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The primary objective of this study was to develop methods for

the selection of temperature sensitive division (TSD) mutants of

Chlamydomonas rei.nhardtii. Such methods were developed and four

temperature sensitive (TS) mutants were isolated and partially

characterized.

Wild type (WT) cells of the plus mating type were synchronized

by a 12 hr light-1 2 hr dark regime at 25 C in culture tubes containing

a high salt minimal medium buffered with PIPES (Piperazine-N, N'-

bis (2- ethane sulfonic acid) monosodium monohydrate). Cells were

mutagenized by irradiation with 1725 ergs/mm 2 of 254 nm ultra-

violet light (UV) during the first half of the light period (G1). The

irradiated cells were kept in the dark for 24 hr to prevent photo-

reactivation, and then treated with a 10 mM concentration of



hydroxyurea (HU) for 24 hr at a.n elevated temperature of 33 C. It

was determined that this concentration of HU and this duration of

treatment effectively kills WT cells at some stage i.n the middle of

the generation cycle (presumably S phase). Temperature sensitive

mutants that cannot progress into the HU-sensitive phase at 33 C

were expected to survive. The combined treatment with UV and FU

reduced the population to approximately 1% and increased the yield

of possible TSD mutants. (UV alone reduced the population to 7% and

HU to about 6. 9%. ) The cells were the.n plated on agar plates made

with minimal medium and returned to 33 C for 5 days. The colonies

that appeared during this time were considered to have arisen from

u.nmutated cells or non-TSD mutants that had somehow survived the

selection treatment; these colonies were marked and the agar plates

placed at 25 C for a.n additional 5 days. The colonies that now formers

were considered possible TSD mutants. Of 116 such colonies, only

four were found to be temperature sensitive after replating and testing

them at 33 and 25 C, the permissive temperature in this study.

The TS mutants isolated were partially characterized on the

basis of their responses to the restrictive temperature. The mutants,

along with the WT cells, were observed i.n microdrops of minimal

or complete medium covered with paraffin oil and on minimal or

complete agar plates. The percentages of cells having divided once,

twice, and three or more times were recorded at various times



during continuous incubation at 25 C and during and after a 24 hr

exposure to 33 C. In addition, the mutants were observed for via-

bility and morphological changes. The effects of light intensities of

0, 200, and 600 foot candles were also studied.

It was concluded that .no ideal TSD mutant had been isolated. An

ideal TSD mutant would be one in which division could be reversibly

blocked by a restrictive temperature at a specific stage of the genera-

tion cycle. Although such mutants were not isolated, three of the four

TS mutants (TSLt-1, TSLt-2, and TSGL) appear to show responses at

the 33 C which suggest that some specific phase of the generation

cycle is impaired, but the effect is not reversible and the cells die.

The fourth mutant (TSL) is killed by 33 C at all phases of its genera-

tion cycle. The mutants all formed normal colonies, or nearly so,

at 25 C, although TSL had a somewhat reduced growth rate.

Light intensity and medium composition play a significant role i.n

the lethal response of the mutants to the 33 C temperature: TSLt-1

and TSLt- 2 show enhanced survival on minimal medium or at low

light intensities (0 and 200 foot candles) when compared to cells ex-

posed to 33 C on complete medium or at a higher light intensity

(600 foot candles). TSGL shows a moderate light intensity effect.

Gia.nt cell formation was observed in TSGL and to a lesser extent i.n

TSLt-2. The responses of the mutants suggest that continued growth

while some division process is blocked by 33 C (imbalanced growth)

may be lethal.



Studies of the division characteristics of WT cells indicate

that individual cell growth (as determined by the number of daughter

cells bursting from the mother cell at the end of the generation

cycle) is only very loosely coupled to the division process (as

determined by generation time, i. e. , the time between successive

bursts). The generation time appears to be fairly constant under a

variety of conditions, but the burst size varies from 2 to 32.

Further studies with these mutants and with others that may

be isolated by the techniques developed in this study may aid the

understanding of the interrelationships of various processes involved

in the division of cells.
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INTRODUCTION

Objectives

Little is known concerning the processes and interactions in-

volved in cell division and the time sequence of these processes. It

appears that the preparations for division must be completed along

several parallel pathways. Synthesis of DNA, RNA, and proteins,

growth of a cell prior to division, duplication of organelles, assembly

of microtubules, etc. are all processes which apparently are necessary

for and precede cell division (19). Are these processes interrelated

or independent? For example, Hartwell (perso.nal communication)

has postulated that DNA synthesis and bud formation in yeast are two

relatively independent pathways. He further postulates that at various

times in the cell cycle, biological clocks may be turned on or off

and this results either in an initiation of a synthetic process or the

completion of such a process without affecting other processes. If

cells can be specifically blocked by some means as they progress

through the cycle, various processes leading to divisio.n may be in-

hibited and others not. The determination of which processes are

affected by a specific block a.nd which are not may allow a better

understanding of the interrelation of cell division processes.

One approach to the study of cell division processes is through

a study of mutants deficient in some cell divisio.n process. However,

for practical purposes, a division mutant is reproductively dead,
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therefore, one must work with conditional mutants, i.e. , mutants that

grow and divide nearly normally under some conditions but which ex-

press the mutation and do not divide under some other condition. Tem-

perature sensitive (TS) mutants probably are among the most conveni-

ent conditional mutants with which to work.

It was the objective of the present study to develop methods for

the selection and isolation of temperature sensitive division (TSD) mu-

tants. It is hoped that such mutants may ultimately provide some addi-

tional information concerning the interrelationshipofdivisionprocesses.

Survey of the Literature

Temperature Sensitive Mutants

Temperature sensitive mutants, i.n general, are a particular

class of mutants which can apparently function normally at some range

of temperatures but which cannot function at other temperatures that

do not affect the parent organism. Such mutants have been isolated

and studied i.n a .number of different types of organism: various

species of phage (1, 10, 15, 25, 49), viruses (7, 8, 9, 17, 18, 33, 34,

63), bacteria (4, 5, 26, 27, 38, 45), and fungi (28, 29, 42, 64), and

also in Paramecium (31, 32) and Drosophila (58).

The most likely mechanism for the temperature sensitive effect

involves a change i.n some base in the DNA that changes the coding for
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a particular amino acid in some protein. A code change can lead to

the substitution of one amino acid for another in the sequence of

amino acids that make up a protein. The alteration in the amino acid

sequence can lead to thermobability of the protein. If the protein is

an enzyme, it may be able to function at some moderate temperature

but not at, for example, a supraoptimal temperature. As a conse-

quence, at the supraoptimal temperature, the metabolism, growth,

and proliferation of the cell is abnormal. If the altered protein is

structural, it may lead to defective cell membranes, abnormal organ-

elle morphology, deficiency in cell movement, etc. If the altered

protein is involved in karyokinesis or cytokinesis, these processes

may not occur at an elevated temperature.

Because of the interaction of cellular processes (e.g. , feedback

inhibition, repression and induction, etc.), it is frequently difficult to

pinpoint the exact protein that is altered. For example, Hartwell

(26) isolated approximitely 400 TS mutants of Saccharomyces

cerevisiae. Of these, only about 20% exhibited effects of temperature

that could be attributed to effects on general processes such as DNA,

RNA, or protein synthesis, cell division, or cell wall formation.

The remaining 80% were considered to be TS mutants having defective

proteins whose function in the physiology of the cell are currently

unknown. He concluded that even the defects that were generally

identified may be related only indirectly to the actual process which is
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affected by the temperature. The direct effect may be on such phe-

nomena as lipid metabolism, active transport of precursors, oxygen

uptake, or some other phase of metabolism. Hartwell and McLaughlin

(27) further analyzed some of the TS yeast mutants that showed de-

ficiencies in protein synthesis and found that the i.nhibitio.n may result

from a number of deficiencies: a deficiency of messenger RNA syn-

thesis, defective ribosomes that do not have the ability to initiate new

polypeptide chains, a deficient supply of transfer RNA which slows

the formation of a polypeptide chain, defective energy metabolism

that inhibits protein synthesis and glucose incorporation, or defective

cell membranes that restrict the incorporation of glucose. As another

example, Yu-Sun (64) suggested that TS mutants of Ascobulus, which

did not grow at 37 C but grew well at 25 C, lacked the ability to in-

corporate some complex essential molecule from the medium. It

could be hypothesized that the active transport mechanism is inhibited

either because of the malfunctioning of a gene product concerned with

the production of the necessary enzyme, or that the "transport sub-

sta.nce" itself is denatured at the higher temperature. These are

merely examples of TS mutants deficient in protein synthesis or

possibly some phase of the transport mechanism. Many other types of

TS mutants have been found. It appears that practically any phase of

a cell's metabolism can become temperature sensitive following muta-

genesis. The difficulty lies in determining the exact lesion involved.
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The difficulties in determining the exact lesion involved in a

TS mutation are compounded in TS division mutants. TSD mutants

will be mutants in which division is blocked at an elevated tempera-

ture. Such inhibition of division could come about in a number of

ways: an interference with DNA synthesis, an interference with the

synthesis of substances directly involved in division, or effects on

control mechanisms involved in division. In addition to these specific

preparations for division, division may also be blocked by a general-

ized interference with protein synthesis, a generalized interference

with energy metabolism, or a generalized interference with some

other cellular process which may be involved indirectly with cell

division. However, it is likely that there are genes that are involved

primarily in cell division and their gene products may become

thermolabile at an elevated temperature. If such is the case and if

these types of mutants can be isolated, and characterized, useful

information concerning the regulation of cell division processes may

still be obtained even though the exact lesion is not ascertainable.

The problem is a difficult one but the understanding of cell division

is of such obviously great importance to all of biology that it warrants

any effort. Although studies with simple prokaryotes might more

likely lead to more easily interpretable results, the information so

gained is unlikely to elucidate eukaryotic cell division involving as it

does the highly organized movement of chromosomes. It is therefore
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worthwhile to attack the problem using a eukaryotic cell.

Selection of the Organism

The eukaryotic organism chosen for studies of cell division

processes should be one which possesses a small amount of genetic

material, is haploid during vegetative growth so that mutations are

easily expressed, and one which is amenable to genetic experimenta-

tion in order to determine dominance versus recessiveness, comple-

mentation, gene recombination, gene mapping, gene clustering, etc.

Chlamydomonas reinhardtii appears to fulfill these criteria. The

DNA content of this unicellular organism is relatively low for

eukaryotes, 0.106 pg per nucleus (37,56). This is approximately six

times the DNA content of a yeast cell and twice that of Neurospora

(59). The DNA of this green alga is believed to be packaged into

eight chromosomes in its haploid state (6, 41); in comparison, yeast

and Neurospora, possess 15 and 7 chromosomes respectively, in their

haploid condition (59). With this relatively low DNA content and low

chromosome number per haploid nucleus, this organism is particu-

larly favorable for research of the type outlined above. Although

yeast and Neurospora are also favorable organisms for such research,

Chlamydomonas has other advantages which recommend it. This cell

has been employed for many genetic studies (13, 14, 16, 20, 21, 40)

so a considerable amount of information currently exists concerning
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linkage groups, crossing over, etc. It also has the advantages of

having a short and simple life cycle, having a classical mitosis and

meiosis, being motile, having color, being large enough to be manipu-

lated quite easily under a microscope, and being able to propagate

favorably under laboratory conditions. It can be grown very easily

either phototrophically in the light, heterotrophically in the dark or

mixotrophically. Also, it appears to be a very hardy organism which

can be plated and manipulated by bacteriological techniques. The

colonies that form on agar are small and discrete in contrast to the

large overgrowth of agar shown by wild type Neurospora. Moreover,

vegetative cells can easily be made to undergo the formation of

haploid isogametes (+ and -) by slight alterations of the environment

(36, 39, 40, 51) and mating, which is followed by zygote formation,

meiosis, and the production of four to eight zoospores, is easily

accomplished. The ease of mating is in contrast to the difficulty in

mating yeast cells. All things considered, this organism is highly

suited for the study of eukaryotic cell division if TSD mutants can be

obtained.

Selection of the Mutagenic Agent

For an attempt to induce TSD mutants, ultraviolet light (UV)

might serve as the mutagenic agent. It has been found that UV is an

efficient mutagen, however it is not an ideal one. An ideal agent
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for mutagenesis is one that produces changes in the DNA molecule

that are not repaired. This is not the case for all of the UV damage.

Repair by photoreactivation and excisio.n repair have been found to

occur (54). However, not all lesions produced by UV may be recog-

nized by the repair system and, in fact, repair systems may also

produce mutagenic mistakes. Thus, TSD mutations might likely be

induced by UV-irradiation of this green alga.

UV-induced mutations probably result primarily from base

changes which take place in the DNA molecule following UV-irradiation.

These changes can be grouped into three basic types: transitions,

transversions, and reading frame shifts (24, 54). A transition muta-

tion results when a pyrimidi.ne base is replaced by another pyrimidi.ne

or a purine base by a different purine. An example of a mechanism

by which transition mutations are induced is as follows: the absorp-

tion of the energy of a UV photon can lead to the activation of the 5, 6-

double bond of cytosine with the consequent addition of H and OH from

water. The resulting hydrated cytosine can spontaneously deaminate

and dehydrate and yield uracil, another pyrimidi.ne base. During DNA

replication, the uracil would code for an adenine on the newly syn-

thesized strand. During subsequent replication, the adenine would

code for thymine thus yielding a cytosine to thymi.ne transition. This

mutation would probably not be detected by the excision repair system.
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A tra.nsvers ion mutation results when a pyrimidine base is re-

placed by a purine or vice versa. This replacement results in a

change of the diameter of the DNA structure and would probably be

detected by excision repair systems. However, UV-irradiatio.n ca.n

induce tra.nsversio.ns so not all such changes are repaired or trans-

version mutations may be produced by means other than direct photo-

chemical alteration (50).

The third type of UV-induced mutation is a reading frame shift.

This consists of the addition or deletion of a .nucleotide(s) in the DNA

chain. A reading frame shift may occur when DNA synthesis occurs

around a UV-induced pyrimidi.ne dimer. For example, if a base is

deleted, the base sequence of the DNA chain will be changed. Since

the genetic code is read linearly in groups of three bases (nucleotides)

by RNA plymerase, a mRNA that codes for a completely non-functional

protein may result. That is, as a result of a deletion, a series of

"new" triplet codons results and different amino acids will be incor-

porated into the polypeptide. As a rule, however, sooner or later

the reading frame shift, by chance, leads to one of three termination

codons, UAA, UAG, or UGA, resulting i.n the synthesis of a non-

functional shortened polypeptide. It is very unlikely that a reading

frame shift resulting from an addition or deletion of a base occurs

in a TS mutation. If, for example, a protein (enzyme) is produced

from such a mutated gene it will probably respond the same at all
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temperatures. This then leaves transition and transversio.n muta-

tions as the most probable types of UV-induced TS mutation.

Transition and transversions mutations may either be of the

misse.nse type or the nonsense type (61). A misse.nse mutation re-

sults from a change in a codon such that it becomes specific for a

different amino acid. A nonsense mutation on the other hand, results

from a change in a codon such that a chain-terminating codon is pro-

duced; that is, a UAA, UAG, or UGA. codon. These codons stop the

synthesis of a protein. It is unlikely that a short polypeptide will

have a.ny function at any temperature. Since only three termination

codons exist as compared to 61 non-termination codons, most base

change mutations are probably of the misse.nse type. Therefore

TS mutations are generally considered to be of the missense type

(43, 58, 61). Since UV produces base change mutations effectively,

UV was selected as the mutagenic agent for the attempt to induce

a TSD mutation.

Selection of TSD Mutants

The appearance of temperature sensitive division mutants is

likely to be a rare event even after mutagenization with some efficient

mutagen such as ultraviolet light. Therefore it is desirable to select

for TSD mutants by eliminating all cells that do not have the TSD

characteristics, i. e. , unmutated cells or cells with other types of
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mutations. As a working hypothesis, it was assumed that tempera-

ture sensitive division mutants might be blocked in some phase of

the cell cycle by some supraoptimal temperature that would allow

wild type cells to continue on towards division. Application of agents

that kill cells only during specific phases of the cell cycle should

eliminate u.nblocked cells while allowing the blocked cells or TSD

mutants to survive. For example, P-32 at high specific activity can

kill cells when incorporated into the DNA and allowed to decay (62).

Cells blocked by a TSD mutation might not incorporate P-32 into

their DNA and therefore might be expected to survive the treatment.

For another example, long term colchici.ne (Colcemid) treatment can

kill cells entering mitosis (46). Cells that are blocked in some part

of the cell cycle such that they do not reach mitosis would likely

escape the colchicine killing effect. For a third example, hydrox-

yurea (HU) is a substance which has been found to kill mammalian

cells when applied duri.ng the DNA synthesis phase (3, 52). Cells

blocked in other phases are insensitive to the HU killing effect (3).

Any of the above agents might serve to select for TSD mutants

and against wild type cells and .non-TSD mutants. In fact, any agent

that can effectively kill cells only during a portion of the cell cycle

can be used to select for mutants that are prevented in any way from

entering the sensitive phase. Unfortunately, the method also selects

for mutants that may be prevented from entering the sensitive phase
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by virtue of a generalized inhibitio.n of protein synthesis, energy

metabolism, or some other process that is not specific to cell

divisio.n per se. Therefore, the use of phase-specific killing age.nts

can, at best, enrich for TSD mutants. On the other hand, it is

possible that cells with TS mutations in more generalized processes

may have sufficient stores of materials to "coast" into the sensitive

phase and be eliminated. In any event, if one can obtain presumptive

TSD mutants, one must still screen for those possessing true TSD

characteristics. The best such characteristic is a stage-specific

effect of a temperature shift on cell division. That is, a true TSD

mutant is likely to be affected by a temperature shift only during a

restricted part of the cell cycle, because a division gene product

is likely to be involved only during a part of the cell cycle.

The primary thrust of the present study was directed toward

establishing the feasibility of selecting for TSD mutants by using a

stage-specific killing agent and working out procedures for screening

for TSD characteristics. Preliminary experiments were directed

toward developing a method for using P-32 as the killing agent,

however it was found that hydroxyurea was an effective stage-

specific killing agent for Chlamydomo.nas so it was chosen for the

further development of the technique for selecting TSD mutants.

Four presumptive TSDmutants were isolated and partially character-

ized. The four mutants proved not to be ideal TSD mutants, but they
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did show complex temperature sensitivity. In addition, two of the

mutants showed a complex sensitivity to light intensity and to a

nutrient medium which suggests that unbalanced growth can be lethal

to this organism.
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MATERIALS AND METHODS

One of the main objectives of this study was to develop techniques

and procedures for the isolation of TSD mutants. Therefore, only

brief and generalized materials and methods will be given below.

Many of the techniques used will be presented in the Results.

Organism

Chlamydomonas reinhardtii Dangeard strain 137c, obtained

from Dr. R. P. Levine, Harvard University, was used in all studies.

This green, heterothallic alga belongs to the family Chlamydomon-

adaceae which includes all members of the Order Volvocales that are

unicellular and possess a definite cellulose wall. Members of this

family also have all or a portion of the protoplast near this cellulose

wall (53). The genus, Chlamydomonas, is characterized by being

biflagellated, appearing circular from a vertical view, and having a

cell shape which is ovoid (53). C. reinhardtii is one of the numerous

species in the genus Chlamydomonas that has been used most exten-

sively in genetic and cytological studies.

Chlamydomonas reinhardtii (also called reinhardii and

reinhardi) seldom exceeds 8 to 15 microns in its largest dimensions.

The vegetative cell possesses a single cup-shaped chloroplast which

contains one pyrenoid and one eyespot. In the vegetative interphase
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state a single nucleus lies anteriorly in the cup of the chloroplast.

These are some of the main features of this organism. More in-

formation on its life cycle, particularly its asexual reproduction,

will be given later.

Media

The available media for Chlamydomonas were not deemed ap-

propriate for certain aspects of this study so it was necessary to

develop new media. The details of the experiments employed to do

so will be given in the Results. In this section, it will suffice to list

the media finally employed: a high-salt minimal medium (PP), PP

plus acetate (PAP), and Complete containing PAP, yeast extract and

tryptone. Table I lists the ingredients and methods of preparation.

These media were in some cases solidified with 1.5% agar (w/v).

Incubator-Illuminators

Cells were grown under differe.nt conditions of temperature and

illumination in three different incubator-illumi.nators.. For 25 C-

continuous light conditions, an enclosure containing four, overhead,

daylight, 40 Watt, fluorescent lamps was used. The 25 C tempera-

ture was maintained by the heat of the lamps and ballasts in the en-

closure which was placed in a.n 18 C constant temperature room.

For 33 C-continuous light conditions, a modified Frigidaire
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Table 1. Media employed a.nd their formulation.

A. MEDIA
1. Composition of Minimal Medium (PP).

PIPES Buffera (0. 02 M) 6.85 g/1
NH4C 1 0.40
CaC12. 2H20 0.05
MgSO4. 7H20 0. 10
KH2PO4 0.68
Polyvinylpyrrolidone (P VP) (0 . 01%) 0. 10
Ethylene Diamine (dinitrilo) Tetra-

acetic Acid Disodium Salt (EDTA) 50.00 mg/1
Z nSO4. 7H20 22.00
H3B03 11.40
MnC 12. 4H 20 5.06
FeSO4-7H20 4. 99
CoC12. 6H20 1.61
CuSO4. 5H20 1.57
(NH4)6Mo7024' 4H20 1. 10

2. Composition of PAP.
Sodium Acetate (0. 2%) 2

PP 1 1

3. Composition of Complete Medium.

Tryptone (0. 2%) 2

Yeast Extract (0.4%) 4

PAP 1 1

B. PREPARATION OF STOCK SOLUTIONS AND MEDIA

1. Stock Solutions.
ba. Beijerinck's Solution. This solution consisted of:

8 g NH4C1, 1 g CaC12. 2E120, and 2 g MgSO4' 7H20 added
to 1 1 of glass distilled water.

b. Trace Solution (30). b This solution consisted of: 50 g
EDTA, 22 g ZnSO47H20, 11.4 g H3B03, 5.06 g MnC12-
4H20, 4.99 g FeSO4. 7H20, 1.61 g CoC12' 6H20, 1.57 g
CuSO4' 5H20, and 1.10 g (NH4)6Mo7024 4H20. It was
prepared in the following way: Add all but the EDTA to
550 ml distilled water, dissolving them one at a time.
Put EDTA into 250 ml distilled water, heat until com-
pletely dissolved. Bring the first beaker to 70 C, add the
EDTA solution.



17

Table 1. Continued.

Keeping the total solution at or above 70 C, bring to pH
4.5-5.8 by adding 20% KOH solution (put 20 g KOH in 100
ml water). (Do not use NaOH, or KOH pellets undissolved.
Do not make more alkaline--it cannot be brought back with
acid). Dilute to 1000 ml. Let stand in flask with cotton
top until the solution turns purple (at room temperature).
Filter out red-brownprecipitate. Keep in refrigerator.

c. Phosphate Solution. A 1 M solution was prepared and
adjusted to pH 7.0 with 10% KOH.

2. Minimal Medium 1PP). c This medium was prepared by mixing
the following: 6.85 g PIPES buffer, 0.1 g PVP, 50 ml
Beijerinck's solution, 1 ml trace solution, 5 ml phosphate
solution, and 944 ml glass distilled water.

3. PAP Medium. c This medium was prepared as PP and then 2 g
sodium acetate were added.

4. Complete Medium. c This nutritional medium was prepared as
PAP followed by the addition of 2 g tryptone and 4 g yeast
extract.

5. Agar Plates. The media were prepared as above and 15 g
Bacto-agar were added per liter for a 1.5% solution. About
20-25 ml were introduced per gridded Petri plate.

6. Agar Slants. The media were prepared as above and 20 g
Bacto-agar were added per liter for a 2% solution. About 6-9
ml were introduced per screw top tube, depending on the size
of the tube.

a. Piperazine-N, N' -bis(2-ethane sulfo.nic acid) monosodium
monohydrate. M. W. = 342.37.

b. Via Dr. R. P. Levine, Harvard University.
c. All media were adjusted to pH 7.0 with 10% KOH, about

3.5 m1/1. These media are modified somewhat from those
used in Dr. Levine's laboratory.
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Frost-Proof food freezer was employed. It was fitted with three,

overhead, cool-white, 20 Watt, fluorescent lamps. Synchronization

of cell division by a 12 hr light-1 2 hr dark regime at 24 C (12), was

accomplished with a Model G27 Psychrotherm Incubator Shaker con-

taining seven, overhead, cool-white, 20 Watt, high output, fluorescent

lamps.

In all three of the incubator-illuminators, the light intensity

at the location of the cell culture was between 500 and 700 foot candles

as determined with a Weston Model 703 Foot Candle Meter. The tempera-

ture in all three incubators were maintained at least within + 1.5 C

of the nominal temperature.

Growth Conditions

Stock cultures were maintained on PP, PAP, or Complete agar

slants in screw cap tubes. Stocks were transferred every 3-5 weeks

by bacteriological loop. After inoculation, the cultures were allowed

to grow for 1-2 weeks at 700 foot candles at 25 C with the tops loose.

The tops were then tightened to prevent desiccation and the tubes

placed in dim overhead incandescent light at 18 C in a constant tempera-

ture room.

For experimental purposes cells were transferred aseptically

with a loop from stock cultures into 4 or 5 ml aliquots of liquid PP in

17 X 150 mm test tubes (RTU, ready-to-use, disposable tubes from



19

Scientific Products). The tubes were placed at an angle of about 30°

from the vertical in a wire test tube rack under continuous illumina-

tion (approximately 700 foot candles) at 25 C. After two days, 0. 2 to

0.5 ml of this suspension (depending on the cell concentration) was

transferred to fresh liquid PP. At least two transfers were made

prior to any experiment. For synchronous cultures, cells growing

in liquid PP, were subjected to a cycle of 12hr light and 12hr dark at

24 C. The cells were allowed to grow under these conditions (with

frequent transfers to fresh medium) until the various experiments

were performed.

Determination of Culture Growth and
Cell Division Characteristics

Hemocytometer Counts

Population counts of mass cultures were determined using a

hemocytometer after cells were fixed with iodine (36). A white blood

cell diluting pipette, which provides a 1:10 dilution, was generally

used. In all cases, cells on both halves of the hemocytometer were

counted for a total of at least 500 cells.

Optical Density Measurements

The optical density (OD) of a mass culture is

amount of absorbing material in the culture, which

related to the

is in turn related
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to the number of cells in the culture. Thus OD readings provide a

convenient measure of population density if the OD reading ca.n be

converted to the number of cells/ml.

To allow conversion of OD to cells/ml, a standard curve

(Figure 1) was constructed that related cells/ml (as determined by

hemocytometer counts) to OD (as determined with a Spectronic 20

set at 550 nm). The details for the construction of the standard curve

are as follows: The regular test tubes used for culture growth were

employed rather than cuvettes. The test tubes were first matched

against one another using 5 ml of PP. Only tubes that read within

+ 0.01 OD units of each other were used. Each tube was marked

for reproducible positioning. The data points for the standard curve

were obtained at many different times from actual culture growth

experiments under varying conditions. Initially, all OD measure-

ments were checked against hemocytometer counts in various experi-

ments. The correlation with the standard curve was generally within

+ 10%, so later, OD readings, which were much faster, were generally

used and only spot checks were made with a hemocytometer.

Microdrop Cultures

To obtain information on the division patterns of individual cells,

cells were pipetted individually ("spotted") into small drops of medium

covered with paraffin oil (47). In this way, individual cells ca.n be
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Figure 1. Standard curve. Cells were removed periodically
from cultures growing in PAP and PP and the cell
density determined with a hemocytometer. At the
same time, the OD was measured using a
Spectronic 20 colorimeter/spectrophotometer.
Cells were grown in matched culture tubes which
were also used to measure the OD.
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observed repeatedly to determine whether they survive or lyse,

divide, and if so, when they divide and how many cells there are in

a "burst" after breaking through the mother cell wall. This spotting

procedure is given below.

Approximately 1 ml of paraffin oil was placed on the surface

of a tissue culture dish (35 X 10 mm, Falcon Plastics). With a

micropipette and mouth tube, tiny drops of medium, with or without

cells, were placed onto the dish surface through the oil while observ-

ing under a binocular dissecting microscope with a magnification of

40-60X. The micropipette was made from a long-stemmed Pasteur

pipette, 9" long by 7.0-7.5 mm outside diameter. The narrow end

of the pipette was heated until pliable in a microflame (provided by a

cutoff 1 inch, 18 G syringe needle attached to a gas supply), quickly

removed from the flame, and "pulled apart" immediately to yield a

long tapered-bore, closed tip pipette.. The tip was then broken off

at the appropriate bore. An appropriate bore is approximately 50

microns or four to five cell diameters. After a little practice, the

appropriate part of the drawn out tapered-bore pipette can be located

under the microscope and the tip broken off at that point with jeweler's

fine forceps. The bore of the micropipette is very critical: if too

small, cells can be easily damaged; if too large, it is very difficult

to make the spots and to regulate the fluid or medium volume as well

as the cell number in each drop. The appropriate amount of medium
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in each drop was determined when a dark ring or fringe formed

around the periphery of each drop. This ring should be easily ob-

served but should not give a black appearance, only a heavy shadow-

like appearance. If this fringe is too dark, cells in this area can not

be seen clearly. If too light or absent, the volume of the medium

is not sufficient and the drops dry out quickly.

The ideal diameter of each drop is that which just fills the field

of the compound microscope. With the equipment used in the present

study the diameters were determined to be 0.45 mm at 400X (40X objec-

jective and 10X eyepiece) aria°. 7mm at 300X (20X objective and 15X eyepiece).

Drying out of the microdrops was no problem for the first 1 to

2 days. Fresh medium was simply added to each drop when the dark

ring had nearly disappeared. In this study, fresh medium was not

added more than twice for any experiment. This period of time was

satisfactory to conclude the experiment in progress. (To avoid a

hypertonic solution due to evaporation, distilled water could be added

following the second addition of fresh medium. Another way to reduce

the evaporation problem would be to place the tissue culture dishes

containing the spotted cells in a humidity chamber.)

Cells can be spotted in one of two ways: the cells can be spotted

as the drops are being made, or the drops can be made and then a

cell placed into each drop. A dilute suspension (about 2 X 105 cells/

ml) is necessary for the former. The fastest way of spotting cells



24

and medium is as follows: cells were drawn into a micropipette from

a culture having a concentration of about 1 X 106 cells/m1 and then

some fresh medium was drawn into the same pipette. A few drops

could be placed on the surface of the dish before cells appeared and

a few drops of the appropriate size that still contained only one cell

could be made. As more cells appeared the empty drops could then

be inoculated easily. More fresh medium was drawn into the pipette

and the procedure repeated until the desired number of spots were

prepared. Generally, about 50 drops containing one cell/drop were

placed on each dish. However, 100 drops can be placed on a single

tissue culture dish with ease.

Agar Surface Method

Another method used to observe individual cells was to place

one drop of a properly diluted cell suspension onto a designated area

of an agar plate. The conce.ntration of the suspension was generally

about 1 X 106 cells /ml or 4 X 104 cells/drop per plate. The fluid

of the drop soaked into the agar and left the cells well dispersed from

one another. A small representative area of each "dried" drop was

then selected microscopically. This area was mapped so that the

s ame cells could be observed repeatedly. This method eliminated the

manipulation of the cells with a micropipette, which may be somewhat
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tedious at times and also damaging to the cells if the micropipette

does not have the proper bore.

Cell Survival Determination

Cell viability was determined by plating a known concentration

of cells o.n 1.5% agar plates and counting colonies after 4-5 days.

The plating' was accomplished by placing a diluted cell suspension

(0.1 ml) on the agar along with five reusable, sterile, glass beads

measuring about 5 mm in diameter. The plates were then moved

back and forth to make the beads roll over the surface of the agar,

rotated about 900, moved back and forth again, rotated again, etc.

Movement for a total of about 10 seconds produced a very uniform

distribution of the cells. (The 10 second shaking time was determined

in a preliminary study in which approximately 925 cells were plated

onto each of 6 plates and various times of shaking used for the dis-

tribution of the cells. With 5 seconds shaking, the plating efficiency

was 96%, 10 seconds - 98%, 15 seconds - 94%, 20 seconds - 94%,

25 seconds - 86%, 30 seconds - 80%. The distribution was good o.n

all plates, so the 10 second shaking time, which had the highest

plating efficiency, was selected for subsequent experiments.) In

early plating experiments it was found that colonies forming on the

1 This method of distributing cells o.n agar plates was introduced
to the author by Dr. Frederick A. Hodge then at Oregon State Univer-
sity now at Naval Biomedical Research Laboratory, Oakland, Calif.
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periphery of the agar plates were more difficult to count and study

than those within the 80 mm diameter portion demarcated by a rim

in the plastic Petri dish. It appeared that the number of colonies at

the periphery was always a constant proportion of the total. There-

fore, in subsequent studies, only the colonies forming within the inner

80 mm diameter portion were counted and used.

Irradiation

Cells were either irradiated in liquid PP or after plating them

on PP agar plates. In the former case, the cell suspension (8-10 ml)

was approximately 2 mm deep and contained about 2.5 X 105 cells/ml.

The UV-irradiation was supplied by two germicidal lamps emitting

approximately 90% of their energy at 254 nm. The dose rate at the

SSD distance of 57 cm was about 1150 ergs/mm 2 per minute as

determined with a Westinghouse UV meter, SM-200. All irradiations

were performed i.n the "dark", i.e. , in actual darkness or in yellow

light from 100 Watt G. E. Bug Lights.
2 After irradiation the cells

were maintained i.n total darkness for 24 hours to prevent photoactiva-

tion (11).

2Nachtwey and Giese (48) have concluded that light from G. E.
Bug Lights does not photoreactivate.
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Hydroxyurea Treatment

The hydroxyurea (HU) was obtained from Mann Research

Laboratories and stored at 4 C. Solutions of various concentrations

in PP medium were prepared just prior to use. Generally, the HU

was removed from the cell suspension, following treatment, by hand

centrifuging the cells, decanting the liquid, and adding fresh medium.

In some experiments in which the HU-treated cells were immediately

plated on agar, the HU was not removed since the dilution was suffi-

cient to reduce its concentration well below its toxic level.

Transferring of Mutant Colonies

Mutant colonies of interest that were to be tested under various

conditions were transferred from the initial agar plate to several

others by means of a "hooked", medium sized syringe needle (dis-

posable, Yale hypodermic, 26G 1/21. The needles were heated and

the tapered end bent backwards to form a hook. A colony was re-

moved under a dissecting microscope and a portion was placed on each

of several plates. Generally, the size of a colony was such that parts

of it could be transferred easily to three to five plates. Microscopic

examination at 40 -60X magnification insured that cells had been

transferred and that the transferred cells were adequately separated

from other cells put on the same plate. At most, 25 colony samples,
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i. e., cells from individual colonies, were placed on each agar plate.

This technique is rather slow, but very efficient. Approximately, 15

to 20 colonies can be transferred onto several plates in an hour.

Obviously, the transferring technique involves opening and

closing a given plate, at a minimum, as many times as the number

of colonies transferred to it. During this time, contamination could

become a problem. This, however, was not the case in this study;

only occasionally, did a bacterial or fungal colony form on the agar

plates. Even the occasional contamination problem was greatly re-

duced by swabbing the lab tables before use with a 50% Clorox solution

and by using aseptic procedures i.n the transfer process.

Staining of Nuclei

The method used for staining nuclei was a slight modification of

that reported by Levine and Folsome (41), who found that Azure A

was superior to Feulgen stain for C. reinhardtii. The method con-

sisted of the following steps. A drop of cell suspension was placed

on a slide and allowed to almost dry. The cells on the slide were

then fixed for 6 - 12 hr in Carnoy's solution (1 part glacial acetic acid

to 3 parts absolute ethyl alcohol), rinsed i.n glass distilled water for

about 1 minute, hydrolyzed in 1 N HC1 at 60 C for 5 minutes, stained

for 60 minutes in freshly prepared 1% aqueous solution of Azure A

plus five drops of thionyl chloride per 100 ml of stain, rinsed again
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in glass distilled water for about 30 seconds, and dehydrated by

passing through progressively higher concentrations of ethanol (30, 50,

70, 95, and 100%) for a period of 5 minutes in each. Following the

dehydration process, the cells were cleared by means of xylene-

ethanol for 5 minutes (1 part xylene to 1 part absolute ethanol) followed

by two 10 minute washes in xyle.ne. The slides were made permanent

by mounting coverslips with Preservaslide. After drying on a slide

warmer for 48 hr, the slides were observed.

Photography

All photomicrography was done with a Nikon automatic photo-

micrographic attachment (AFM) in conjunction with a Nikon SKE

microscope using either a 20X or 40X objective and a 10X ocular.

The film used was Kodak 35 mm Panatomic-X, ASA 32.
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RESULTS

Growth Characteristics

In order to evaluate the characteristics of TSD mutants, it is

necessary to understand the growth characteristics of normal wild

type (WT) cells cultured under the growth conditions to be used in

subsequent studies.

Chlamydomonas remains as a single cell throughout most of its

generation cycle. Toward the end of its generation, it undergoes a

series of rapid nuclear and cytoplasmic divisions within the mother

cell wall. Finally, 4, 8, 16, and sometimes even 32 cells burst from

the mother cell (11, 30, 35, 37). The generation time, that is, the

time between bursts, and also the burst size, greatly depend on tem-

perature, light intensity, and nutritional status (23, 44).

Evolution of the Growth Media

The media employed to determine the growth characteristics

(generation time and burst size) of WT cells and the subsequent mutants

are listed in Table 1 of the Materials and Methods. These media are

the outgrowth of preliminary studies which were instituted on the basis

that the decay of P-32 incorporated into DNA would be used as the

stage-specific killing agent for the selection of TSD mutants. This

avenue to TSD selection is still open by using the medium that evolved
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from these studies. Were it not for the fact that HU seemed to be a

more favorable substance, the P-32 suicide technique would have

been tried.

The media used by most investigators generally contain high

concentrations of phosphates as the buffer. Obviously, high concen-

trations of non-radioactive phosphorous would compete with the small

amount of P-32 that could be added, and thus greatly reduce its in-

corporation into DNA and thereby its killing effect. Levine (personal

communication) had developed a low-phosphate acetate medium that

was buffered with the organic compound, TRIZMA 121 (TRIS (hydrox-

ymethyl) amino-methane). This medium, called TAP for TRIS-

ACETATE-PHOSPHATE, was tested and found to support good growth

at 25 C. However, it did not hold the pH at 7.0 and also the pH shifted

up significantly when the temperature was dropped from 25 C to 5 C.

Because the P-32 suicide technique involves holding the cells for a long

period of time at a temperature low enough to prevent cell division

and thus allow sufficient P-32 decay to kill the cells, a different or-

ganic buffer was sought.

PIPES (Piperazine-N-N' -bis (2-ethane sulfonic acid) monosodium

monohydrate) is one of several "Good Buffers" developed and tested

by N. E. Good and coworkers at Michigan State University (22). (It

is now commercially available from Calbiochem, among others. )

PIPES has several characteristics that recommend it for the P-32
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suicide technique: the pKa
of a 0. 2 M solution at 25 C is around 6.8

and its buffering range is pH 6.1 to 7.5. In contrast, TRIZMA,

mixed with HC1 has a pKa of 8.3 and a buffering range of pH 7. 2 to

9.4. The temperature coefficient for PIPES is the lowest of any of

the "Good Buffers", -0.0085 pKa units/degree C. In contrast, for

TRIZMA the comparable value is -0.031. Additional advantages of

PIPES are that it is very soluble in water and has very little, if any,

chelating effect on salts in the medium.

A medium was formulated on the basis of Levine's TAP medium

but using 0.02 M PIPES instead of TRIZMA. This medium was called

PAP for PIPES-ACETATE-PHOSPHATE (see Table 1). It was found

to support growth of Chlamydomonas cells in most cases as well as

the TAP medium. The PAP medium was found to hold its pH well in

the range 6.4 to 7.4. Good growth of cells was obtained at pH values

of 6. 4, 6.8, 7.0, and 7.4, but the best growth occurred at pH 6.8 and

7.0. The pH 7 medium was chosen for further studies.

In other preliminary studies it was found that the acetate could

be omitted with little effect on the growth rate or cell concentration

at maximum stationary phase. Since omitting the acetate was neces-

sary for synchronizing cells by the 12 hr light-1 2 hr dark treatment

and since elimination of the acetate would likely reduce potential

bacteria and fungal contamination, the medium was routinely used with-

out acetate and designated PP for PIPES-PHOSPHATE.
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The phosphate content of the PP medium was varied over the

range 0.136 to 0.68 g/1 and found to have little effect on growth rate

or cell density at maximum stationary phase. In fact, omitting

phosphate completely, still allowed a considerable increase (four-

to sixfold) in cell number. Apparently, the cells can store phosphate

for later use. The amount of phosphate finally chosen for routine

use in the PP medium was fairly arbitrary. It should be emphasized

that the phosphate concentration can be altered substantially without

affecting the other growth promoting characteristics of the medium.

For use of the P-32 suicide technique it should be merely necessary

to grow cells for a time in the medium lacking phosphate (i. e. , starve

them for phosphate) and then add a radioactive phosphate salt. Pre-

liminary studies have indicated that addition of a small amount of

phosphate to phosphate-starved cells is followed by a burst of division

activity about 15 hr later.

In addition to the changes in buffer, acetate, and phosphate

contents in the PP medium as compared to Levine's TAP medium,

polyvi.nylpyrrolidone (PVP) was added. PVP is thought to act as a

surface protectant giving the cell an "outer coat" which prevents or

reduces the possibility of adherence of o.ne cell to another or to the

glass surface of a culture container. In earlier experiments, it was

observed that cells in culture tubes had a tendency to adhere to the

glass and also to remain clustered after bursting from the mother
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cell. Following the addition of 0.01% PVP to the medium, these

problems were greatly reduced. The PP medium as it had now evolved

was used routinely in all subsequent experiments requiring a minimal

medium. For experiments requiring a rich nutrient medium (i. e. ,

Complete medium), acetate, yeast extract, and trypto.ne were added

to PP medium.

Temperature Studies

The 25 C temperature so frequently used in studies with

Chlamydomonas rei.nhardtii is mainly a matter of convenience. It

may be that 25 C is the temperature that results at the location of the

cells when they are grown openly under fluorescent lights at a com-

fortable room temperature. Studies by Whitton in this laboratory

(personal communication) indicated 25 C is not the optimal tempera-

ture for maximum growth rate. Nonetheless, 25 C, being well

within the biological range for C. reinhardtii, can serve as a con-

venient "permissive temperature" at which wild type and possible

temperature sensitive mutants may grow.

The selection of 33 C as a potentially restrictive or non-per--

missive temperature for TSD mutants was based on the fact that this

represents a supraoptimal temperature at which wild type cells can

still grow normally. Gross and Jahn (23) determined that the tempera-

ture threshold for inhibition of division of C. moewusii was between
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32.5 and 35 C. At 35 C, cells did not divide but were still viable

after 9 days. McCombie (44) found the growth of C. rei.nhardtii

was greatly reduced at 34 C as compared to 28 C. Studies in our

laboratory by Whitton (personal communication) indicated that 38 C

completely suppressed cell division, 36.5 C greatly reduced it, but

35 C allowed nearly normal division. These results suggest that a

temperature of 35 C could be used. However, to avoid possible

complications arising from working right at the critical threshold,

a temperature of 33 + 1 C was selected. In further discussion this

temperature will be referred to as the non-permissive, or re-

strictive temperature, or simply the 33 C temperature.

Figure 2 shows a comparison of the growth patterns of mass

cultures of wild type cells in liquid PP medium at 25 C and 33 C.

During the first 24 hr, cells at 33 C increase at a slightly greater

rate then cells at 25 C. The culture doubling time at 33 C is 14 hr,

whereas, at 25 C, it is about 18 hr. After the cell density reaches

about 2-3 X 106 cells/m1 at either temperature, the culture doubling

times in both cultures increase to about 60 hr. (It should be em-

phasized that culture doubling time as used for Chlamydomonas bears

no simple relationship to generation time because these cells do not

divide into two separate entities at the end of the generation time but

give rise to 4, 8, or 16 cells. Nonetheless, the culture doubling

time is a convenient measure of the rate of increase of cells in a
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Figure 2. Asynchronous mass culture growth of wild type cells.
Cells were grown in liquid PP in culture tubes. The
cell density was obtained from Figure 1 after OD
measurements had been made. Open circles represent
the cells at 33 .0 and closed circles represent the
cells at 25 C.
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culture.) The shorter culture doubling time at 33 C relative to that

at 25 C during the first 24 hr can be attributed either to a shortened

generation time, to a larger average burst size, or to both. The small

difference in growth rates is not consistent with the expected tempera-

ture coefficient (Q10) of about 2.

After the cells in either culture reached 3-4 X 106 cells/ml, ap-

parently some factor other than temperature became rate limiting.

Growth may have been limited as a result of increased shielding of

cells from the light with increased cell density; that is, the average

cell was exposed to a lower light intensity. It can be postulated that

as light decreases: either 1) the generation time of each cell in-

creases; 2) the burst size of each cell decreases; 3) many cells do not

divide at all; or 4) there is a combination of these effects. However,

interactions between cells other than by shielding cannot be ruled out;

for example, competition for CO2 may become a limiting factor.

Similar studies of growth in Complete medium were precluded

by the fact that cells in Complete medium become immobile and re-

main clumped together after cell division. The clumping yields very

erratic OD readings.

More easily interpretable data on the division characteristics

of cells can be obtained by repeatedly observing individual cells in

microdrops for evidence of cytokinesis (two, four, or eight cells

within the mother cell wall) and for evidence of bursting. Figure 3
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Figure 3. Division and burst characteristics of wild type cells at
25 C. Asynchronous cells were spotted in PP microdrops
covered with paraffin oil and observed for evidence of
division and bursting. The generation time, 11 hr, is
indicated by the arrow between the first and second burst
at the 50% points. Circles represent first dividers,
triangles second dividers, squares third dividers, inverted
triangles first burst, and diamonds second burst.
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shows the results of a typical experiment to determine the growth

characteristics of individual cells at 25 C in microdrops of PP. The

cells were randomly chosen from a mass PP culture grown at 25 C

to a density of about 1-2 X 106 cells/m1 and spotted at time 0. After

about 7 hr, cells at the two cell stage (first cytokinesis) begin to

appear. During the next 6 hr, about 85% of the cells in the sample

undergo their first cytokinesis. The remaining 15% struggle into

cytokinesis during the next 10 or so hr and one cell did not undergo

cytokinesis at all during the 40 hr of observation. The second

cytokinesis follows the first by about 60 minutes. Some of the cells

(40%) undergo a third cytokinesis generally about 1.5 hr after the

second. (This latter finding is not apparent in Figure 3; it was ob-

tained by considering the subpopulation undergoing three divisions

as a separate population.) A small percentage (5%) of the cells

underwent a fourth cytokinesis. Bursting from the mother cell wall

occurs 3.75 hr after the first cytokinesis independent of whether the

cells separated into fours or eights. (The time to burst for those

going to 16 may be somewhat longer.) After an additional 11 hr, the

cells undergo another series of cytokinesis and burst again. The

interval from burst to burst (see Figure 3) is a measure of the genera-

tion time. (The same value is obtained when one measures from first

cytokinesis to first cytokinesis of the subsequent generation.) This

generation time, 11 hr, is comparable to that found by Sueoka (55).
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That the generation time as measured from burst to burst is less

than the interval between spotting and the time at which 50% of the

cells have burst for the first time indicates that a lag is introduced

by the spotting technique. The exact amount of the lag is difficult

to assess because the expected time of 50% bursting is a complex

function of the age gradient of the randomly dividing population and

the distribution of generation times (46). The age gradient for a

population of Chlamydomonas cells is further complicated by the fact

that the population is composed of cells that divide into 4's, 8's, and

16's. If all cells divided into eights, the distribution of cells of any

given age (age=time since burst) would be heavily skewed toward

young cells because there are eight young cells that have just burst

for every one mother cell just prior to bursting. In a random sample

of such a population, about 75% of the cells are in the first half of

their generation. If there were no lag and the distribution of genera-

tion times could be ignored, the time to 50% burst would be around

8 hr after spotting. In a population of cells that divides into fours,

the time to 50% burst would be around 7 hr. Therefore the lag intro-

duced by spotting in the experiment shown in Figure 3 is likely to be

somewhere between 6 and 7 hr.

It should be pointed out that at the time of spotting there are

fewer cells in division than would be expected in a random sample of

asynchronous cells. There may have been an unconscious selection
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against cells in division since these become immobile and remain

at the bottom of the culture dish. On the other hand, it is also pos-

sible, although never observed in this study, that the pipetting breaks

mother cell walls and releases the young cells prematurely. In any

event, cells in some phase of division would constitute only about

15% of a random population as determined from a consideration of

the age gradient, so their lack does not indicate a serious deviation

from randomness.

A comparison of cells growing in microdrops of PP at 25 C

with those growing at 33 C is shown in Figure 4. (Because the second

division follows the first by about 30-60 minutes, the curves for

the second division are omitted for clarity.) The major difference

in the growth characteristics of cells grown at the two temperatures

is the burst size: at 25 C, 37% have a burst size of eight or more;

at 33 C, 90% have a burst size of eight or more. Although it is not

apparent in Figure 4, at 25 C, 5% have a burst size of 16; and at 33

C, 40% have a burst size of 16. The time from 50% first division

to 50% burst is about the same at both temperatures (3. 75 hr).

It may be inferred from the results that the generation times

at the two temperatures are not greatly different. These results

suggest that the major difference in the growth rates of the mass

cultures (Figure 2) during the first 24 hr could result from differences

in burst size. However, it is also evident that not all cells in the
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Figure 4. Division characteristics of wild type cells in PP at 25 C
and 33 C. Cells were spotted in microdrops and placed
in continuous light. The 33 C cells were maintained at
33 C for 24 hr and then returned to 25 C. Circles repre-
sent the percentages of cells dividing once. Squares
represent the percentages of cells dividing three times.
Closed symbols refer to cells at 25 C. Open symbols
refer to cells exposed to 33 C for 24 hr.



43

mass cultures divide; if they did, one would expect about a sixfold

increase in cell number at 25 C and greater than an eightfold in-

crease in cell number at 33 C. These results indicate that at the cell

densities that yield convenient optical density readings, the cells are

not in the exponential growth phase for a complete generation time.

Cells spotted in Complete medium show a pattern of growth

slightly different from cells spotted i.n PP. Figure 5 shows the re-

sults of such an experiment. Cells were spotted as above except

i.n Complete medium and some placed at 25 C and some at 33 C. The

time of 50% first division of cells grown at 33 C is delayed by about

4 hr relative to that of cells at Z5 C. The time between the first and

third divisions is significantly increased for cells in Complete medium

at 25 C relative to that at 25 C in PP or at 33 C i.n either PP or

Complete medium.

In addition, the first division of cells in Complete medium at

25 C is delayed 4 hr when compared to cells grown in PP at 25 C.

(comparing Figures 4 a.nd 5). It appears that some component of the

organic medium delays cell division at 25 C and that this delay may

be enhanced slightly at 33 C. However, it can be inferred from the

results that even with a slight delay at the higher temperature the

growth rate at 33 C i.n Complete medium is still slightly higher than

at 25 C because 55% of the cells at 33 C had divided at least four

times (16 or more cells per mother cell) by 24 hr as compared to
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Figure 5. Division characteristics of wild type cells in Complete
medium at 25 C and 33 C. Cells were spotted in microdrops
and placed in continuous light. The 33 C cells were
maintained at 33 C for 24 hr and then returned to 25 C.
Circles represent the percentages of cells dividing once.
Squares represent the percentages of cells dividing three
times. Triangles represent the percentages of cells
dividing four times. Closed symbols refer to cells at 25 C.
Open symbols refer to cells exposed to 33 C for 24 hr.
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only 13% of the cells at 25 C.

The major difference between cells grown at the two tempera-

tures on Complete medium is in the percentage that reaches the 16

cell stage. Of the cells grown at 33 C, 86% reach the 16 cell stage

by 30 hr, whereas for cells at 25 C, only 13% had done so. (It is

not known with certainty if these represent the actual burst sizes,

because cells in Complete medium do not clearly separate from the

mother cell but remain clumped.) A comparison of the results at

25 C and 33 C in PP and Complete media indicates that cells grown

in Complete medium, on average, undergo more divisions per ge.n-

eratio.n than do cells i.n PP. In addition cells grown at 33 C in either

medium undergo, on average, more divisions per generation than

those at 25 C.

In addition to studying the growth and division pattern in mass

cultures and in microdrops, cell division characteristics were also

observed on agar. One drop of a properly diluted cell suspension

(1 X 106 cells/m1) was placed on a designated area of a 15 X 100 mm

gridded Petri plate. After the drop had soaked into the agar, a 200X

microscopic field comprising approximately 25 to 30 well dispersed

cells was selected and marked for repeated observation. Figure 6

shows that the growth of WT cells on Complete medium agar (Complete

agar) is similar to that i.n microdrops containing Complete medium.

The time to 50% first dividers (two cell stage) is approximately 15 hr
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Figure 6. Comparison of the division characteristics of wild type
cells on agar and in microdrops. Cells were spotted
into Complete microdrops or placed onto Complete agar
and incubated at 25 C. Circles represent the percent-
ages of cells dividing once. Squares represent the
percentages of cells dividing three times. Closed
symbols refer to cells spotted in microdrops. Open
symbols refer to cells placed onto agar.
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in both cases; the percentage of the population going to the 16 cell

stage is similar in both cases. The major difference observed be-

tween cells grown under these two conditions is that for cells grown

on agar there is initially a higher percentage of cells which have

divided once. The most likely explanation is that when spotting cells

into microdrops, small clusters of cells (early dividers) are probably

not picked up with the micropipette. It was also found that cells on

PP agar show a pattern similar to that observed in microdrops of PP.

It was concluded that WT cells could be grown and division character-

istics assessed satisfactorily at 25 C and 33 C in microdrops and on

agar using both PP and Complete media. It was also concluded that

division characteristics of cells in mass cultures could be studied

only in PP medium and that the lack of exponential growth precluded

easy interpretation of such data, but that mass cultures could still

be used for studying the relative effects of various agents up to a cell

density of about 3 X 106 cells/ml.

Synchronized populations of cells are desirable for studies of the

stage-specific killing effects of HU and for obtaining cells which are

in the same stage of the cell cycle immediately preceding irradiation.

Therefore, the division pattern of synchronized WT cells was de-

termined. Synchronization was accomplished by subjecting the cells

to a 12 hr light-12 hr dark regime. Figure 7 shows the increase in

cell number of a synchronized mass culture, as a function of time,
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Figure 7. Synchronous mass culture growth of wild type cells.
Cells were grown in liquid PP in culture tubes at 24 ± 1
C on a 12 hr light(L)-12 hr dark(D) cycle. ODs were
recorded periodically during the light period and con-
verted to cell number by means of Figure 1. Each
point represents the average of four tubes. The dashed
curve represents the approximate burst times as
observed with cells in microdrops.
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for WT cells grown i.n liquid PP in tubes at 25 C and a light intensity

of 600 foot candles at the surface. As can be seen, the cell number

increases approximately threefold during the first 24 hr and then

increases at a gradually decreasing rate thereafter. Again, note the

lack of exponential growth except during the early portion of the ex-

periment. A less than fourfold increase suggests that 1) not all cells

divide into four and burst every 24 hr; or 2) the burst size of some

cells is less than four, i. e. , two. This was tested i.n another experi-

ment: during a 24 hr period cells were sampled hourly from a

synchronized culture at an initial density of 1.5 X 106 cells/ml, and

fixed with iodine to determine the percentage of cells having under-

gone cytokinesis within the mother cell. The highest percentage of

cells that had divided at least once was 42%. The breakdown of this

percentage was: 24% in clusters of two, 16% in clusters of four, and

2% in clusters of eight. This occurred at approximately the 10th hr

of the dark period. After 1 hr into the light period of the next genera-

tion only 4% were i.n clusters of two and 2% in clusters of four.

Hemocytometer counts were made at the beginning of the 24 hr period

and at the end. Approximately, a two and one-half-fold increase in

cell number was found. The results are consiste.nt with the OD

measurements and indicate that .not all cells divide, and that many

of those that do, divide into twos.
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More easily interpretable data may be obtained by spotting

individual cells into microdrops and following the division patter.n

and noting the burst sizes. To obtain some information as to what

was happe.ning at the cellular level, cells were spotted i.n microdrops

of PP during the light phase of the synchronizing treatment. These

cells were then observed hourly through the remainder of the cycle.

Figure 8 shows the results of such an approach with synchronized

WT cells grown in PP at 25 C and 600 foot candles. It may be seen

that the division period begins shortly after the o.nset of the dark

period a.nd is completed by the 8th hr of the dark period. Two or

three rapid cellular divisions are observed. The second cytokinetic

division follows the first by approximately 1 hr. Although not

apparent in Figure 8, the cells that divide a third time do so about an

hour after their second divisio.n. From this and other similar experi-

ments, it is concluded that under these conditions essentially all

(more than 90%) of the cells divide at least twice and some divide

three times (40%-75%). Bursts of two were never observed and

seldom were burst sizes of 16 observed.

If one-half burst into fours and the other one-half into eights,

this would lead to a sixfold increase in cell number, however, at no

time was such an increase observed in a mass culture. As with

asynchronous cells the light intensity might possibly play a role i.n the

unexpectedly small increase because cells in microdrops will
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Figure 8. Synchronous division characteristics of WT cells.
Wild type cells were grown in liquid PP at a
temperature of 24 + 1 C and 600 foot candles on a
12 hr light - 12 hr dark cycle. Cells were placed
into microdrops covered with paraffin oil approxi-
mately midway through the light period and
observed for one generation. Each observation
during the dark period required less than 5 minutes
exposure to room and microscope light. The
values on the x-axis represent the clock time.



52

obviously receive more light than cells in a mass culture although

the light at the surface may be the same. In an experiment to de-

termine whether cells i.n microdrops at a reduced light intensity show

a similar division pattern as cells in mass cultures, synchronized

cells were spotted into PP and placed at 200 foot candles. The re-

sults obtained showed that only about 40% of the cells divided during

the first 24 hr and these had a burst size of primarily four. This

represented approximately a two to two a.nd one-fourth-fold increase

i.n the cell number. Most of the remaining 60% divided during the

next 24 hr period. These data appear to coincide with those obtained

for cells in mass cultures. Light i.ntensity may thus play a role in

determining burst size, generation time, and may also accou.nt for

the lack of expo.ne.ntiality observed i.n growth curves from mass

cultures of synchronously grown cells, (Figure 7) and for that mat-

ter, for asynchronously grown cells (Figure 2).

Response to UV-Irradiatio.n

Ultraviolet light was selected for mutation induction, so it was

necessary to know the levels of survival of cells after various ex-

posures to UV-irradiation. It was assumed that at doses that killed

a large fraction of the population (e. g. , 99%), the surviving cells

would be very likely to have mutations (54). Figure 9 shows the

survival curve for cells synchronously grown in liquid PP and
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Figure 9. Survival curve for C. reinhardtii on PP agar. After
plating by means of the bead technique , cells were
irradiated 3-4 hr into the light period with UV from a
germicidal lamp for various durations(synchronized
cells were used). All irradiations were carried out
either in total darkness or in yellow light. After
irradiation, cells were maintained in the dark for 24
hr to prevent photoreactivation. Two experiments are
represented.
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irradiated on PP agar at 3-4 hr after the onset of the light period.

The survival curve parameters are as follows: D37 = 260 ergs/mm 2,

the extrapolation number (.n) = 6.4, the exposure required to kill 90%

(LD90) = 1060 ergs/mm 2, and the D10 = 595 ergs/mm 2. A survival

of 0.8% resulted after an exposure of 1.5 minutes or 1725 ergs/mm 2,

so 1. 5 minutes was chosen as a convenient exposure for the mutation

induction studies. However, in subsequent experiments, cells were

irradiated in 2 mm layers of liquid PP rather than on PP agar plates.

Exposure of cells for 1.5 minutes under these conditions allowed

about 7% survival. The increase in survival in the liquid PP may have

resulted from shielding of some cells by others yielding a lower aver-

age dose to all of the cells.

Observations Following Hydroxyurea Treatment

Hydroxyurea (HU) is an agent that may affect cells in a number

of ways. It may prevent cells from entering the S phase (52), kill

cells which are in the S phase (3, 52), prevent the conversion of

ribonucleosides to deoxyribonucleosides (3), or interfere with the

conversion of pyrimidine precursors to their respective bases (60).

If HU acts on Chlamydomonas cells in a manner similar to its

effects on mammalian cells (3, 52), that is, killing them primarily

during the S phase, it could be a very useful and convenient agent to

eliminate non-TSD mutants and WT survivors. The effects of various
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concentrations of HU on C. reinhardtii were studied in order to as-

certain an effective concentration of HU. Figure 10 shows the effects

of 0.1, 1, 10, and 100 mM concentrations on the growth of cells in

mass cultures. As can be seen, 0.1 a.nd 1 mM concentrations had

essentially no effect on the increase in cell number. At the 10 mM

concentration, growthwas greatly inhibited. Although it appears that an

increase in cell number occurred, this is probably .not to the extent

indicated: it was observed that cells increased somewhat in size

during this period and this size increase could account for much of the

increase in the optical density readings from which the cell numbers

were obtained. At the 100 mM concentration, the increase in cell

number appeared to be inhibited to a greater extent than in the 10 mM

treated cell suspension. This might indicate suppression of both

growth and division.

To determine the lethality of HU after 24 hr of treatment, syn-

chronous mass cultures were exposed at both 25 C and 33 C to the

four different concentrations of HU beginning at the onset of the light

period. Cells were washed once and plated on PP agar immediately

following the 24 hr treatment a.nd subsequently incubated at 25 C.

After treatment at both temperatures, survival, expressed as cells

which eventually divided to form macroscopically visible colonies,

was normal, or nearly so, for cells exposed to the 0.1 mM concentra-

tion, it was somewhat reduced after the 1 mM treatment and greatly
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Figure 10. Effects of continuous hydroxyurea on wild type cells.
Cells were synchronously grown in liquid PP in culture
tubes. OD readings were obtained periodically and
converted to cell number by means of Figure 1. Various
concentrations of HU were added 2-3 hr after the last
synchronous division (= 0 time). Thereafter, the cells
were maintained in continuous light. Triangles represent
the controls, inverted triangles-0.1 mM, squares-I mM,
open circles-10 mM, and closed circles-100 mM.
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reduced after treatment with 100 mM. However, the fewest colony

formers (less than 4%) appeared after the 10 mM treatment. The

reason that the 100 mM concentration was less effective than the

10 mM may be that the higher concentration produces a more effective

block at some phase of the cell cycle, e.g. , at the G 1/S transition,

whereas cells i.n the 10 mM concentration are not blocked as extensively

and therefore, continue through the cell cycle to reach the lethal peri-

od, presumably the S phase. From the above data, the 10 mM con-

ce.ntration of HU was chosen as the most effective concentration to kill

non-TSD mutants and WT cells which survived the UV-irradiation.

To determine whether there is a variation in sensitivity to 10

mM HU at different times in the generation cycle, synchronized cells

were treated at 25 C for 12 and 24 hr starting at four different times:

onset of the light period (about 2-3 hr after burst), 6 hr into the light

period (8th to 9th hr of the generation cycle), onset of the dark period

(14th-15th hr of the generation cycle), and 6 hr into the dark period

(20th-21st hr of the generation cycle). Cells were then washed and

spotted into microdrops of PP and the division characteristics ob-

served. Figure 11 and Table 2 show the results from such an experi-

ment. In Figure 11, only controls (no HU) and cells treated for 24 hr

beginning with the onset of the light period, are represented. As can

be seen, most of the treated cells furrowed for the first division and

were apparently delayed very little i.n furrowing. It was difficult
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Figure 11. Effect of HU on division characteristics of wild type cells.
Synchronized WT cells were treated with a 10 mM concentra-
tion of HU for 24 hr starting immediately after the end of
the dark period (= 0 time), washed by centrifugation, and
spotted in liquid PP. The cells were maintained in continu-
ous light from 0 time. The controls were spotted 1 hr after
0 time. Circles represent the percentages of cells dividing
once. Triangles represent the percentages of cells dividing
twice. Squares represent the percentages of cells dividing
three times. Closed symbols refer to the controls (no HU).
Open symbols refer to the HU-treated cells.



Table 2. Effects of HU on division characteristics of WT cells. Synchronized cells were exposed to
10 mM HU in PP for 12 or 24 hr starting at the indicated times after the onset of the light
period (= time 0). Following the HU treatment, cells were centrifuged, washed, resuspe.nded
in fresh PP, and spotted in microdrops under paraffin oil. The cells were maintained in the
sy.nchro.nizing light regime at 24 C up to the time of removal from the HU at which time they
were maintained in continuous light.

Initiation Hours Time
of Exposure Exposure Removed First Dividers Second Dividers Third Dividers
(hr after the to HU from the Time De- % Time De- % Time De- %
onset of HU (hr) to lay Div. to lay Div. to lay Div.
light period) 50% (hr) Ulti- 50% (hr) Ulti- 50% (hr) Ulti-

Div. mately Div. mately Div. mately
(hr) (hr) (hr)

(Control)

0

6

12

18

0

6

18

14 0 100 15 0 100 16 0 92
12 12 16 2 90 18 3 88 31 15 50

12 18 22 8 100 25 10 62 _a
- 12

12 24 26 12 88 26 8

12 30 42 4
b

90 44 5
b

86 47 7
b 74

24 24 20 6 84 16 - 0

24 30 26 12 70 26 2

24 42 51 b
13 8 2 71 32b 64 75 35

b 52

a --: since 50% did not divide, no time is given
b calculated on the basis of the second synchronous division in the control sample, 38 hr
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however, to determine whether all of the treated cells actually com-

pleted cleavage. The 16% that divided twice did apparently complete

the first cleavage but may not have completed the second. Generally

the treated cells remained in the furrowing condition and ultimately

died. (Death was evidenced by a homogeneous granular condition and

loss of green color.) A few of the cells that divided once or twice did

burst from the mother cell wall and then died. Abnormal morphology,

abortive furrowing, and cell lysis were also observed in HU treated

cells.

Table 2 presents some of the effects of the 12 and 24 hr ex-

posures to HU starting at different times after the onset of the light

period. (These data have been omitted from Figure 11 for the sake

of clarity.) The first and second divisions of cells treated for 12 hr

starting at time 0 were little delayed by the HU. There was, however,

a significant reduction in the percentage dividing three times. Almost

all of the cells that divided burst normally and underwent a second

generation (i. e. , survived).

Cells exposed to HU for 1 2 hr, starting at 6 hr from 0 time,

were somewhat delayed in their first division, and additionally de-

layed in their second. The delays, however, were less than the

period of exposure so some progress toward division was made in the

presence of the HU. Only 12% divided three times. Ultimately about

one-fifth of the treated cells underwent a second generation.
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Most of the cells exposed to HU for 1 2 hr starting at 12 hr

after the onset of the light period, divided once and some divided

twice. About half of the cells that divided burst normally, even at the

two cell stage, and divided again.

The cells that were exposed for 12 hr starting at 18 hr had al-

ready divided two to three times at the start of the exposure (see con-

trol curve, Figure 11). These cells apparently burst normally in the

HU and were affected to only a small degree in their next generation.

The ultimate survival was about 50%.

The results with the 12 hr exposures indicate that the HU effect

is stage-specific. The results are consistent with a sensitive period

in the middle of the 24 hr, synchronized-generation time. The

sensitive period is about the time that DNA synthesis is occurring

(37, 57).

The 12 hr exposures although somewhat effective in killing,

allowed too many survivors for use in selecting TSD mutants. The 24

hr exposures starting at 0 and 6 hr were more effective in killing

probably as a result of allowing more time for cells to enter the

sensitive period. The 24 hr exposure starting at 0 time, being the

most effective, was chosen for the TSD selection experiments.
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Survival After the Combined Treatment With UV and HU

In order to induce mutations and then to eliminate the .non -TSD

mutants and WT cells surviving the irradiation, cells were UV-

irradiated, allowed a time for mutation fixation, and then treated with

a 10 mM concentration of HU at 33 C. Synchronous cells were irrF -

dialced at 3-4 hr after the onset of the light period in liquid PP and,

along with another group of cells which had not been irradiated,

placed into total darkness for 24 hr to prevent photoreactivation and

to allow mutation fixation. HU was then added to one-half of the cells

of each group and the four tubes placed at 33 C, the restrictive temper-

ature. There were now four differently treated groups of cells: those

which were neither irradiated nor treated with HU (C), those threated

with only HU (HU), those only irradiated (UV), and those irradiated

and treated with HU (UV-HU).

After 24 hr at 33 C, two or three samples (0. 1 ml each) from

each of the control, UV-treated, and HU-treated groups were plated

onto PP agar plates. Samples of 0.15-0. 20 ml of the UV-HU treated

culture were placed onto each of 10-12 plates. (The HU was not re-

moved after the 24 hr treatment period, because at most 0. 2 ml of the

10 mM solution was placed on an agar plate containing between 20-25

ml of agar, and the dilution was therefore sufficient to reduce it to

less than 1 mM, which had been shown to have very little effect on
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growth.) All plates were then returned to the 33 C incubator for 5

days.

After the 5 days, colony counts were made on all plates. The

pooled results of two experiments are shown in Table 3. The sur-

vival of the irradiated cells was about 7%. This increase in survival,

compared to that when cells were irradiated on agar, was probably

due to shielding by cells in the liquid medium. The survival of the

HU-treated cells was 6. 9% which is also slightly higher than reported

earlier. This might be attributed to the 24 hr of darkness prior to

HU treatment. The combined treatment with UV and HU reduced the

population to 1. 1 %.

Selection of Possible TSD Mutants

With the above protocol, only wild type cells and non-TSD mu-

tants that escaped the HU killing effect should form colonies during

the 5 days at 33 C. The potential TSD mutants would presumably

survive but not form colonies. The number of UV-irradiated HU-

treated cells placed onto each of 22 agar plates was chosen to yield

approximately 400 surviving colonies per plate. This should yield a

colony density of about eight colonies per cm 2 which can be counted

easily and which can allow any suspected mutant colony that appears

to be removed with ease without risking the possibility of contaminat-

ing it with colony of .no interest.
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Table 3. Survival of synchronized WT cells after UV, HU, and UV-
HU treatments. Survival was determined after 5 days at
33 C. See text for other details of the experimental pro-
cedures.

Treatment Survival after 5 days at

UV
a HU

b
33 C (percent)c

od o 100

+d o 7

o + 6. 9

+ + 1.1

a1725 ergs/mm 2 followed by 24 hr in the dark at 25 C
b 24 hr exposure to 10 mM HU at 33 C after the 24 hr in the dark
cadjusted for dilutions, number of cells plated, and plating efficiency
do = no treatment given
+ = treatment given
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In order to eliminate the cells that had escaped the HU treatment

and were not TSD mutants, the UV-HU plates were examined carefully

after the 5 days at 33 C under a dissecting microscope and the colonies

marked on the backside of the Petri dishes. The number of colonies

so marked was 5642. The plates were then placed at 25 C + 1 C and

500-700 foot candles of continuous light for an additional 5 days. The

116 new colonies that became evident during this latter period were

considered to be possible TSD mutants. These were transferred to

fresh agar plates. By a series of transfer experiments, in which

some cells from each of the 116 suspected colonies were placed at

25 C and some at 33 C, four possible TSD mutants were isolated. It

is postulated that the other 112 colonies survived the screening pro-

cedures as a result of a possible delay or block induced by either

the UV, the HU, or a combination of the two with heat. This may have

prevented these cells from progressing to a stage where killing could

occur.

Characterization of Mutants

From the procedures used in this study, one would expect to

isolate primarily TSD mutant colonies. As stated in the previous

section, only four of the 116 potential TSD mutants actually turned

out to be temperature sensitive. It was hoped that these TS mutants

would be ideal TSD mutants in which division could be temporarily
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blocked by a temperature shift immediately in the first cell cycle.

Upon further analysis, it was concluded that no ideal TSD mutant had

been isolated. However, these four mutants responded abnormally

to the 33 C temperature and can therefore still be referred to as TS

mutants. These were designated as: TSLt-1, TSLt-2, TSL, and

TSGL. The nomenclature is primarily one of convenience; the capital

letters do not imply a dominant condition. The "Lt" refers to an

apparent effect of light on survival; Lt-1 and Lt-2 are two mutants

that are similarly affected by light. "L" refers to lethal; these cells

are rapidly killed by the restrictive temperature. "G" refers to

giant cell formation, a characteristic feature of TSGL.

The four TS mutants isolated were tested as to their responses

at the restrictive temperature, 33 C, and at 25 C. The following

criteria were used in an attempt to partially characterize these mu-

tants: 1) the percentage dividing once, twice, or three times in PP

and Complete medium in microdrops and on agar plates; 2) the per-

centage of cells dividing after various periods of time after the initia-

tion of the experiment; and 3) survival and growth at 33 C at light

intensities of 0, 200, and 600 foot candles. Some of these responses

are summarized in Figures 12 and 13, Tables 4 and 5, and illustrated

in Figures 21 through 26. (Figures 21 - 26 may be found at the end of

the Results section.) The responses of the mutants are individually

presented in Figures 14 - 20. Note that in Figures 14 - 20 only the
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Figure 12. Mass culture growth of WT, and mutants at 25 C. Cells
were asynchronously grown in culture tubes in liquid PP
and 600 foot candles. OD readings were converted to
cell number by means of Figure 1. Circles represent the
WT cells, squares-TSLt-1, triangles-TSLt-2, inverted
triangles-TSL, and diamonds-TSGL.
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Figure 13. Mass culture growth of WT and mutants at 33 C. Cells
were asynchronously grown in culture tubes in liquid PP
and 600 foot candles. OD readings were converted to
cell number by means of Figure 1. Circles represent the
WT cells, squares-TSLt-1, triangles-TSLt-2, inverted
triangles-TSL, and diamonds-TSGL. 8---no intact cells
present. b--very few intact cells present.
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Table 4. Quantitative comparison of the division of WT a.nd mutant
cells grown under various conditions. The five cell types
are compared on the basis of perce.ntages having divided
once and percentages having divided three times by 24 hr.
Cells were spotted in microdrops and plated onto agar plates
in PP and Complete media.

Criteria WT TSLt-1 TSLt-2 TSL TSGL

Spotted Cells in

PP: at 25°

:at 33o

97. 5a

90
b

91

85

99

65

67.5

57.5

97.5

49

45

32.5

59

2

0

0

97, 5

22. 5

15

15

PP Agar 89 70 81 97 49

: at 25o 87 61 76 58 19

PP Agar 88 45 61 0 23c

:at 33° 85 33 56 0 4

Spotted Cells in 91 78 77 44 74

Complete Medium

:at 25° 74 61 53 5 46

89 45 60 2 3

: at 33o
76 33 48 0 1

Complete Agar 88 67 63 73 98

: at 25o 75 59 51 42 68

Complete Agar 96 37 27 0 21d

: at 33o 96 25 18 0 16

aFirst percent represents total dividers; i. e. , dividing at least once.
bSecond value represents those dividing at least three times.
c Cells very irregular and many appeared dead.
dGia.nt cells common (> 50 microns in diameter).
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5. Qualitative effects of light intensity on division of WT cells and the four mutants on PP and
Complete agar. The data were obtained by microscope following 4 days growth at 25 or
33 C at the light intensities indicated (upper half of table) and macroscopically after an
additional 4 days at 25 C and 600 foot candles (lower half of table). The qualitative scoring
of division for the upper portion of the table was based upon the response shown by the
majority of cells in the sample. ++++ = normal wild type growth, at least 64 cells/colony.
-H-+ = 16-32 cells, ++ = eight cells, + = one or two divisions within a mother cell, 0 = no
divisions. The scoring after an additional 4 days (lower portion) was based upon the fraction
of the sample that formed normal macrocolonies: xxxx = almost all cells, xxx = about 3/4
cells, xx = about 1/2 cells, x = about 1/4 cells, 0 = almost none.

GROWTH CONDITIONS CELL TYPE

Medium Temperature Light Intensity WT

Complete
PP

25 0

Complete
25 200

PP

Complete
25 600

PP

Complete
33 0

PP

Complete
33 200

PP

Complete
PP 33 600

Four days at the conditions designated plus 4 days
25 C and 600 foot-candles of light.

Complete
PP

25 0

0

-H--H-

0

TSLt-1 TSLt -2 TSL TSGL

0 0 0 0

++++ ++++ ++++ ++ ++

++++ ++++++-H-

i-F++ +-H-+++ ++

++++ -i-F++ ++++++++

0 0 0 0

++++ 0 0

xxxx xxxx xxxx xxxx xxxx

xxxx xxxx xxxx xxxx xxxx

Complete 25 200 xxxx xxxx xxxx xxxx xxxx

PP xxxx xxxx xxxx xxxx xxxx

Complete
PP

Complete
PP

Complete
PP

Complete
PP

25 600

33 0

33 200

33 600

xxxx xxxx xxxx xxxx xxxx
xxxx xxxx xxxx xxxx xxxx

xxxx xxxx xxxx xxxx XXX

xxxx xxxx xxxx xxx xxxx

xxxx o o xxx

xxxx xxxx xxxx x xx

xxxx xx xx
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percentages of cells having divided once and three times are plotted

because, as mentioned earlier, it was observed that, with all cell

types under all conditions employed (except during HU treatment), the

percentage of cells dividing twice (four cell stage) always paralleled

the percentage dividing once (two cell stage). Generally, a lag be-

tween one and two hours at 50% dividers persisted for asynchronously

grown cells. Therefore, to avoid cluttering these Figures, the per-

centage of cells having divided twice is not plotted.

The four TS mutants were first of all characterized as to their

growth rates in mass cultures at 25 C and 33 C. Figure 12 shows

that at 25 C the growth rates of the four mutants do not differ greatly

from that of WT. In Figure 13, it can be seen that at 33 C, two of

the mutants, TSL and TSGL are greatly affected and the other two,

(TSLt-1) and (TSLt-2) showed less of an effect.

Studies of the mutants at the individual cell level in microdrops

or on agar revealed unique characteristics and also information that

helps to elucidate the phenomena observed in mass cultures, so the

results for each mutant will be discussed separately.

TSLt-1

Figure 14 shows the results obtained with TSLt-1 when placed

into microdrops of PP and incubated continuously at 25 C, and at 33 C

for 24 hr. At 25 C, all cells divided; 35% divided twice, 58% divided
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Figure 14. Division characteristics of TSLt-1 cells in PP microdrops
at 25 C and 33 C. The 33 C cells were removed from the
restrictive temperature at the 24th hr and maintained there-
after at 25 C. Circles represent the percentages of cells
dividing once. Squares represent the percentages of cells
dividing three times. Closed svmbols refer to cells at 25
C. Open symbols refer to cells exposed to 33 C for 24 hr.
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three times, and only 7% divided four times before bursting. How-

ever, during the 24 hr at the restrictive temperature, only about two-

thirds of the cells divided; 10% divided twice, 32% divided three times,

and 23% divided four times before bursting. Thus when TSLt-1 cells

are kept at 33 C for 25 hr, about one-third of the cells don't divide

nor do they divide after an additional 30 hr at 25 C, but most of those

that do divide at 33 C, produce eight or sixteen daughter cells. In

contrast, most cells at 25 C produce four and eight daughter cells.

The larger burst size at 33 C thus compensates for the fact that

some cells are apparently rendered incapable of division and allows

the growth rates at the two temperatures to be about equal (Figures

12 and 13). The generation time at 25 C appears to be about 11 -12

hr as compared to 10-11 hr for WT cells (Figure 3). This finding,

is consistent with the results in Figure 12 which indicate a slightly

slower growth rate for TSLt-1 than WT at 25 C.

Similar results were obtained with cells grown on PP agar and

with cells grown in microdrops of Complete medium or on Complete

agar. There were small quantitative differences in the number of

cells dividing, but, as may be seen in Table 4, in all cases, signifi-

cantly fewer cells divided even once after exposure to the restrictive

temperature than when grow.n continuously at 25 C.

Observations of cells on agar showed that cells exposed for 24

hr to the restrictive temperature died during and after exposure but
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mostly after the exposure. Moreover, cells underwent a few

cytokineses and then died but most cells that divided three times sur-

vived and produced macrocolonies. Usually, all of the cells that were

going to divide started doing so during the 24 hr exposure. If they

didn't divide during this time they rarely did divide. However, in

two experiments with cells in microdrops of Complete medium and in

one experiment with cells on PP agar, the percentage of cells dividing

started to level off during the exposure but then increased again after

the exposure, (see Figure 15 for an example).

These results are consistent with the hypothesis that the 33 C

exposure can have several effects depending on the stage of the TSLt-1

cell in its generation cycle at the time of the exposure: If the cell

is toward the end of its generation cycle it is little affected (except

for the small delay of the first division that is also seen with WT

cells). If the cell is at a stage earlier than that above, a shift to the

higher temperature will kill it. A cell exposed at a time in the cell

generation about the critical time for cell killing, may or may not be

reproductively killed but not completely prevented from dividing; its

division may be only blocked until after the 24 hr exposure. A cell

in the early part of its generation cycle at the onset of the exposure

to 33 C .never divides and dies.

In this regard it is noteworthy that fewer TSLt-1 cells in

Complete medium (either in microdrops or on agar) divided after an
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Figure 15. Division characteristics of TSLt-1 cells in Complete
microdrops at 25 C and 33 C. The 33 C cells were
removed from the restrictive temperature at the 24th
hr and maintained thereafter at 25 C. Circles repre-
sent the percentages of cells dividing once. Squares
represent the percentages of cells dividing three times.
Closed symbols refer to cells at 25 C. Open symbols
refer to cells exposed to 33 C for 24 hr.
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exposure to 33 C than cells in PP. This result may be related to the

fact that, in Complete medium, TSLt-1 cells, like WT cells, are

delayed in their first division relative to cells in PP. Perhaps more of

the Complete-grown cells remained in the stage that is sensitive to

killing than did PP-grown cells.

Although the data discussed so far are consistent with a stage-

specific killing by the temperature shift, the results of an experiment

in which TSLt-1 cells were grown for 72 hr at 33 C indicate that the

effect is not a simple one: Some, but not all, of the cells that divided

during the initial 24 hr at 33 C continue to divide at the elevated

temperature and ultimately formed macroscopic colonies. If there

is a stage-specific effect of the temperature, one would expect the

progeny of these cells to pass through the sensitive stage and be killed.

Further studies are needed to elucidate this phenomenon, but perhaps

the explanation is that if a cell is not killed during the first generation

that it is exposed to the 33 C temperature it may adapt to the conditions.

Such a result is consistent with the idea that death mostly results from

imbalanced growth.

With regard to imbalanced growth, it is noteworthy that the

macroscopic colonies formed by cells on PP were larger and

"healthier" than those formed on Complete (compare Figure 23A and

Figure_24A). It seems reasonable that cells relying solely on en-

dogenous supplies of precursors might be able to regulate the synthetic
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processes better than those bathed in a mixture of substances the

proportions of which probably bear .no relation to the relative needs of

the cell.

Another relevant phenomenon was noted in an experiment in

which cells were grown at 25 C and 33 C on PP and Complete agar

at 0, 200, and 600 foot candles. (The cells were put onto the agar in

drops each containing about 4 X 104 cells.) The results are shown

in Table 5.

The upper section of Table 5 shows that, after 4 days incuba-

tion in the dark (0 foot candles) at either temperature, TSLt-1 cells,

like WT cells, did not form colonies on PP and underwent only a

few divisions on Complete. It may also be seen that as expected, the

restrictive temperature greatly inhibited growth of TSLt-1 cells rela-

tive to WT cells on both media at 200 or 600 foot candles. Some un-

expected results were obtained, however, when the cells were

incubated an additional 4 days at 25 C at 600 foot candles (see Table

5, lower portion): Cells exposed to the 33 C temperature in the

dark on either Complete or PP formed apparently normal colonies

and showed apparently complete survival. (This finding indicates

that the temperature per se is not lethal, ) Cells exposed to the 33 C

at 200 foot candles were killed in Complete but showed normal sur-

vival and colony formation on PP! Cells exposed at 600 foot candles

on Complete, as expected, showed no macroscopic colonies, but the
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appearance of the PP plate exposed to 33 at 600 foot candles indicated

that about half of the cells had survived to form normal macroscopic

colonies.

The results outlined above suggest that nutrients and also light,

which for a photosynthetic organism is a form of nutrient, can work

together in leading to the death of the TSLt-1 mutant at 33 C. These

results suggest that imbala.nced growth might lead to the death of

TSLt-1 cells.

Gross morphological changes in TSLt-1 cells were also pro-

duced by exposure to the 33 C temperature. Figure 21A illustrates

a commonly observed irregular cell, or "mo.nster". Monster cells

apparently result from continued growth along with a failure to divide.

The mosaic colony containing such a monster frequently died out,

especially if the monster was produced during the first few divisions

and if the temperature was maintained at 33 C. Only rarely were

such monsters observed in colonies developing at 25 C (although the

one illustrated is from such a colony). For comparison, normal

colonies may be see.n in Figures 21A-E, where cells have divided

and separated into fours, and eights and some of the daughter cells

are dividing into fours and eights again.

TSLt-2

The results obtained with mutant TSLt-2 were very similar to
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those obtained with TSLt-1 in almost all respects. There were only

minor quantitative differences in growth rates in mass cultures (see

Figures 12 and 13), percentages of cells dividing once and at least

three times in microdrops of PP (Figure 16 and Table 4) or Complete

medium (Table 4) or on PP or Complete agar (Table 4). The simi-

larity between the two mutants extended to the effect of light intensity

on survival and colony formation (Table 5). Further experimentation

is necessary to determine whether the small quantitative differences

are actually significant.

Although the division patterns appear to be quite similar between

TSLt-1 and TSLt-2 at 33 C, major morphological differences were

observed. First, the mosaic colonies observed in TSLt-1 at the ele-

vated temperature were not as abundant in TSLt-2. Second, giant

cells (large round cells) were common when TSLt-2 cells were plated

on Complete agar and placed at 33 C (Figures 22B, 24B, and 26B).

Seldom were they observed on PP agar. Enlarged cells were also

observed at 25 C but much less frequently (Figure 21B). Most of

these giant cells did not divide after a 24 hr treatment at 33 C (Figure

26B). It would appear that either cytokinesis may be blocked with

continued growth occurring or possibly a deficiency of osmoregulation

occurs resulting in cell swelling. Since giant cell formation occurred

primarily in cells grown on Complete agar, some complex "organic

interference" may be involved as well.
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Figure 16. Division characteristics of TSLt-2 cells in PP microdrops
at 25 C and 33 C. The 33 C cells were removed from
the restrictive temperature at the 24th hr and maintained
thereafter at 25 C. Circles represent the percentages of
cells dividing once. Squares represent the percentages
of cells dividing three times. Closed symbols refer to
cells at 25 C. Open symbols refer to cells exposed to
33 C for 24 hr.
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TSL

Mutant TSL turned out to be a "temperature lethal". As can be

seen in Figure 12, at 25 C the growth rate as measured by optical

density was very nearly that of WT cells. At 33 C, however, not only

was there no growth, there was a substantial decrease in cell number.

It is questionable whether the cells remaining at 24 hr were actually

still viable or not, although they appeared normal. By 48 hr, however,

no intact cells were present.

Evidence of lethality was observed when cells were spotted in

microdrops of PP or put on PP agar and placed at 33 C. The results

are represented in Figure 17. As can be seen, no divisions were

initiated during the 24 hr at 33 C or occurred afterwards. The 33 C

temperature apparently had an immediate effect on the cells and led

to a permanent failure of division. Even a 12 hr exposure led to

nearly 100% reproductive failure. Similar results were obtained when

TSL cells were spotted in Complete medium or plated on Complete

agar (see Table 4 and Figures 18, 22D, 24D, and 26D).

The effect of exposure to 33 C was also evident in cytological

studies. Nuclear staining with Azure A was reduced beginning after

approximately 12 hr at the restrictive temperature. After 24 hr,

no differential staining was detected. During the next 24 hr the cells

generally lysed.
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Figure 17. Division characteristics of TSL cells on PP agar at 25 C
and 33 C. The 33 C cells were removed from the
restrictive temperature at the 24th hr and maintained
thereafter at 25 C. Circles represent the percentages
of cells dividing once. Squares represent the percent-
ages of cells dividing three times. Closed symbols
refer to cells at 25 C. Open symbols refer to cells
exposed to 33 C for 24 hr.
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Figure 18. Division characteristics of TSL cells on Complete agar at
25 C and 33 C. The 33 C cells were removed from the
restrictive temperature at the 24th hr and maintained
thereafter at 25 C. Circles represent the percentages
of cells dividing once. Squares represent the percent-
ages of cells dividing three times. Closed symbols
refer to cells at 25 C. Open symbols refer to cells
exposed to 33 C for 24 hr. a--86% divided 50 hr.
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Although 33 C was lethal when cells were grown at 600 foot

candles, the degree of lethality was observed to vary with the light

intensity. Table 5 summarizes the results obtained using 0, 200,

and 600 foot candles. The primary points of interest are that at 0

and 200 foot candles no growth was observed on PP agar after 4 days

at 33 C. However, after 4 additional days at 25 C, colony growth

appeared nearly normal on the "0 foot candle" plate but was greatly

reduced on the "200 foot candle" plate, and totally absent on the "600

foot candle" plate. On the Complete plates after 4 days at 33 C, a

few cell divisions occured in the dark and none at 200 or 600 foot

candles. After 4 additional days at 25 C, the "0 foot candle" cells

appeared to have formed normal colonies and the "200 foot candle"

group showed only a slight reduction in colony number, and, as ex-

pected, the "600 foot candle" cells did not divide. These results are

somewhat similar to the results obtained with the TSLt mutants. Two

major differences however were noted between TSL and the TSLt

mutants. First, at 200 foot candles, survival of TSL cells was en-

hanced on Complete agar relative to that on PP whereas just the re-

verse was true for the TSLt mutants. Second, at 600 foot candles,

no TSL cells exposed to 33 C divided at all, on either PP or Complete,

whereas approximately one-half of the TSLt cells divided on PP.

The interaction of the light intensity and the medium on the

survival of TSL cells at 33 C is not easily explained by any hypothesis
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involving imbalanced growth as it is for the TSLt mutants. Further

studies are necessary.

In one experiment, a few macroscopic colonies were observed

after as much as 110 hr at 33 C and 600 foot candles. These were

removed from the Complete agar and allowed to grow for a few days

in liquid PP at 25 C. They were replated and again exposed to 33 C

at 600 foot candles. They all appeared to grow like wild type cells.

It appears likely that a reversion may have occurred. That is, a

mutant cell may have suppressed the expression of the mutation or

truly reverted back to the WT condition.

TSGL

In certain respects, TSGL cells respond to 33 C similarly to

TSL cells. The results with TSGL cells grown as mass cultures i.n

liquid PP at 25 C and 33 C can be seen i.n Figures 12 and 13. At 25

C, the growth rate was similar to the other three mutants but s lightly

less than that for WT cells. At 33 C, the cell number increased the

first 24 hr and then decreased until no intact cells existed after 1 26

hr.

The high sensitivity of TSGL cells was also observed with

spotted cells. Figure 19 represents the data obtained after cells were

spotted in microdrops of PP. After 24 hr at 25 C, 98% divided once

and 22% three times. The percentage third dividers leveled off at a
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Figure 19. Division characteristics of TSGL cells in PP microdrops
at 25 C and 33 C. The 33 C cells were removed from
the restrictive temperature at the 24th hr and maintained
thereafter at 25 C. Circles represent the percentages

of cells dividing once. Squares represent the percent-
ages of cells dividing three times. Closed symbols
refer to cells at 25 C. Open symbols refer to cells
exposed to 33 C for 24 hr.
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lower value (approximately 25%) than that of the TSLt mutants (50-

60%). This suggests that approximately three-fourths of the TSGL

cells have a burst size of four at 25 C. The generation time was

determined to be about 11-12 hr. After 24 hr at 33 C, only 15% had

divided and these all divided three times. The cells that did .not

divide at 33 C did not divide after an additional 30 hr at 25 C. The

division pattern was similar for cells plated on PP agar (Table 4).

The response was somewhat different with cells plated on

Complete agar. Figure 20 represents the data from such an experi-

ment. After 24 hr at 33 C, the cells dividing once (21%) and those

dividing three times (16%) compared favorably with what was observed

with cells spotted in PP (15%, and 15%). However, after returning

the plates to 25 C, many of the single cells divided. After an addi-

tional 50 hr at the permissive temperature, a total of 66% had divided

once and 44% three times. Although the cells divided, very few large

macrocolonies were ever formed (Table 5). Therefore, by the cri-

terion of macroscopic colony formation the difference between the

growth of cells on Complete and PP media was small.

TSGL cells subjected to different light intensities (see Table

5) responded in a manner similar to TSL cells. The slightly different

responses to PP versus Complete media at 0 and 200 foot candles,

however, were reversed: TSGL showed a little better growth on PP

relative to Complete and TSL showed just the opposite. At 600 foot
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Figure 20. Division characteristics of TSGL cells on Complete agar
at 25 C and 33 C. The 33 C cells were removed from the
restrictive temperature at the 24th hr and maintained
thereafter at 25 C. Circles represent the percentages of
cells dividing once. Squares represent the percentages
of cells dividing three times. Closed symbols refer to
cells at 25 C. Open symbols refer to celle exposed to
33 C for 24 hr. a--66% divided by 75 hr; u--44% divided
by 75 hr.
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candles, only a few colonies formed on PP and none on Complete

agar.

Figures 21E-26E illustrate the effects of the restrictive tempera-

ture on TSGL cells grown on Complete and PP agar at 600 foot can-

dles. Figures 23E and 24E show that the difference after 48 hr at

33 C is indeed small. Figure 26E shows that Complete agar may

favor survival as compared to PP (Figure 25E) after 24 hr at 33 C

and an additional 48 hr at 25 C. However, it appears questionable

whether the colonies seen in Figure 26E would develop into macro-

scopic colonies. The highly disorganized colonies seen in Figures

23E and 26E suggests that cells can be affected even though the

original cell has divided a few times at the restrictive temperature.

One of the most significant characteristics of mutant TSGL was

the appearance of numerous giant cells when placed at 33 C. In

contrast to the giant cells seen only on Complete agar with TSLt-2

cells, these large cells were also seen on PP agar with TSGL cells,

but were much more numerous on Complete (Figures 22E, 24E-26E).

These cells were observed to have diameters up to 60 microns but

generally measured about 40-50 microns. The normal size is about

10 microns. These giant cells may have resulted from cytoki.nesis

being blocked without growth being inhibited, or they could have re-

sulted from swelling due to a deficient osmoregulatory system. The



90

observation of vacuoles within the cell wall adds support to the latter

hypothesis.

Nuclei of TSGL cells, treated with Azure A, subjectively ap-

peared to stain more than WT or the other mutants. It could not be

determined whether the nucleus increased in size or whether

karyokinesis had occurred.



Figure 21. Photomicrographs of WT and mutant cells grown on
Complete agar for 40 hr at 25 C.

A. TSLt-1: note the "monster" cell and eight normal
cells in one cluster.

B. TSLt-2: note the cluster of eight in which all have
divided again, another cluster of eight, and one
enlarged cell.

C. WT: note the cluster of eight in which all have divided
again.

D. TSL: note the two clusters of four of which one
cluster has divided again, two clusters of eight in
which all have divided again, and a cluster of eight
which has not burst from the mother cell.

E. TSGL: note the cluster of four in which all have
divided again, a cluster of eight, and two abnormal
colonies.
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Figure 22. Photomicrographs of WT and mutant cells grown on
Complete agar for 40 hr at 33 C.

A. TSLt-1: note the abnormal colonies.
B. TSLt-2: note the two enlarged cells (giants).
C. WT
D. TSL: note the lack of division and apparent lack

of survival.
E. TSGL: note the giant cells.
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Figure 23. Photomicrographs of WT and mutant cells grown on PP
agar for 48 hr at 33 C.

A. TSLt-1: note the lysed cells.
B. TSLt-2: note the two slightly abnormal colonies.
C. WT
D. TSL: not represented.
E. TSGL: note the giant cells and cells that have lysed.
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Figure 24. Photomicrographs of WT and mutant cells grown on
Complete agar for 48 hr at 33 C.

A. TSLt-1: note the abnormal colony and lysed cells.
B. TSLt-2: note the giant cell and abnormal colony.
C. WT
D. TSL: note the lack of division and apparent lack of

survival.
E. TSGL: note the gigantic cell and two enlarged cells.
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Figure 25. Photomicrographs of WT and mutant cells grown on
PP agar for 24 hr at 33 C followed by 48 hr at 25 C.

A. TSLt-1: note the normal appearance of the cells
in each colony as compared to Figure 26A.

B. TSLt-2: note the normal appearance of the cells
in each colony as compared to Figure 26B.

C. WT
D. TSL: note the lack of division and apparent lack

of survival.

E. TSGL: note the enlarged cells which apparently
are non-viable.
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Figure 26. Photomicrographs of WT and mutant cells grown on
Complete agar for 24 hr at 33 C followed by 48 hr
at 25 C.

A. TSLt-1: note the abnormal appearance of the colonies
as compared to Figure 25A.

B. TSLt-2: note the abnormal appearance of the colonies
as compared to Figure 25B and the giant cells of
which one has lysed.

C. WT
D. TSL: note the lack of division and apparent lack

of survival.
E. TSGL: note the enhanced survival as compared to

Figure 25E (on PP agar) and also the enlarged cells.
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DISCUSSION

General Aspects

The present work presents methods for the study of growth and

division characteristics of wild type (WT) and mutant Chlamydomonas

reinhardtii cells and methods for the selection of temperature sensitive

division mutants. The major conclusions from this study are the

following: 1) The growth rate of mass cultures depends on both gen-

eration time and burst size. 2) Burst size varies more with the con-

ditions of growth than does the generation time. 3) Hydroxyurea kills

Chlamydomonas cells in S phase. 4) Temperature sensitive division

(TSD) mutants can be selected by the procedures devised. 5) When

asynchronous cultures of the four TS mutants that were selected are

subjected to a shift to the restrictive temperature, 33 C, the division

characteristics of the cells are altered relative to WT cells and such

changes in division characteristics can be interpreted as indicating

stage-dependent effects on the mutant cells. 6) Interference with

some division process without affecting other processes can lead to

an imbalanced growth that is lethal.

In the present study it was found that the growth rate of a popula-

tion depends on a combination of burst size, generation time, and the

number of cells dividing. The generation time, that is, the period

of time required for a single cell just released from a mother cell to
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reach the stage where it bursts to release its 2, 4, 8, 16, or 32

daughter cells, was not intensively studied but the data collected in-

dicate that the median generation time of asynchronous WT cells was

about 10-12 hr under a variety of conditions: temperature, (25 C and

33 C), medium composition (PP and Complete), and whether in micro-

drops or on agar.

In general, asychronous WT cells were found to have the largest

burst sizes when grown in Complete medium, (in either microdrops or

on agar) at 33 C and 600 foot candles. At lower light intensities, at

25 C, or in PP medium, the burst sizes were reduced. When condi-

tions are favorable, more growth and more "preparations" can take

place in a given interval of time with the subsequent result of larger

burst sizes and therefore faster growth rates of the population.

was observed, however, that transfer to Complete medium from PP

apparently delays cells, WT and mutant, somewhat in their progression

toward division. With the larger burst sizes, this delay would seldom

be noticeable when determining population densities. WT cells in

Complete medium generally had burst sizes of eight and sixteen, with

more sixteens at 33 C and mostly eights at 25 C. This compared to

cells in PP medium which had burst sizes of eight and sixteen at 33 C

but mainly eights and burst sizes of four and eight at 25 C with four

predominating. This was conclusive evidence that burst size was
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enhanced when cells were grown in Complete medium and/or at the

higher temperature.

Synchronized cells grown in microdrops of PP had a generation

time of 24 hr and burst sizes of four and eight at 600 foot candles.

At 200 foot candles the burst size was reduced to primarily four.

More interestingly, the generation time apparently doubled. Although

the increase in generation time was not actually determined, it was

inferred that it doubled because approximately one-half of the cells

divided during one 24 hr period and the remainder in the following

24 hr interval.

The above results i.ndicating a variability of burst size a.nd in-

crease i.n generatio.n time may help to explain the changes in growth

rates of mass cultures of cells. It was observed that mass cultures

did not increase exponentially: the rate of increase decreased pro-

gressively when a culture was started at a density around 8 X 105

cells/ml. From the results with cells in microdrops at 25 C, one

would expect the culture to increase about sixfold i.n about 12 hr

because about half should divided into four cells and half into eight

cells. Actually, the increase in the first 24 hr in a mass culture is

only by a factor of three. This reduction in growth rate likely results

from the fact that as the cell density increases, the light intensity

decreases due to shielding of cells by other cells. As the light in-

tensity decreases the burst sizes decrease and also, if one can



100

extrapolate from the synchronous cells, the generation time may in-

crease. In fact, it appears possible that a biological clock determines

when division might occur, and the burst size is determined by the

extent of cell growth that has taken place in the interval. If extensive

cell growth has occurred, a large burst size results; if less cell

growth has occurred a smaller burst results. If very little growth

has taken place such that there is insufficient protoplasm for even

two cells, the scheduled division might be skipped thus doubling the

generation time. These considerations account for the constantly

decreasing growth rates observed in mass cultures.

If the growth rates in mass cultures are dependent upon both

burst size and generation time and since burst size is higher at 33 C

than at 25 C in microdrops, yet the generation time is the same one

would expect that growth rates in mass cultures at 33 C would be

greater than at 25 C. It is evident from Figure 2 that the growth rates

are not significantly different. One must conclude that some factor

other than temperature is rate limiting in the cultures. The limiting

factor may be the average light intensity or possibly the rate of dif-

fusion of CO2'

In any event, from the data presented, it was concluded that:

cells in mass cultures in PP received less light than cells on agar

and in microdrops and thus had a lower growth rate, cells in PP

microdrops at a lower light intensity had a longer generation time and
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smaller burst size than at a higher light intensity, cells i.n Complete or

PP medium had larger burst sizes at 33 C than at 25 C, and cells in

Complete medium had larger burst sizes than cells in PP.

Regardless of the growth conditions used, cells should have an

orderly sequence in which DNA synthesis, karyokinesis, and

cytokinesis occur. Although this was not a portion of this study,

existing discrepancies warrant a brief discussion. If one assumes

that a vegetative cell is destined to divide into four daughter cells,

what is the sequence of DNA synthesis, nuclear division, and

cytoplasmic divisions? Surzycki (57) has stated that the increase

in DNA i.n strain 137c is always proportional to the number of daughter

cells that will form and that this increase precedes "cell division".

However, it is not clear whether "cell division" as he speaks of it

refers to the bursting of the daughter cells from the mother cell or

to cytokinesis within the mother cell. If it refers to bursting, then

conceivably one could i.nterpret his data as indicating that one round

of DNA synthesis precedes each nuclear division which is then fol-

lowed by a cytokinesis, another round of DNA synthesis, karyokinsis,

and a second cytoplasmic division (Possibility 1). If, on the other

hand, cell division refers to cytokinesis, does a cell undergo two

rounds of DNA synthesis, two successive nuclear divisions and then

two cytokinetic processes (Possibility 2), undergo one round of DNA

synthesis, nuclear division, another round of DNA replication, a
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second nuclear division and then two successive cytoplasmic divisions

(Possibility 3), undergo two rounds of DNA synthesis, karyokinesis,

cytokinesis, andthe.nanother nuclear and cytoplasmic division

(Possibility4)? Evidence for the first or fourth possibilities above is

fou.nd in an electron microscope study by Johnson and Porter (35).

They have show.n that cytokinesis always follows karyoki.nesis with

strain 137c of Chlamydomo.nas. However, they do not indicate when

DNA synthesis occurs. From their study, one could suggest that

either two rou.nds of DNA sy.nthesis precedes the first nuclear division

or one round of DNA replication precedes each of the two nuclear

divisions. The issue is further complicated to some exte.nt by the find-

ing of Kates, et al. (37) who concluded that one round of DNA syn-

thesis likely precedes each of two nuclear divisions both of which

precede the ultimate cytoplasmic division into four daughter cells.

They based their conclusion on their observation that the cells they

studied were multinucleated. Sueoka (55) also concluded that before

cytokinesis occurs, a cell undergoes a number of karyoki.netic proces-

ses. These findings do not agree with the electron microscope

studies of Johnson and Porter (35) mentioned above. However, it

appears as though Kates, et al. (37) and Sueoka (55) may have been

working with strains 89 a.nd 90 rather than strain 137c. Strain

differences may exist. However, granted that strain differences do

exist, the understanding of the sequence of DNA synthesis,
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karyokinesis, and cytokinesis in C. reinhardtii strain 137c is not as

refined as one would like to see it.

As stated earlier, the primary objective of this study was to

develop methods for the selection and isolation of temperature sensi-

tive (TS) mutants, particularly temperature sensitive division (TSD)

mutants. Such methods were developed and tested. It was concluded

that no ideal TSD mutant had been isolated. However, four TS mutants

were isolated and partially characterized. The data obtained only

suggest certain hypotheses. With this in mind, the remainder of the

Discussion will center first on the effect of HU and second on some

possible hypotheses to explain the behavior of the mutants at 33 C.

The Discussion will include some thoughts and remarks for future

studies which hopefully will give one more information concerning

the division mechanism(s) and the genetics of these TS mutants.

Hydroxyurea Effects

Hydroxyurea has previously been reported to have toxic effects

on mouse L-cells (3) and Chinese hamster cells (52). (These are

merely two examples in which HU has shown a pronounced inhibitory

effect. Many other studies have reported similar effects.) In the

case of the mouse L-cells, cells are most sensitive to HU killing when

in early S phase and rather insensitive during the other stages of the

cell cycle. It was also concluded HU produces a G1 block which
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prevents or delays cells from entering the S phase. This block is not

permanent and when cells are exposed to the HU for a prolonged

period, more killing is observed.

The question arises, does C. reinhardtii respond to HU treat-

ment in a manner similar to that of mouse L-cells ? Before such

responses can be studied, it is important to understand the generation

cycle of synchronized Chlamydomo.nas cells. When cells of this alga

are synchronized on a 12 hr light-1 2 hr dark regime, the G1 phase

lasts about 15 hr and nearly all, if not all, of this phase occurs during

the light period. The S phase which lasts 4 hr and the M or division

phase which lasts 4 hr occur during the dark period (37, 57). Kates,

et al. (37) have concluded that the G2 period is very short and diffi-

cult to detect when cells are grown at a high light intensity of 1500

foot candles, but that, at 500 foot candles, the G2 period is greatly

prolonged. They present evidence that cells at 500 foot candles under-

go two rounds of DNA synthesis with only one series of nuclear and

cytoplasmic divisions, and that in the subsequent generation, division

occurs with no further DNA replication. According to Surzycki (57)

these conclusions of Kates, et al. (37) are based on studies using

strains 89 and 90. Surzycki (57) has exposed strain 137c cells to

550 foot candles and found that DNA synthesis is always proportional

to the subsequent increase in cell number and occurs in the late light

or early dark period of the cycle. He does not find any evidence for
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a prolonged G2. He observed a decrease in burst size from four to

two as the population increased to a density of 4.8 X 106 cells/ml

but the cells still divided synchronously every 24 hr.

In this present study, the 12 hr light-1 2 hr dark regime was

used and strain 137c cells were exposed to approximately 600 foot

candles at the surface. On the basis of Surzycki's work (57) it was

assumed that if the population density didn't exceed 1-2 X 106 cells/ml,

the cells would be i.n G1 during the light phase of this regime, particu-

larly in the early portion. Because the time to 50% first dividers

occurred after 3 hr into the dark phase and division and bursting

were complete approximately midway through the dark phase (Figure

8), cells at the onset of the light period would likely be approximately

in mid-G1 and those late in the light period or early in the dark period

would likely be in S phase, and cells i.n the early to mid-portion of

the dark period would be i.n the division phase.

To determine which of these phases is most sensitive to HU

killing, HU (10 mM) was added every 6 hr to mass cultures of syn-

chronous cells beginning with the onset of the light period (Table 2).

The greatest killing effect after a 1 2 hr treatment occurred when

cells were treated at the onset of the light period. The next largest

kill occurred when cells were treated at the 6th hr of the light period.

Either of these 12 hr periods conceivably could overlap with the S

phase. The 24 hr treatment was most effective when the treatment
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was initiated at the onset of the light period and at the 6th hr of the

same period. These data coincide to some degree with the results

obtained with mouse L-cells (3): treatment initiation near the S phase

or an exposure which overlaps the S phase causes a high killing effect;

a prolonged treatment beginning in earlier Gi also causes a high killing

effect.

Chinese hamster cells exposed to HU (52), accumulate at the

G 1/S transition, that is, HU produces a G1 block that prevents cells

f rom entering S and being killed by HU. The occurrence of a G1

block in Chlamydomonas cells is doubtful from the data presented:

cells exposed in G1 are still killed.

Various hypotheses have beenproposed for the action of HU.

Turner, et al. (60) concluded that this chemical may interfere with

the conversion of pyrimidine precursors to nucleotide bases which

are .necessary for DNA synthesis. Studies by Bacchetti and Whitmore

(3) indicate that HU prevents the conversio.n of ribo.nucleosides to

deoxyribonucleosides, possibly by the inactivation of the ribo.nucleoside

diphosphate reductase. It is difficult to understand how killing of cells

could result from an impairment of DNA synthesis via interference

with the supply of precursors, because other substances (for example

FUdR) can block DNA synthesis by interfering with precursor supply

yet not kill the cells. Perhaps, HU may have effects other than on

the synthesis of precursors for DNA. Studies with Tetrahymesna
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pyriformis indicate that HU can produce effects by acting on DNA

precursors. Worthi.ngto.n (personal communication) found that a 10

mM concentration of HU arrested cells in the S phase but allowed them

to continue through the cell cycle if in G2, M, or G1. The cells ac-

cumulated in S phase and continued to incorporate tritiated thymidi.ne

into their DNA for up to 2 weeks. They were never killed. When the

HU was washed from the medium, the cells recovered. Concentra-

tions greater than 50 mM, however, killed this protozoan in the S

phase. That the effect on cell division resulted from an effect on

precursor supply is indicated by the finding that provision of all four

deoxyribo.nucleosides completely abolished the effect.

The 10 mM conce.ntration of HU used to treat Chlamydomo.nas

cells had a much greater lethal effect than that observed for T.

pyriformis. It appears that this green alga is more sensitive to HU

than the ciliate, T. pyriformis but less sensitive than mouse L-cells.

The mode of killing is not known at this time for any of these cells.

Later studies may involve a more detailed analysis of the effects of

HU on C. reinhardtii that might elucidate the phenomenon. For the

purposes of this study, it was found to be an effective agent to elimin-

ate cells at a restrictive temperature (33 C) which were non-TSD

mutants and WT cells.
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Mutant Isolation

From the procedures used in this study for the isolation and

selection of TS mutants, TSD mutants were primarily expected. The

colonies that formed at 33 C o.n the PP agar after 5 days were those

which escaped the HU treatment and were not 33 C sensitive. Those

that developed at 25 C after the 33 C treatment were considered

possible TSD mutants. Since they did not form colonies after 5 days

o.n agar at 33 C it was assumed that division had been blocked. Whether

growth, karyokinesis, etc. were functional during this time is not

known, although the general physiology of the cell would appear not

to have been affected to any great extent or they wouldn't have sur-

vived the total of 6 days at the elevated temperature (1 day in HU and

5 days on agar). Perhaps, when cell division was initially blocked,

some feed-back mechanism prevented the cell from undergoing any

imbalanced growth synthesis. Since the time of initial isolation,

changes have apparently occurred because the restrictive temperature

is now lethal to many of the cells of all four mutants.

The mutants were not considered ideal TSD mutants from the

standpoint that ideal TSD mutants should survive a 33 C treatment.

If the gene product is thermolabile and is involved with cell division,

progress toward cell division should merely be blocked when the

temperature is "shifted-up" and this block removed when the tempera-

ture is "shifted down". However, with the four mutants isolated in
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this study, the elevated temperature not only affects division but also

kills many of the cells. This suggests that the TS gene product is

involved in a process somewhere in the cell cycle which is directly

or indirectly involved in cell division and that interference with the

TS process deranges the cells metabolism so that it dies; perhaps

death results from imbalanced growth.

If the 33 C temperature is now lethal, the question arises as

to how the mutants survived the original 6 days at the restrictive

temperature. This is particularly true for TSL which is extremely

sensitive to 33 C. It can be hypothesized that cells which had been

UV-irradiated and subjected to HU may have been blocked in some

stage or process so that the lethal effect(s) could not be expressed.

As mentioned earlier, additional colonies appeared that were not

temperature sensitive following the isolation procedures. This 6

day delay in the appearance of colonies would seemingly give some

support to such a hypothesis; namely, a block which prevents a cell

from progressing toward a lethal end. A similar hypothesis might

also be given for the isolation of TSGL which also shows a high sensi-

tivity to 33 C.

Possible Types of Mutations

Several phenomena were observed with the isolated mutants:

giant cell formation, "mosaic" colony formation, complete lethality,
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enhanced survival on minimal medium as compared to Complete, and

stage or age dependence. The latter phenomenon refers to the idea

that cells at a certain stage of the cell cycle may be more sensitive

to or more resistant to a given treatment, which in this study, was

the 33 C temperature. These phenomena will be discussed below with

emphasis on the formation of giant cells and the stage dependent re-

sponses of these TS mutants.

Giant Cell Formation

The average Chlamydomonas cell has a diameter of about 10

microns. Normally a cell may reach a diameter of 20-30 microns

immediately preceding cell division. However, the giant cells i.n this

study reached diameters of more than 50 microns. A diameter of

50 microns corresponds to approximately 100 to 150 times the volume

of an average cell. These large cells were particularly abundant when

TSGL was placed at the restrictive temperature (Figures 22E and 24E).

In addition, they were also observed i.n TSLt-2 (Figures 21B and

22B). The phenomenon of giant cell formation, suggests a block in

cell division without some other synthetic processes and growth being

affected by the elevated temperature. Adler, et al. (2) have isolated

and studied a mutant in E. coli which is quite sensitive to the forma-

tion of giant cells following irradiation. They concluded that cyto-

kinesis is blocked by the irradiation but .not karyokinesis or cell
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growth. Cells, 500 to 1000 times the volume of normal cells, were

observed. Boylan and Mendelson (5) suggested that giant cells in

Bacillus subtilis induced by a.n elevated temperature may result from

1) a decrease in the rate of polymerization of the cell wall material

although the rate of protein synthesis is unaffected; 2) the breakdown

or weakening of the cell wall which allows a change in the osmotic

conditions and the formatio.n of vacuoles or spaces and enlargement

of the cell; 3) the activation of some enzyme at the elevated tempera-

ture which hydrolyzes the cell wall and allows enlargement.

Hartwell (26) suggested that cells may change in size a.nd appearance

if division is inhibited but protein synthesis is not inhibited. At this

point, it can merely be stated that any of these hypotheses are feas-

ible. Additional studies on the giant cells are necessary. Studies

which will determine whether, during giant cell formation,

karyokinesis continues (this could not be resolved using the Azure A

method i.n this study) and whether DNA is synthesized, would help to

elucidate the phenomenon. (The uptake of tritiated thymidi.ne would

give one good evidence for DNA synthesis, but to date, no one has

been able to successfully incorporate this labelled compound into the

DNA of C. rei.nhardtii.) Regardless of the possible mechanism

underlying the formation of these giant cells, division (cytokinesis)

appears to be interfered with by the 33 C temperature even without

giant cell formation. This seems to rule out the formation of giant
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cells as being the cause of the interference with division. Since

giant cells were never observed to divide, whereas some non-giants

that were blocked by 33 C did later divide, it may be that giant cell

formation may be involved in the permanent block of division, i.e. ,

reproductive death.

Stage Depe.nde.nce

Hartwell (26) postulated that cell division in TSD mutant yeast

cells may be affected either early, midway, or late in the cell cycle

(stage dependence). If the point of blocking by temperature occurs

early, the cell number in a randomly dividing population would be

expected to increase substantially. If the block point occurs late,

little or .no increase in cell number would occur. A lesion in an

early process may affect the initiation of karyokines is or bud forma-

tion and a lesion in a late process may affect cytoki.nesis or bud

separation. Hartwell (personal communication) has recently isolated

mutants that do show these effects.

The effects of the restrictive temperature on the TS mutants

isolated in the present study suggest some stage or age dependence.

Moreover, it appears that a single mutation can lead to at least

three different stage specific responses: 1) no growth and no

division, 2) growth without division, and 3) division. If no cell

division or growth occurs, it may indicate that the thermolabile gene
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product is required to i.nitiate growth as well as sustain a division

process. It could be hypothesized that such a.n effect on TS cells

might occur early in G1. These cells would remain approximately

normal sized until they die or the temperature block is removed. If

growth has already been initiated, the cells may progress toward

divisio.n until they reach the point at which the thermolabile gene

product is again necessary. At this point they may be blocked i.n their

further progress toward division but not affected in their growth

processes, which co.ntinue and lead to giant cell formation. On the

other hand, both progress toward division and growth may be blocked

and the cells may remain at the size they would normally have at the

critical stage of the cell cycle. If cells are beyond the critical point,

they may divide a.nd be arrested in the next cell generation.

The techniques for culturing and observing individual cells de-

veloped i.n this study, allow a.n analysis of stage dependent effects.

The results suggest that the time in the generation cycle at which the

temperature is "shifted-up" determines the responses observed.

Since the mutants in question were grown and studied under asyn-

chronous conditions, cells randomly selected and observed should be

in various stages of the cell cycle at the time of the temperature shift.

Those cells in which preparations for divisio.n have been completed

when the "shift-up" i.n temperature occurs should divide. That is,

they will have passed a critical point i.n the cell cycle. Those cells
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not having completed the preparatory phase should be blocked. This

may either result in normal appearing cells or giant cells depending

on whether growth and division are inhibited or only division is in-

hibited.. It was found that TSLt-1, TSLt-2,and TSGL mutants demon-

strated some of these expected effects.

Nearly 50% of the TSLt-1 and TSLt-2 cells divided during an

exposure to 33 C for 24 hr indicating that half of the cells were beyond

the critical point. In PP medium, the cells that did .not divide during

the 33 C exposure did not divide after returning them to 25 C. In

Complete medium, however, many cells that did .not divide at 33 C,

divided after their return to 25 C. Except for a few TSLt- 2 cells,

the majority of the cells that remained as singlets at 33 C did not

appear to increase in size. Yet, the majority of the cells which

divided at 33 C, regardless of whether in PP or Complete medium,

divided again at 33 C before their removal from the elevated tempera-

ture or at least continued to divide at 25 C to form macroscopic

colonies. It is this aspect that appears to rule against a stage depen-

dent response. If a stage dependent response existed, then daughter

cells should reach the same sensitive stage that the non-dividing cells

encountered and should either be blocked or killed. One explanation

may be that the daughter cells formed during the exposure are not

blocked by the restrictive temperature for as long a time as the cells

which originally did not divide. That is, if the sensitive stage is a
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phase of the cell cycle which is necessary for survival and division

and if the cell can only survive a limited time without the thermolabile

gene product, then survival would be enhanced for the daughter cells

which spend less time without the thermolabile gene product. This

hypothesis, however, would not explain the formation of many normal

appearing macroscopic colonies after 48 hr on PP agar at 33 C

(Figure 23A and B). This enhanced survival was greatly reduced for

cells on Complete agar (Figure 24A and B). Perhaps some form of

adaptation has occurred.

It could be hypothesized that cells on Complete agar at the

elevated temperature incorporate some substance from the medium

which is analogous to the thermolabile product. However, this sub-

stance is eventually lethal to the cell, although it aids survival while

the cells are at 33 C. Cells on PP agar do not have this "lethal

substance" to incorporate. The daughter cells formed have sufficient

time to utilize some alternate pathway to produce the product which

is thermolabile. Additional evidence for such a hypothesis can be

seen in Table 5. No macroscopic colonies formed on Complete agar

at either 200 or 600 foot candles after 4 days at 33 C plus 4 days at

25 C. However, survival on PP agar and 200 foot candles after the

same time interval appeared normal, or nearly so, with reduced

survival at 600 foot candles. As was illustrated earlier, growth

rates increase (generation times decrease) at higher light intensities.
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Therefore, less time would be available for this alternate pathway to

fu.nctio.n and many of the single cells would .not survive at the 600 foot

candles. At 200 foot candles, the generation time is sufficiently long

for most of the cells to adjust to the alternate pathway and thus sur-

vival is enhanced. Further experimentation is necessary to better

understand this enhanced survival when TSLt-1 and TSLt-2 are grown

on Complete agar and placed at the restrictive temperature for 24

hr, on PP agar and placed at the elevated temperature for 48 or more

hr, and on PP agar at various light intensities.

Lethality

Lethality can be defined as an event which prevents a cell from

growing and/or multiplying and thus results i.n the death of the cell.

TS mutations may lead to such a consequence; all four of the mutants

isolated showed this phenomenon. The degree of lethality varied in

three of the four mutants with TSLt-1 and TSLt-2 being quite similar.

Suzuki (46) observed that the TS period may or may not correspond

to some phase of development in Drosophila at which the lethal effects

occur. For example, i.n some instances, the killing was specific

at some stage of development while at other times, lethality was

expressed regardless of the stage of development at the time at which

the temperature was "shifted-up". The latter phenomenon, continuous

killing effect, may indicate either a gene product having a continuous



117

function or the formation of a temperature sensitive substance which

is necessary for survival at all times. The TS periods could cor-

respond to times in the cell cycle of a unicellular organism when

preparations are made for growth and division and thus are more

sensitive. Mutant TSL appears to fulfill such a criterion. Mutants

TSLt-1, TSLt-2, and TSGL may be more stage dependent in their

responses to an elevated temperature.

Concluding Remarks

Although the mutants isolated demonstrate certain phenomena,

additional studies are necessary to further evaluate each of these

muta.nts. Synchronizing the cells to determine if they are sensitive

only at some stage of the cell cycle should be beneficial. Determin-

ing the degree of DNA, RNA, and protein sy.nthesis after shifting the

temperature to 33 C should also give valuable information. Genetic

studies such as the determination of dominance or recessiveness,

linkage group, and genetic map location should also aid in a better

understanding of these mutants and their responses at 33 C.

It is hoped that this study aids in the eventual isolation of ideal

TSD mutants and that the muta.nts isolated will subsequently give one

valuable information concerning the cell division mechanism.



118

SUMMARY

1. This study primarily represents the development of methods

for the isolation of temperature sensitive (TS) mutants, particularly,

temperature sensitive division (TSD) mutants. It is hoped that with

the isolation of TSD mutants, and with further experimentation,

additional information can be obtained concerning the division mec-

hanism of cells.

2. Chlamydomo.nas reinhardtii, a unicellular green alga was

chosen for this study. Its advantages are outlined.

3. The wild type (WT) cells were grown in mass cultures in

minimal medium (PP), in microdrops of PP or Complete media, and

on PP or Complete agar. Growth rates were faster in (on) Complete

medium than in (on) PP. Growth, in either medium, was faster in

microdrops and on agar as compared to cells grown in mass cultures.

It was concluded that light intensity possibly played a key role in

this difference. It was also concluded that the growth rate was de-

pendent o.n the burst size. Burst size was observed to increase when

cells were grown in (on) Complete medium as compared to PP medium

and also when grown in microdrops or o.n agar, in either medium, as

compared to mass cultures.

4. The protocol used for the isolation of TSD mutants was to

irradiate synchronous cells in PP with 254 nm ultraviolet light from

a germicidal lamp. The cells were irradiated for 1.5 minutes, 1725
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ergs/mm 2, and then placed in total darkness for 24 hr to prevent

photoreactivation.

5. Following the 24 hr in the dark, the cells were treated with

a 10 mM concentration of hydroxyurea (HU) for 2 4 hr. The HU

treatment was carried out at 33 C. It was determined that the HU

had its greatest killing effect when synchronously grown cells were

exposed during the latter half of the light or early dark period. This

time presumably overlaps with the S phase of the synchronized cell

cycle. The mode of HU killing was not determined.

6. The selection of 33 C as the non-permissive temperature

for potential TS mutants resulted from preliminary studies in which

it was found that a cessation of cell division occurred at 35.5 C.

However, cells survived for several days. It was observed that WT

cells divided and survived equally well at 33 C as compared to 25 C,

the permissive temperature in this study.

7. Following the selection procedures, four TS mutants were

isolated. It was concluded that no ideal TSD mutant had been found

since some cells of each mutant never divided after 24 hr treatment

at 33 C, others divided after the treatment only if on Complete me-

dium, others formed giant cells and others continued to divide for

extended periods of time at 33 C. However, it was concluded that the

division process was certainly involved in some of these observations.
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8. The four mutants were designated as TSLt-1, TSLt-2,

TSL, and TSGL. The first two were more sensitive to 33 C at 600

foot candles than at 200 foot candles, therefore the Lt (for light)

designation. The latter two were quite sensitive to 33 C and were

easily killed, therefore, the L (for lethal) designation. TSGL formed

many giant cells at 33 C, thus the G (for giant). The capital letters

do not designate a dominant condition. Such determinations will be

undertaken later.

9. The growth rates were determined by optical densities. At

33 C, TSLt-1 and TSLt-2 showed a continual increase in cell number,

although at a reduced rate relative to WT. TSL never showed a.n

increase and TSGL showed a.n increase during the first 24 hr and then

decreased. The initial increase, may have been due to some extent

to giant cells developing. Burst sizes of the mutants were normal,

or nearly so, at 25 C as determined by observation of cells in micro-

drops.

10. The appearance of giant cells at 33 C was most predominant

i.n TSGL and less frequent i.n TSLt-2. It was assumed that cytokinesis

had been blocked. The Azure A nuclear staining method did not re-

veal whether karyokinesis had been blocked or not. These cells at-

tained sizes of 100 to 150 times that of a normal cell. Growth with

no cell division and/or some effect on membrane permeability or the

osmotic mechanism may account for part, most, or all of the volume
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increase. These cells never divided even after the return of the cells

to 25 C following 24 hr at 33 C.

11. The phenomenon of stage-or age-dependent sensitivity to the

restrictive temperature may play a role in the responses observed,

particularly with mutants TSLt-1, TSLt- 2,a.nd TSGL. The fact that

some did not divide in the 24 hr at 33 C, others formed giant cells.,

and still others divided three and four times within a mother cell (or

divided in the next generation) supports such a hypothesis. However,

the division and survival of some cells (colonies) after 48 hr or more

at 33 C can .not be explained by stage dependent sensitivity. In addi-

tion, survival was enhanced for TSLt-1 and TSLt-2 cells on PP agar

as compared to Complete agar at 200 and 600 foot candles. It was

hypothesized that the Complete medium in conjunction with light, may

facilitate imbalanced growth of these TS cells when they are placed

at the restrictive temperature and result in death.

12. TSL was considered a conditional lethal. No cells appeared

to survive a 24 hr treatment at 33 C. Less that 1% survived a 12 hr

exposure. Amongst its values for future studies are its possible

usefulness as a genetic marker and for attempts to determine the

lethal mechanism.

13. Additional studies are necessary to further evaluate each

of these mutants. Synchronizing the cells to determine if they are

sensitive only at some stage of the cell cycle should be beneficial.
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Determining the degree of DNA, RNA,and protei.n synthesis after

shifting the temperature to 33 C should also give valuable information.

Genetic studies such as the determination of dominance or recessive-

ness, linkage group, and genetic map location should also aid in a

better understanding of these mutants and their responses at 33 C.

14. It is hoped that this study aids in the eventual isolation of

ideal TSD mutants and that the mutants isolated will subsequently give

one valuable information concerning the cell division mechanism.
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