2 12.0 0.12 

3 + 8.8 9.2 9.2 9.2 0.16 

5 + 8.0 8.8 9.2 8.8 0.34 

8 + 9.2 9.4 9.0 9.2 0.12 

10 + 8.2 7.8 7.8 8.0 0.14 

12 + 4.8 4. 6 4.8 4.8 0.08 

14 - 4.8 5.0 5.6 5.2 0.24 

17 - 3.4 3.4 — 3.4 — 

20 - 6.8 — — 6.8 — 

23 - 4.6 4.8 5.0 4.8 0.12 

24 - 4.8 5.0 5.4 5.0 0. 20 
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32 
Table 5. The incorporation of Hj PO4 into RNA of 

Chlamydomonas moewusii during the asexual cell 
cycle. 

t 

Cells were cultured in 1600 ml of culture medium and 
were grown to a density of 0.5 x 10° to 1.0 x 10 cells/ml. 
At the indicated periods, 100 ml aliquots were labelled for 
1 hr with 9 |ac for experiment 1, 6 |ic for experiment 2, and 
3 |ic of H332PO4 for experiment 3. After incubation, cells 
were harvested and analyzed for incorporation into RNA as 
outlined in Materials and Methods. 

32 
cpm of Ho PO4 Incorporated into 

RNA/100 ml 
Hour of Incubation 
During Cell Cycle Experiment 1 Experiment 2 Experiment 3 

0-1 hr of light 13,200 8,300 5,800 
1-2 hr 11,900 8,800 6,000 
2-3 hr 8,900 8,300 5,200 
3-4 hr 8,300 7,000 5,100 
4-5 hr 7,400 6,300 4,400 
5-6 hr 5,900 6,000 4,100 
6-7 hr 5,500 6,000 3,900 
7-8 hr 5,300 5,500 3,800 
8-9 hr 4,800 5,300 3,600 
9-10 hr 4,500 5,000 3,200 

10-11 hr 4,200 4,300 3,300 
11-12 hr 3,900 4,200 2,900 
0-1 hr of dark 2,300 3,300 1,800 
1-2 hr 2,200 2,900 2,000 
2-3 hr 2,000 2,800 1,700 

10-11 hr 1,800 2 ,000 900 
11-12 hr 1,500 1,900 700 



Figure 12. The RNA content per cell and the incorporation of H332P04 into RNA 
during the course of the asexual cell cycle of Chlamydomonas 
moewusii — The RNA content data are the average values of Table 4 
and the H332po4 incorporation data are from experiment 1 of Table 5. 

13 
• • grams of RNA nucleotides per cell x 10 

—  2  3 2  
• cpm x 10 of PO^ incorporated into RNA per 100 ml 
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After the initial rapid increase in RNA synthesis, 

the data suggest that the rate of RNA synthesis gradually 

declines through the light period and during the dark 

period, when nuclear and cell division become evident, the 

rate of synthesis appears to be further reduced and main

tained at a low level. Since the pool and recycling 

effects during RNA synthesis are not known, it is not 

possible to definitely state that the labelling studies 

show a decrease in RNA synthesis; however, the data does 

show that Chlamydomonas moewusii cells undergo a continual 

alteration in RNA metabolism as the cells progress through 

the cell cycle. The data also indicate that there must be 

a period of active RNA synthesis in the dark period follow

ing nuclear division (Fig 12). 

The Nature of Chlamydomonas RNAs 

Fractionated by Gel 
Electrophoresis 

In order to gain a better understanding of the 

nature of RNAs synthesized upon exposure to light, a variety 

of attempts were made to develop suitable procedures for 

the extraction and fractionation of RNAs in Chlamydomonas 

moewusii. Initially, a number of published techniques were 

used in the extraction of RNA but in every case, there was 

clear evidence of severe degradation. Sager and Hamilton 

(1967), Hoober and Blobel (1969), and Gillham et al. (1970) 

isolated RNAs from C. reinhardtii and identified their 
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r-RNAs as having S-values of 25S, 23S, 18S, and 16S. How

ever, use of the extraction method reported by Hoober and 

Blobel (1969), for example, yielded similar RNA profiles 

for C. moewusii except that the S-values of the RNAs were 

considerably lower. 

The method finally used in this study for the 

extraction of RNAs from C. moewusii (freezing of cells with 

liquid nitrogen, cell disruption in the presence of the 

nuclease inhibitor diethyl pyrocarbonate, and incubation 

with the proteolytic enzyme pronase) yielded RNAs whose 

S-values are similar to those published for higher plants. 

However, this method yielded a product which contained very 

little chloroplast r-RNA. This is shown in Figure 13 where 

a comparison is made between RNAs extracted from £. moewusii 

and from pumpkin (Cucurbita pepo L. var. Small Sugar) and 

fractionated by polyacrylamide gel electrophoresis. In gel 

electrophoresis, each RNA component migrates as a band with 

a characteristic electrophoretic migration rate which is a 

function of the logarithm of the molecular weight (Bishop 

et al. , 1967; Loening, 1968, 1969); therefore, the S-values 

of unknown RNAs can be calculated by comparing mobilities 

with known samples (Loening, 1969). 

Figure 13 shows that the migration of the transfer 

RNAs (peak 6) in the extracts from Chlamvdomonas and pumpkin 

are similar and that the two RNAs of Chiamvdomonas (peak 2 

and 4) align with the 25S and 18S r-RNAs from pumpkin. 



Figure 13. Optical density profiles of RNA extracted from 
pumpkin cotyledons and from Chlamydomonas 
moewusii — The RNA from pumpkin cotyledons 
(top) was isolated and kindly provided by Dr. 
Kaoru Matsuda, The University of Arizona. The 
RNAs from Chlamydomonas moewusii (bottom) were 
isolated and fractionated by polyacrylamide 
gel electrophoresis as outlined in Materials 
and Methods. Both samples were run con
currently in the same tank and the direction 
of electrophoresis was from right to left. The 
sedimentation values of the pumpkin RNAs are 
assigned according to Ingle (1968) and Pegelow 
(1971): 25s r-RNA (peak 2), 23s r-RNA (peak 3), 
18s r-RNA (peak 4), 16s r-RNA (peak 5), and 4s 
transfer RNAs (peak 6). Peak 1 is DNA according 
to Loening (1967). 
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2 

Figure 13. Optical density profiles of RNA extracted from 
pumpkin cotyledons and from Chlamvdomonas 
moewusii. 
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Calculation of the S-values for these RNAs using the 4S 

t-RNA as a reference (Loening, 1969) also suggested that the 

two RNAs have values of 25S and 18S. These data suggest 

that the RNA extracts isolated by the procedure used in this 

study contained 25S and 18S r-RNAs and 4S t-RNAs and that 

detectable amounts of chloroplast r-RNAs (peaks 3 and 5) 

were absent. Examination of RNA extracts from many isola

tions made at different time periods during the cell cycle 

showed similar results; however, a small peak of RNA which 

fractionated between the t-RNAs and the 18S r-RNA was 

frequently obtained (see, for example, Figure 15, curve C). 

The S-value of this component was calculated by the proce

dure of Loening (1969) to be 13S and may reflect a degrada

tion product of the unstable heavy chloroplast r-RNA similar 

to that reported by Ingle (1968). 

Peak 1, obtained at the top of the gel, was assumed 

to be DNA, since, according to Loening (1967), plant DNA 

enters 2.4% polyaerylamide gels as a very sharp peak with 

a low rate of mobility. 

32 
Labelling Patterns of P04 Incorporation 

During the Light Cycle 

In order to get some insight into the nature of RNAs 

synthesized during the light period in C. moewusii. the 

32 
cells were labelled with PO^ and the RNAs were extracted 

and fractionated by gel electrophoresis. The gels were then 
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sliced into sections for radioactivity analysis and the OD 

profiles were compared with the radioactivity profiles. 

The results shown in Figure 14 are from cultures of 

32 
C. moewusii which were labelled with PO^ for the 1st 

30 min of the light period. The data (Figure 14, top) show 

that the label is incorporated first into a fraction which 

is of a smaller molecular weight than the 4S t-RNAs with 

little label being incorporated into either r-RNAs or DNA 

fraction. The results of Figure 14 (bottom) indicate a 

substantial reduction in the radioactivity peak following 

incubation with ribonuclease which indicates that the 

32 
PO^ is actually incorporated into an RNA fraction 

rather than a phosphorus-containing non-RNA component. 

Since the electrophoretic mobility of RNAs is inversely 

proportional to the logarithm of the molecular weight 

(Bishop et al., 1967; Loening, 1969), and using a value of 

25,000, the approximate accepted value for t-RNAs (Tissieres, 

1959; Brown and Zubay, 1960; Cox and Littauer, 1960), the 

molecular weight and S-value of the small RNA fraction was 

approximated to be 20,000 and 3S, respectively. 

To gain further insight into the functional signifi

cance and fate of the highly labelled 3S RNA, cells were 

32 
exposed to PO^ from the beginning of the light period 

and labelled continuously for various time periods. The 

results of a representative study are shown in Figure 15. 

The optical density and radioactivity profiles of the 



Figure 14. Optical density and radioactivity profiles of 
RNA extracts from Chlamydomonas moewusii — 
Cells (0.7 x 10^/ml) were grown in 800 ml of 
culture medium and labelled with 0.1 mc of 

for the 1st 30 min of the light period. 
The cells were harvested and the RNAs isolated 
according to the procedures outlined in Materials 
and Methods. The final RNA extract was divided 
into two aliquots and half was kept in ice as a 
control. The other half was incubated with 0.1 
mg RNase (Worthington) per ml of RNA extract for 
15 min at 37°C. After incubation, the RNA 
extract was reextracted with cold phenol and 
precipitated in 95% ethanol (see Methods). The 
RNAs were dissolved in 1 ml O.lx SSC and 10% 
sucrose and electrophoresis and radioactivity 
analysis was conducted according to Materials 
and Methods. Electrophoresis of control (top) 
and ribonuclease-digested RNA (bottom) is from 
right to left. 

• • Optical density at 260 mu 

• a • Radioactive profile 
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Figure 14. Optical density and radioactivity profiles of 
RNA extracts from Chlamvdomonas moewusii. 



Figure 15. Optical density and radioactivity profiles of 
RNA extracts isolated from Chlamydomonas 
moewusii continuously labelled with H3*32P04 for 
different periods of time — Cells grown in 800 
ml of medium to a density of 1 x 10° cells/ml 
were labelled with 0.8 mc of H332PO4 at the 
beginning of the light period. Aliquots (200 ml) 
were removed and the RNA extracted after 2 
(curve A), 4 (curve B), 6 (curve C), and 8 
(curve D) hr of incubation according to the 
procedures outlined in Materials and Methods. 
Direction of electrophoresis is from right to 
left and the OD260 an<3 radioactivity profiles 
are indicated by and • • • , 
respectively. 
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D 

Figure 15. Optical density and radioactivity profiles of 
RNA extracts isolated from Chlamvdomonas 
moewusii continuously labelled with Hj^P°4 for 
different periods of time. 
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fractionated RNAs indicate the amount of radioactivity in

corporated into the 3S RNA reaches a constant level by the 

2nd hr. Ths incorporation into the 25S and 18S r-RNAs 

begins by the 2nd hr (curve A) and increases with time, but 

the amount incorporated into the r-RNA fraction after the 

8th hr still is a small fraction of that found in the 3S 

fraction (curve D). 

By the 6th hr of the light period, label is in

corporated into the DNA fraction (Figure 15, curve C). This 

is consistent with the time of label incorporation into 

total DNA (Figure 11) and presumably is a reflection of the 

synthesis of chloroplast DNA. 

Since previous studies indicated that it took 2 

hours of label exposure to incorporate detectable quantities 

32 of PO^ into r-RNA, "spot" labelling studies were con

ducted in which samples of cells were labeled for 2 hr 

intervals through the first 8 hr of the light period as 

stated in Figure 16. This was done to determine the most 

active periods of incorporation into r-RNA and to determine 

if the 3S RNA was labelled as intensely during other time 

periods of the light period. The data from a representative 

study is presented in Figure 16. The radioactivity profiles 

of the fractionated RNAs isolated at the end of each 

labelling period indicate that the amount of radioactivity 

incorporated into the r-RNAs and the specific activity of 

the 3S RNA is about the same for each time period. 



Figure 16. Optical density and radioactivity profiles of 
RNA extracts isolated from Chlamydomonas 
moewusii following labelling at different times 
of the light period — Four samples of cells were 
each grown in 400 ml of culture medium until the 
populations reached a cell density of 0.5 x 10^ 
to 1.0 x 10° cells/ml. Each sample was labelled 
with 0.15 mc of H332PO4 and incubated for 2 hr 
intervals from the 0-2nd (curve A), 2nd-4th 
(curve B), 4th-6th (curve C), and the 6th-8th 
(curve D) hr of the light period. After incuba
tion, the RNAs were isolated, fractionated, and 
analyzed for radioactivity as outlined in 
Materials and Methods. Direction of electro
phoresis is from right to left and the OD250 
and radioactivity profiles are indicated by 

and * * •, respectively. 



Figure 16. Optical density and radioactivity profiles of Opt d 1 1 ca ens 
RNA extracts isolated from Chlamvdomonas 
moewusii following labelling at different times 
of the light period. 
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The data from the labelling studies presented in 

Figures 15 and 16 indicate that the 3S RNA is rapidly 

labelled and remains fairly constant. The results suggest 

that the 3S RNA rapidly reaches a saturation of labelling 

and loses label slowly or it could also mean that the amount 

of label being incorporated into the 3S fraction is equal to 

the amount being turned over. 

The data presented in Figures 15 and 16 also suggest 

32 
that there is a slow but steady incorporation of PO^ 

into the 25S and 18S r-RNAs. This is indicated by the 

constant incorporation of label into r-RNA from "spot" 

labelling (Figure 16) and the continuous increase in 

labelling of the r-RNA in "continuous" labelling (Figure 15). 

To obtain further clarification into the fate of the 

highly-labelled 3S RNA, a modified "pulse and chase" experi

ment was conducted as described in Figure 17. A sample of 

cells was grown in a low-phosphorus medium and incubated 

32 
with PO^ during the 1st hr of the light period. After 

the incubation, the label was followed with a "chase" of 

unlabelled P°4» the rationale being that growing in a low-

phosphorus medium, the cells should rapidly take up the 

unlabelled PO^ and dilute the labelled H^^PO^ so that the 

path of the label could be followed with a minimum of inter-

32 
ference from exogenous P04* 

However, it must be noted that this procedure does 

not represent a good pulse-chase study since exogenous 



Figure 17. Optical density and radioactivity profiles of 
RNA extracts isolated from Chlamydomonas moewusii 
during "pulse" labelling — Cells grown in 800 ml 
of phosphorus-reduced medium (the concentration 
of PO^ was one-half that of the complete medium), 
until the population reached a density of 
approximately 1 x 106 cells/ml, were labelled for 
1 hr at the beginning of the light period with 
0.5 mc of Hj^po^. After incubation, the label 
was followed with a "chase" of unlabelled PO^ to 
bring the concentration of PO4 in the medium up 
to that of the complete medium. Aliquots (200 
ml) were sampled at the end of the 1st (curve A), 
3rd (curve B), and the 6th (curve C) hr of the 
light period, and at the end of the 2nd (curve D) 
hr of the dark period. The RNAs were isolated, 
fractionated, and analyzed for radioactivity as 
outlined in Materials and Methods. Direction of 
electrophoresis is from right to left and the 
od260 an(^ radioactivity profiles are indicated 
by and * * * , respectively. 
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Figure 17. Optical density and radioactivity profiles of 
RNA extracts isolated from Chlamvdomonas moewasii 
during "pulse" labelling. 
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32 
PO^ was not completely removed at the end of the 1st hr 

of the light period when the unlabelled PO^ was added. 

Attempts to remove the cells from the incubation medium 

without damage, such as through centrifugation or filtra

tion, were unsuccessful. 

Results of a representative pulse and chase study 

are presented in Figure 17. The radioactivity profiles of 

the fractionated RNAs isolated at the end of the four time 

periods show that the 3S RNA is rapidly labelled and that 

the incorporated radioactivity is lost slowly. If the 

labelling was an effective pulse-chase study, the data would 

indicate that the small RNA undergoes a slow turning over; 

however, the interpretation is complicated by the inability 

to completely remove exogenous label. 

The data show that the r-RNAs are more heavily 

labelled with time as the label in the 3S fraction decreases 

suggesting that there may be a precursor-product relation

ship (Figure 17). There are other alternative interpreta

tions which are tenable, but in any event, the pattern of 

32 
labelling of PO^ in Chlamydomonas moewusii grown under 

the conditions of this study is considerably different from 

labelling patterns obtained in higher plants (see, for 

example. Ingle, 1968). 



CHAPTER 5 

DISCUSSION 

Cultures of the unicellular alga Chlamydomonas 

provide an ideal system for studying cytological, morpho

logical, and physiological events which occur during the 

cell cycle because the organism grows rapidly and because 

cells can be maintained in an axenic condition with a high 

degree of synchrony. The environmental conditions, however, 

have a considerable effect on the growth of the cells and 

must be regulated as carefully as possible. This is evident 

by comparing the number of daughter cells formed per cell 

cycle in these studies, where C. moewusii was grown on a 12 

hr light (500 ft-c):l2 hr dark cycle using culture shakers, 

to the data reported by Bernstein (1964) who used a higher 

light intensity (800 ft-c) along with bubbling CO^ in air 

through the cultures. The data of Table 1 show that 2 

daughter cells are usually produced during each cell cycle; 

in contrast, Bernstein reported 8 daughter cells were pro

duced during each cell cycle. These comparisons as well as 

those made by other investigators (Buffaloe, 1958, 1959) 

indicate the importance of environmental control. 

In this study, the objective was not to obtain 

maximum cell production but rather to develop understanding 

58 
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of the relationships existing between nuclear and morpho

logical development and nucleic acid metabolism in Chlamy-

domonas moewusii grown under the controlled environmental 

conditions utilized throughout this study. Since syn

chronous development of cells is an advantage in research 

of this type, an initial attempt was made to determine the 

extent of synchrony that was obtained. 

In conducting the experiment shown in Table 1, cells 

at the 22nd hr of growth were selected because this stage 

represents a transient phase just prior to daughter cell 

release in which the cells are still encapsulated by the 

wall of the mother cells. Cultures which contained approx

imately 5 x 10^ cells/ml increased 93% in cell density in a 

24 hr period and the stage of daughter cell development of 

the later culture was identical to that observed earlier. 

The results of the total DNA analysis provide 

another means independent of cell counts and morphological 

development for evaluating synchronous development in pop

ulations of cells. These studies show that there are two 

defined periods of DNA increase during a 24 hr cycle (Table 

2, Figure 11). The two increases, from the 5th to the 7th 

and from the 11th to the 14th hr of the cycle, represent an 

increase in total DNA of approximately 85%. If the cultures 

were growing asynchronously, one would expect a linear 

increase in DNA content in a population over a specified 
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time period or some deviation from the sharp periodic 

increases in DNA obtained in this study (Figure 11). 

The results of these two independent studies suggest 

that approximately 85-90% of the cells are dividing in 

synchrony. The data of Table 1 show that 15% of the cells 

observed at the end of the 22nd hr (A) of the cell cycle are 

not in the same stage of development as those cells produc

ing daughter cells. This suggests that these cells are 

either inviable, or dividing at a time period distinct from 

the main population, or that there is synchronous division 

in the population but the degree of synchrony is not perfect. 

The alternative that 15% of the cells are inviable 

is questionable since if 15% inviable cells were produced 

during a cell cycle, then the cells observed 24 hr later (B) 

should show a greater proportion of single cells than the 

15% observed. The lack of a complete coubling in cell 

number during a 24 hr cycle indicates that some of the cells 

are inviable; however, the data show that a portion of the 

single cells must be viable which would indicate that 

daughter cell release for these cells is occurring sometime 

prior to the time period studied. 

The second alternative that these cells are dividing 

completely out of synchrony with the main population is 

questionable because the incorporation of label into DNA 

shows only two periods of activity which indicates that the 

synthesis of DNA is synchronized on a population basis. If 
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replication occurred during time periods during the dark 

cycle not analyzed for label incorporation into DNA, then 

it would seem reasonable that the single cells observed 

during the 22nd hr would show signs of nuclear division 

since it has been shown in this study that a distinct G2 

period between DNA synthesis and mitosis is minimal (Figures 

4-7, 11). 

That a portion of the cells is dividing at random 

throughout the cell cycle is not unequivocally ruled out 

but the data support the third alternative that the cells 

are not dividing in perfect synchrony. The majority of the 

single cells observed probably represent daughter cells 

released just prior to the observations made at the end of 

the 22nd hr of the cell cycle. This alternative is supported 

by the data of Figure 11 which show that DNA synthesis 

occurs over a 3-4 hr interval. The shorter the time 

interval, the greater the degree of synchrony; therefore, 

the early daughter cell release could result from mother 

cells that initiated DNA synthesis earliest during the 

period of DNA replication 

With the data indicating that the population of 

cells was developing in synchrony under the conditions 

utilized, studies of nuclear events and cell division were 

conducted to provide a basis to compare the physiological 

to morphological events. 
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The timing of the salient features of the cell cycle 

for C. moewusii cells grown under the controlled conditions 

used in this study are the lack of visible alterations 

during the light period followed by dramatic changes in 

nuclear and cellular morphology during the dark cycle. By 

the end of the 2nd hr of the dark period, the nucleus 

contains dark staining granules which may represent the 

formation of "dot" chromosomes (Figure 4) which may be the 

result of coalescence of the "chromatinic granules" 

(Buffaloe, 1958). During the 3rd hr of the dark period, 

mitotic events were detected in the majority of cells 

(Figures 5, 6) and by the end of the 5th hr of the dark 

period, karyokinesis was completed with the mother cells 

containing predominantly two nuclei per cell (Figure 7). 

Cytokinesis, or daughter cell formation, within the old 

mother cell wall begins and is completed by the 9th hr of 

the dark period (Figures 8, 9) with the cell cycle being 

completed with the rupture of the mother cell wall resulting 

in release of the motile daughter cells (Figure 10). 

This timing of cellular events is in close agreement 

for cultures of C. moewusii grown synchronously under con

ditions of high light intensity (800 ft-c) and CO2 concen

tration (5% in air) (Bernstein, 1964). However, during the 

first 4 hr of the dark period, there are usually three 

nuclear divisions producing cells with eight nuclei while 

in this study, there were predominantly two nuclei. It 
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appears, therefore, that growth conditions have little 

effect on the timing of the initiation of nuclear division 

or cytokinesis but rather influences the number of divisions 

which occur. 

Analyses of the DNA content per cell curing the cell 

cycle were made to correlate the timing of DNA synthesis 

with nuclear events. The data of Table 2 and Figure 11 

indicate that during the cell cycle of C. moewusii. there 

are two time periods in which the DNA content per cell 

increases. During the 5th-7th hr of the light period, there 

is a small increase in DNA amounting to 10% of the total DNA 

and a large increase occurring near the end of the light 

period and through the first 2 hr of the dark period (Table 

2 and Figure 11). 

The large increase in DNA content is presumably a 

reflection of the replication of the nuclear or "chromo

somal" DNA and that the increase is due to synthetic 

reactions is strongly supported by the rapid incorporation 

32 
of PO^ into the DNA fraction during this time period 

Table 3 and Figure 11). In relation to the nuclear events, 

the replication of the nuclear DNA appears to immediately 

precede the mitotic events with little if any lag period. 

A similar rapid increase in DNA content at the beginning of 

the dark period, which was interpreted as representing 

chromosomal replication, has also been reported for syn

chronized cultures of C. reinhardtii (Chiang and Sueoka, 
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1967a, 1967b; Kates and Jones, 1967), The increase in total 

DNA is an approximate increase of 85% which parallels 

closely the observed 93% increase in cell number (Table 1) 

during the cell cycle. 

The 10% increase in DNA content per cell which 

occurred during the 5th-7th hr of the light period was con

sistently obtained in repeated experimentation. That the 

obtained increase is not due to fluctuations in experimental 

error is supported by statistical analysis (Table 2) and the 

32 
incorporation of PO^ into the DNA fraction during the 

5th-7th hr (Table 3 and Figure 11). 

This 10% increase in DNA content was interpreted as 

reflecting the specific increase in chloroplast DNA.suggest

ing that the chloroplast DNA undergoes replication independ

ently of the nuclear genome. This interpretation is infer

red from work done using synchronized cultures of £. 

reinhardtii. in which Chiang and Sueoka (1967a) obtained a 

similar increase in DNA content per cell during the 4th-6th 

hr of the light period. Using the technique of isotopic 

labelling of DNA with ^N, developed by Sueoka (1960), the 

small increase in DNA content coincided with the appearance 

of ̂ N:14N hybrids of satellite 3-DNA which led to the con

clusion that the small increase reflected a net synthesis 

of chloroplast DNA. 

If the chloroplast DNA replicates during the 5th-7th 

hr of the cell cycle, then it is evident that until cell 
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plast DNA. This raises the interesting question that during 

the time interval between chloroplast DNA replication and 

cell division, is the cell functioning with a diploid 

complement of chloroplast DNA or is one of the chloroplast 

genomes deactivated * 

From the analysis of the total DNA content, the 

beginning of the light period showed a plateau value of 

-14 approximately 5.6 x 10 g/cell. Between the 5th-7th hr 

there was a 10% increase in DNA content to a 2nd plateau of 

-14 6.2 x 10 g/cell which was followed by an increase to a 

-14 
3rd plateau of 9.5 x 10 g/cell during the second half of 

the dark cycle which is characteristic of the first 5 hr of 

the light period. This pattern of DNA metabolism in which 

the DNA increases in distinct steps is in agreement with 

work done on C. reinhardtii (Jones and Kates, 1963; Chiang 

and Sueoka, 1967a; Kates et al., 1968), Chlorella (Iwamura, 

1955; Ruppel, 1962; Senger and Bishop, 1969), Physarum 

(Cummins, 1969), Escherichia coli (Clark and Maaltfe, 1967; 

Helmstetter, 1969) and in yeast (Tauro et al., 1969), but 

is in contrast to the investigation of Bernstein (1961) in 

which it was reported that the increase in DNA content per 

cell, in C. moewusii. was linear throughout the light 

period and at least through the first 4 hr of the dark 

period. This is difficult to reconcile with the results of 

this study but may reflect the 8-fold increase in daughter 
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cells produced under the conditions used. Since an 8-fold 

increase requires three DNA replications, and if the DNA 

replication rate is constant and each of the chromosomes 

replicated during overlapping time periods, a linear in

crease in DNA could be obtained which is similar to the" 

pattern of DNA synthesis reported for Chlorella grown under 

the appropriate conditions (Schmidt, 1969). 

Since Chlamydomonas moewusii is an obligate photo-

autotraph that cannot complete its asexual cell cycle with-

out a minimal exposure to light, the question arises how 

light influences necessary processes such as DNA synthesis. 

The effect of light on DNA synthesis is not direct since 

there is not an immediate increase in DNA synthesis upon 

exposure to light (Figure 11). 

To view nuclear events on the basis of the Howard 

and Pelc (1953) cell cycle model (M, , Sf • there is a 

considerable period between mitosis and the initiation of 

DNA synthesis in the subsequent cell cycle. Since DNA syn

thesis requires specific enzymes, such as DNA polymerase, 

and necessary factors, such as the deo:xynucleotides, the. 

synthesis of DNA can be viewed as requiring a series of 

sequential reactions. Whether the reactions necessary for 

the induction of the cell cycle occur during the dark period 

following DNA synthesis has not been shown, but evidence has 

been reported that when a 12 hr light period is substituted 

for the dark period in synchronized cultures of C. 
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reinhardtii. the timing of the next nuclear division is 

accelerated (Mihara and Hase, 1971). Also, it has been 

shown in Chlorella that there is a light-dependent induction 

of cell division (Senger and Bishop, 1969). 

The data suggest that light triggers a sequence of 

metabolic reactions which are prerequisite to the synthesis 

of DNA and occur during the "G^ period" following light 

exposure. The first DNA synthesized in the cell cycle is 

presumably chloroplast DNA which is followed by 4-5 hr time 

period before nuclear DNA synthesis occurs (Figure 11). It 

appears, therefore, that light triggers a sequence of reac

tions which induces chloroplast DNA synthesis, which in turn 

initiates further reactions which precede nuclear DNA syn

thesis. It might be noted that it has been shown in syn

chronized slime mold nuclei, that the completion of an early 

period of DNA synthesis is necessary to trigger synthesis of 

proteins that initiate subsequent DNA replication (Cummins, 

1969). It may be that the sequence of events that light 

triggers is the synthesis of specific proteins which initiate 

DNA replication since it has been shown that protein syn

thesis is required for DNA synthesis in Chlorella (Wanka and 

Moors, 1970), Physarum (Cummins, 1969), wheat embryos (Mory, 

Chen, and Sarid, 1972), and mammalian tissue cultures 

(Tobey, Anderson, and Peterson, 1966). 

Since the synthesis of proteins requires the syn

thesis of RNA( or the translation of pre-existing RNA, the 
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metabolism of RNA was examined during the light period and 

through the period of nuclear division during the first 5 

hr of the dark cycle. The data presented in Tables 4 and 5 

and Figure 12 show that RNA synthesis increases dramatically 

upon light exposure. The RNA content increases more than 

-13 2-fold from a value of 5.0 x 10 g/cell characteristic of 

the time period during daughter cell release to a value of 

12.0 x 10"^ g/cell by the 2nd hr of the light period (Table 

4). After the initial increase, the RNA content drops to a 

- 3 plateau value of 9.2 x 10 g/cell by the 3rd hr which is 

approximately twice that of cells prior to light exposure 

(Table 1). 

If light is the factor which triggers the reactions 

which in turn initiate DNA replication, the data suggest 

that the primary site may be the stimulation of RNA synthe

sis. This view is consistent with studies on bacteria in 

which it was demonstrated that the initiation of DNA repli

cation in nutritional mutants was blocked by inhibiting RNA 

synthesis (Maaljrfe, 1961). It has also been shown that, in 

synchronized cultures of Chlorella. the action spectra for 

light-induced cell division and light-induced RNA synthesis 

exhibited a peak near 480 mp. (Senger and Bishop, 1966). If 

this is the case for C. moewusii. inhibition of RNA synthe

sis during light exposure should inhibit the initiation of 

DNA synthesis. Proposals for the selective inhibition of 

RNA synthesis would be exposing cells to inhibitors such as 
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actinomycin D, which has been reported to inhibit DNA-

dependent RNA synthesis but not DNA synthesis (Brockman and 

Anderson, 1963) or transferring uracil mutants, if avail

able, to a uracil-deficient medium prior to light exposure. 

However, it must be noted that it has been shown that 

moewusii may not absorb uracil from the growth medium. 

That light induces a rapid synthesis of RNA in C. 

moewusii is in agreement with other investigations con

cerning the effect of light on RNA synthesis in algal 

systems (Iwamura, 1955; Brawerman and Chargaff, 1959; 

Iwamura and Myers, 1959; Brawerman et al., 1962; Iwamura, 

1962; Pogo et al., 1962; Berger, 1967; Gibbs, 1967; Oshio 

and Hase, 1967, 1968). Under the growth conditions used in 

this investigation, however, the rapid increase is followed 

by a decline in RNA content which is in contrast to the 

studies on jC. reinhardtii (Jones et al. , 1968; Surzycki and 

Hastings, 1968) and C. moewusii (Bernstein, 1961) grown 

under conditions of high light intensity (1000-2000 ft-c) 

and CO2 concentration (5% in air) in which there was an 

increase in RNA content which increases linearly throughout 

the light period. These data indicate that since there was 

an increase in RNA content, there must at some point in the 

life cycle be a drop in RNA content whic presumably would 

occur during cell division in the dark. 

The drop in RNA content by the 3rd hr of the light 

period may reflect a response by the organism to the growth 
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conditions. This can be inferred, for example, from the 

work by Bernstein (1961) in which he reported that the RNA 

content increased throughout the light period and that 

there was an 8-fold increase in cell number. If light 

induces RNA synthesis which is required for DNA synthesis, 

it is possible that continual RNA synthesis may not be 

required for one DNA replication, which occurs for cells 

grown under the conditions of this study, in contrast to 

three DNA replications resulting in the production of 8 

daughter cells. 

To add further understanding, it has been reported 

the cultures of Chlorella respond to environmental conditions 

in that there is an logarithmic relationship between the 

light intensity the cells are exposed to and the amount of 

RNA formed during the cell cycle up to a value of 15 kilolux 

(Senger and Bishop, 1969). Also, when bacterial cells are 

transferred to nutrient-deficient media, the synthesis of 

r-RNA appears to be arrested or is at least preferentially 

inhibited and the concentration of r-RNA, in the systems 

studied, was proportional to the growth rate (Neidhardt, 

1964). 

The decreases in RNA noted by the 3rd and 12th hr 

of .the cycle decrease before the onset of the active periods 

of DNA synthesis (Figures 11 and 12). This timing may be 

fortuitous, or it may possibly reflect the channeling of 

available metabolites and energy into DNA synthesis since 
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the controlled conditions utilized do not permit maximal 

growth. 

The RNA content data indicate that during the dark 

period, there must be a period of active synthesis of RNA 

since one cell at the 5th hr of the dark period with a 

-13 
content of 3.4 x 10 g/cell divides to produce two 

—13 
daughter cells with a content of 5.0 x 10 g/cell (Table 

4). An RNA content analysis made at the 8th hr of the dark 

—13 
period indicated a value of 6.8 x 10 g/cell suggesting 

an accelerated RNA synthesis during this time period. How

ever, the content data expressed on a cellular basis during 

the cell division in the dark is tenuous since there is 

difficulty in delineating the one- from the multi-cell 

32 
stage. Synthesis of RNA, shown by incorporation of PO^ 

into the RNA fraction, expressed on a per volume of cell 

suspension basis, should indicate a period of active syn

thesis during this time period. The metabolic pattern of 

reduced RNA synthesis during nuclear division with peaks of 

RNA synthesis before and after mitosis is similar to that 

reported for synchronized slime mold nuclei (Cummins, 1969). 

To get some further insights into what types of RNA 

were synthesized during the burst in RNA synthesis at the 

beginning of the cell cycle, cultures were exposed to radio-

32 
active PO^ at different times during the light period 

and the RNAs were fractionated by gel electrophoresis and 

analyzed for radioactivity incorporation. The initial 
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studies of the fractionated RNAs indicated that peaks of RNA 

were missing on the optical density profiles (Figure 13) 

from what was expected from RNAs isolated from green plants 

including C. reinhardtii. In order to identify the peaks 

obtained in this study, the OD profiles of RNA extracts 

from C. moewusii were compared to the profiles of RNA 

extracts from pumpkin leaves (Cucurbita pepo) run con

currently (Figure 13). In this study, since the t-RNAs in 

both cases exhibited identical migration rates, the assump

tion was made that the use of migration distance in poly-

acrylamide gels to determine RNA molecular weights and 

corresponding S-values as reported by Loening (1969) could 

be applied. Based upon migration rates, the S-value of the 

RNAs from C. moewusii (Figure 13) were calculated to 4S 

(peak 6), 18S (peak 4), and 25S (peak 2). 

Based upon values of sedimentation coefficients 

reported for RNAs isolated from C. reinhardtii (Hoober and 

Blobel, 1969; Gillham et al., 1970; Goodenough and Levine, 

1970), there was no a priori reason to assume that the S-

values of RNAs isolated from £. moewusii would deviate from 

those reported for £. reinhardtii: therefore, the data of 

Figure 13 were interpreted to mean that the chloroplast 

r-RNAs with S-values of 23S and 16S were not isolated and 

fractionated by the procedures used in this study. Since it 

has been reported that algal systems such as Chiamydomonas 

(Loening, 1968), Chlorella (Mihara, Kimura, and Hase, 1968), 
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and Acetabularia (Woodcock and Bogorad, 1970) possess un

stable chloroplast r-RNAs, the conclusion that the chloro-

plast r-RNAs of C. moewusii were degraded during the extrac

tion procedure in this study is tenable. However, the 

frequently obtained 13S peak is evidence that the chloro

plast r-RNAs were isolated since this fraction has been 

reported to be a break-down product of 23S r-RNA (Ingle, 

1968). 

The initial studies of the fractionated RNAs 

32 
labelled with PO^ indicated that the bulk of the in

corporated label was initially incorporated into an RNA 

fraction with an electrophoretic migration rate slightly 

greater than that of the t-RNAs (Figure 14). The S-value 

for the radioactivity peak was approximated to be 3S since 

the calculation of S-values using the procedure of Loening 

(1969) is not as reliable for small molecular weight RNAs 

(less than 1 x 10^) as it is for the larger r-RNAs. That 

the 3S fraction is a highly labelled RNA fractions was shown 

by removal of the label from the radioactivity profile with 

ribonuclease digestion (Figure 14). 

To get some insights into the functional significance 

of the highly labelled 3S RNA, experiments were designed to 

follow the path of the label after it entered the small 

molecular weight fraction. From the labelling data pre

sented in Figures 15, 16, and 17, there are several possible 

alternatives as to the identification and the functional 
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significance of the highly labelled 3S fraction. The 

labelling pattern may reflect breakdown products from the 

degradation of newly synthesized RNA; it may represent 

messenger RNA (m-RNA) synthesis and breakdown; it may repre

sent a precursor in the synthesis of r-RNA; or it may 

reflect the labelling of a pool of small molecular weight 

RNAs. 

The possibility that the 3S fraction is a product 

of RNAs degraded during the extraction procedures, such as 

products from chloroplast r-RNA degradation does not appear 

acceptable because if it reflected only degradation of 

chloroplast r-RNAs, which are large molecules, it seems 

reasonable that there should be more polydispersity of label 

on the radioactivity profiles rather than a sharp well-

defined peak (Figures 15, 16, and 17) which is consistently 

obtained. 

The second possibility that the labelling patterns 

represent the synthesis and breakdown of m-RNA is also 

questionable. The 3S fraction is in low concentration and 

has a high specific activity which are properties attributed 

to m-RNA (Hayashi and Spiegelman, 1961; Ingle and Key, 1965; 

Ingle, Key, and Holm, 1965); however, the pulse label data 

indicate that the radioactivity in the 3S RNA decreases at 

a slower rate and the electrophoretic mobility is greater 

than would be expected from studies of m-RNA reported in the 

literature (Gros et al., 1961; Levinthal, Keynan, and Higa, 
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1962; Monier et al., 1962). The unequivocal proof that the 

labelling patterns reflect m-RNA would be the demonstration 

that the 3S RNA stimulates the synthesis of proteins in a 

ribosomal system since other types of RNA have little 

stimulatory effect and the induced activity appears to be 

proportional to the concentration of m-RNA (Brawerman and 

Eisenstadt, 1964). 

The third possibility that the13S fraction repre

sents a precursor in the synthesis of r-RNA is suggested by 

the pulse label data (Figure 17) in which the specific 

activity of the 3S RNA decreases with a concomitant increase 

in labelling in the 18S and 25S r-RNA peaks. This possi

bility is questionable because the amount of radioactivity 

incorporated into the 18S and 25S r-RNAs after 8 hr of 

continuous label represents only about 30% of the incor

porated label (Figure 15, curve D). The labelling data of 

Table 5 indicated that RNA synthesis should be rapid during 

the first few hours of the light period and since calcula

tions from the OD profiles indicate that r-RNAs represent at 

least 70% of the total cellular RNA, one would expect a 

higher proportion of label in the r-RNA fraction. Of course, 

32 
since PO^ represents a very small portion of the PO^ 

32 
available in the medium, the RNAs labelled with H3 PC>4 may 

represent only a fraction of the total cellular RNA. Also, 

from investigations on the sequential synthesis of ribosomes 

and r-RNAs, the 3S RNA is considerably smaller than any of 
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the reported precursors to r-RNA. In bacterial systems, for 

example, Hecht and Woese (1968) reported that the synthesis 

of 16S and 23S r-RNA was preceded by a 16S "pl6 RNA" and a 

23S "p23 RNA" while Tomlins and Ordal (1971) reported the 

size of the precursors to be 17S and 24S, respectively. 

Also, the r-RNAs in Ameoba (Goldstein, 1971), animals 

(Perry, 1962; Scherrer, Latham, and Darnell, 1963; Weinberg 

et al., 1967), and "higher" plants (Grierson et al., 1970; 

Leaver and Key, 1970; Retel and Planta, 1970; Rogers, 

Loening, and Fraser, 1970) have been reported to be syn

thesized from large precursors with S-values of 30S-45S as a 

result of polycistronic transcription with r-RNA molecules 

being produced by cleavages of excess RNA. 

The fourth possibility that the data reflect the 

labelling of a small pool of small molecular weight RNA 

appears to be the most likely. The data from continuous 

labelling (Figure 15) and labelling for different time 

periods during the light cycle (Figure 16) indicate that the 

3S RNA is rapidly labelled during the light period regard

less of time labelling. Repeated experimentation also 

indicated that the amount of label incorporated into the 

3S fraction reaches a "saturation point" and there was no 

increase in incorporation with continued exposure to the 

label (Figure 15). This labelling pattern suggests that the 

3S RNA represents a "pool" of rapidly labelled RNA which 

saturates rapidly and the pulse label data (Figure 17) 
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indicates that the pool undergoes a slow turnover since 

label is lost at a slow rate. As was mentioned, poly

phosphates are an important constituent in algal metabolism 

(Sommer and Booth, 1938; Albaum et al., 1950) and that they 

appear to be intimately associated with RNA molecules (Keck 

and Stich, 1957; Kulayev and Belozersky, 1957; Correll and 

Tolbert, 1962; Woodcock and Bogorad, 1970). A pool of RNA 

molecules in low concentration associated with polymers of 

phosphorus that are highly labelled should be detected by 

gel electrophoresis as bands of high specific activity. 

The rapid labelling, the high specific activity, and appar

ent slow turnover suggest that the 3S fraction may represent 

a pool or storage mechanism for phosphorus and nucleotides 

from which the cell can draw. If this interpretation is a 

correct one, this would clarify at least one of the functions 

of polyphosphates which are characteristic of many algal 

systems. 

In summary, when cultures of Chlamydomonas moewusii 

Gerloff are grown synchronously under the conditions 

utilized in this study, mother cells produce predominantly 

two daughter cells with the onset of nuclear division being 

confined to the dark period. DNA analysis indicates that 

there are two periods of active synthesis, a small increase 

during the 5th-7th hr of the light period interpreted as 

representing chloroplast DNA replication, and a large 

increase immediately preceding the onset of nuclear 
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division. Analysis of the RNA metabolism indicated that the 

RNA content is markedly reduced during cell division in the 

dark, but at some point during the dark period after cell 

division, there must be a period of active RNA synthesis. 

Upon exposure to light there is a dramatic increase in RNA 

content which is followed by a drop by the 3rd hr which 

stabilizes through the light period and drops again prior 

to nuclear DNA replication. It was proposed that light-

induced RNA synthesis was a prerequisite for the induction 

and completion of the cell cycle and that decreases in RNA 

content were responses to growth conditions. Various 

32 
labelling studies indicated that PO^ is initially and 

rapidly incorporated into a 3S RNA fraction. The labelling 

data suggested that the 3S fraction may represent a "pool" 

of polyphosphate-oligo-ribonucleotides which turned over 

slowly but other alternatives and their significance were 

discussed in this section. 
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