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This study focused upon changes in cell ultrastructure in

populations of the green alga Chlamydomonas reinhardi exposed to

X- or proton-irradiations early in the dark period of a 12-hour

light, 12-hour dark synchronization regime. At this time, the

cells were either in division or preparing for it and were more

sensitive to irradiation as expressed in terms of mortality and of

mechanisms of death exhibited by lethally injured cells.

Liquid cultures were exposed to 9,000 R X-irradiation delivered

at approximately 600 R/min. This produced 69% mortality in the 137c

wild type strain and 71% mortality in the acetate-requiring strain

ac-31. Irradiated and control cells were fixed for electron micro-

scopic examination at intervals up to five days post exposure.

Proton-irradiations using a positive ion Van de Graff

accelerator were administered to monolayers of cells attached to

Millipore filters. Irradiated and control cells were later

resuspended and incubated in liquid culture medium. The dose rate



was approximately 20 kilorad/second for thin targets with the dose

monitored with a solid state detector. Irradiation of the wild-type

cell with 1.5 MeV protons delivering a dose of 9 kilorad resulted

in 89% mortality and 18 kilorad led to 98% mortality. Following

exposures of 3 to 21 kilorad, the acetate and wild-type cells were

fixed for electron microscopic examination 19 hours, 38 hours, and

5 days after irradiation.

Distinctive fine structural responses were observed for the two

kinds of radiation at the indicated exposure levels. Alterations

affecting the nucleus were prominent after X-irradiation. Nuclei

were observed in which non-nucleolar condensations and swollen

nuclear envelopes were evident. Nuclear envelope rupture was noted

when cells were in an advanced state of disorganization. Multiple

nuclei per cell were also observed. Proton-irradiation often

resulted in both live and dead daughter cells within the same mother

cell wall. Changes in the chloroplast and mitochondria were seen

after both types of irradiation. Two features absent in control

cells were of special interest: (1) Following X- and proton-

irradiation, cells were observed which remained joined in configura-

tions closely resembling division profiles or division conformations.

(2) Irradiated cells also possessed chromosomes and spindle fibers

at a time not characteristic for such events in control cells.
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X-RAY AND PROTON INDUCED ULTRASTRUCTURAL CHANGES IN
CHLAMYDOMONAS REINHARDI, WITH SPECIAL REFERENCE

TO THE D1VLDING CELL

INTRODUCTION

The use of Chlamydomonas in experimental cell studies is

evident from the constantly expanding body of literature focusing

upon this unicellular green alga. This is largely due to the fact

that numerous laboratories have found that this eukaryote is easily

synchronized and cultured. The advantages of using synchronously

dividing cell cultures have prompted their use in many types of

cell studies. Surzycki (1971) has summarized these advantages and

concludes that synchronized cell cultures present a population of

cells with approximately the same morphology and physiology.

The work presented in this thesis on ultrastructural changes

in irradiated Chlamydomonas evolved from an earlier study of the

cell's patterns of death following X-irradiation (Gruber, 1974).

In that study, cell death, or loss of reproductive ability, was the

only available measure of radiation damage, although radiation-

induced mutations characterized by morphologically altered cells

were occasionally observed. The end point of lethality as the only

measure of radiation damage severely limited the amount and type of

information that could be obtained. For these reasons, a study of

the effects of X-irradiation on the fine structure of Chlamydomonas

reinhardi was undertaken. Since a Van de Graff facility was avail-

able the study was expanded to include effects of proton irradiation.
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Review of the Literature

The vegetative cell cycle of C. reinhardi synchronized by 12

hours of light and 12 hours of darkness has been characterized as

follows: Cl lasts 14 to 15 hours; S lasts 4 hours and may overlap

division; division lasts about 4 hours. Cells synchronized by a

12:12 regime do not have a G2 period in the classical sense

(Surzycki, 1971). The cell cycle of Chlamydomonas is such that

several cell divisions may occur in one generation, resulting in

the formation of two, four, eight or more daughter cells which

remain within the mother cell wall until they burst free from it

late in the dark cycle (Sueoka, 1960; Bernstein, 1964; Mihara and

Hase, 1971; Gruber, 1974). Text Figure 1 presents a summary of

these events during the 12:12 synchronization regime utilized in

these studies. The number of daughter cells produced depends on

culture conditions such as the duration and intensity of the

illumination and the availability of nutrients from culture medium

or agar, but apparently this number is not under strict genetic

control. When cells of a clone divide, they do not necessarily

form the same number of daughter cells as in the original clone.

Similar results have been reported for Prototheca zopfii (Poyton

and Branton, 1972).

Studies of the pattern of cell division in C. reinhardi have

been carried out using the light microscope, but because of the

small size of cells and nuclei, it is difficult to identify
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Text Figure 1: A simplified diagram of the nuclear and
cytoplasmic events and their timing during
the 12-hour light/12-hour dark synchronization
regime used in this study. Illustrated here

are the patterns for cells which divide to

form 2, 4, and 8 daughter cells. Prior to

division, the flagella are lost and the
chioroplast undergoes a 900 rotation. The

first division of a cell dividing into 8
daughters precedes the first division of a
cell producing 4 daughters by about 1 hour.

The relative timing of events may be shifted

in the cycle by varying environmental conditions.

(Taken from: Gruber, 1974.)
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chromosome configurations. Levine and Folsome (1959) used Azure-A

and Feulgen stains to study nuclear events in cell division, but

they refrained from equating any of the stages they observed with

the four stages of classical mitosis. However, Buffaloe (1958)

did present sketches which he classified as representing prophase,

metaphase and anaphase stages of cells stained with iron-alum hema-

toxylin, Feulgen, Azure-A or aceto carmine. Buffaloe's (1958) inter-

pretation is somewhat questionable, however, since he described the

disappearance of the nuclear membrane, an event which electron

microscopic studies have shown does not occur. Toluidine Blue 0

following osmium fixation yields a good nuclear stain (Gruber, 1974),

but since the mitotic figures are barely distinguishable with the

light microscope, caution should be used in interpreting the

figures. Bernstein (1964) encountered similar problems with light

microscopic studies of C. moewusii, and he also hesitated to define

a classical mitotic progression.

The fine structure of vegetative cell division in C. reinhardi

has been described in the pioneering work of Johnson and Porter

(1968). Thin sections of cells undergoing cytokinesis reveal a

complex pattern of cell division (Johnson and Porter, 1968): the

nuclei of dividing cells possess enlarged nuclear pores 300-500

in size, as compared with an interphase pore size of 60-80 ml!.

Nuclear division takes place with the nuclear membrane intact, and

the cleavage plane is associated with a band of microtubules which

pass over the nucleus. The nucleus moves towards the cell surface



and has an irregular spindle shape at metaphase and early anaphase.

Chromosomes are positioned in a "large median bulge" of the nucleus

which tapers off at either end. The spindle microtubules extend

into the cytoplasm through the enlarged polar fenestrae. Meta-

phase band microtubules (usually four) form an arc over the nucleus.

At late anaphase, chromosomes are pressed to the ends of the

elongated nuclei. The nuclear envelope then invaginates over the

sets of chromosomes, forming two daughter nuclei. At telophase

there are "internuclear microtubules" between the daughter nuclei

at right angles to the spindle axis. Cleavage microtubules

generally lie at right angles to the internuclear microtubules and

are in the same plane as the cleavage furrow.

Johnson and Porter (1968) proposed that the replicated basal

bodies are involved in orienting the cleavage furrow. Contrary to

this report, recent high voltage electron micrographs and serial

sectioning techniques have shown that the basal bodies of C.

reinhardi, even though they are present, are not the direct foci of

the spindle microtubules (Coss, 1974; Triemer and Brown, 1974).

Cavalier-Smith (1974) has reported that the basal bodies remain

attached to the plasma membrane through cytokinesis, and that the

spindle poles are usually 1 pm or more away from the cell surface.

He therefore concludes that C. reinhardi's basal bodies should not

be classed as "centrioles."

According to Johnson and Porter (1968), during the progression

from two to four cells, the nuclei again move towards the cell
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surface, membrane invagination occurs, metaphase band microtnbules

span each nucleus, nuclei separate, and this is followed by cell

cleavage at right angles to the plane of the first division.

The pyrenoid and chloroplast of C. reinhardi divide after the

nucleus (Sager and Palade, 1957; Goodenough, 1970). Basal body

replication also occurs at this time (Randall, Cavalier-Smith,

McVittie, Warr and Hopkins, 1967; Ringo, 1967; Cavalier-Smith,

1974; Gould, 1975).

From this brief description of cell division in C. reinhardi,

it is evident that the ultrastructural features of its cytokinesis

(and the cytokineses of many other members of the volvocalean algae)

differ significantly from the usual configurations of classical

mitosis as seen in sections of higher eukaryotes.

The ultrastructural effects of colchicine on non-synchronized

C. reinhardi have been studied by Walne (1967), and N-methyl-N-

nitroso-N-nitroguanidine induced division mutants have been

isolated by Warr (1968) and Warr and Durber (1971).

A large body of literature also exists on the genetics and

maternal inheritance of Chlamydomonas (Sager, 1955; Ebersold, 1956;

Ebersold and Levine, 1959; Levine and Ebersold, 1960; Sager, 1960;

Ebersold, Levine, Levine and Olmsted, 1962; Sager, 1965; Davies and

Lawrence, 1967; Surzycki, 1969) and on various mutants (Eversole,

1956; Ebersold, 1962; Gillham and Levine, 1962; Levine, 1971;

McMahon, 1971). A wide variety of mutants have been isolated,

including strains resistant to streptomycin and sulfanilimide,
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strains with pigment mutations, non-photosynthetic strains and

strains with growth requirements for an organic carbon source or

for arginine, thiamine, p-aminobenzoicacid or nicotinamide. UV-

mutants have been isolated in which flagella are absent, short, or

impaired in functional ability. Many of these characters have been

utilized as markers in recombinations and mapping studies. Such

experiments led to the discovery that streptomycin-resistance in

Chlamydomonas is a non-Mendelian factor. Since then, Chlamydomonas

has been used to study both chromosomal and non-chromosomal systems

of genetic determinants. More recently, Howell (1974) has analyzed

cell cycle controls in temperature-sensitive mutants of C. reinhardi

and has shown that asynchronous cultures of cycle-blocked mutants

can indicate where the normal genes would operate.

Two cell strains were utilized in the present studies, both

kindly provided by Dr. R. P. Levine of Harvard University. Strain

137c is the normal wild-type cell. Ac-31 is a pale green mutant

which exhibits reduced stacking of chloroplast thylakoids

(Goodenough, Armstrong and Levine, 1969). The membranous discs

comprising its chloroplast are not as closely or uniformly

associated as they are in the wild-type cell. In 137c, Goodenough

and Staehelin (1971) have described stacks of two to ten thylakoids

within the chloroplast stroma, while ac-31 chloroplast membranes

are unstacked.

Chloroplast membrane stacking in Chlamydomonas is influenced

by ionic environment and genetic factors. When ac-31 membranes are
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isolated in low-salt media, they are unstacked, but when isolated

in a high-salt medium they stack normally. Thus ionic environment

is important (Goodenough and Staehelin, 1971). The authors suggest

that there may be specific sites in the membrane for stacking.

Chloroplast membrane stacking is controlled by at least two

Mendelian genes. Goodenough and Staehelin (1971) interpret the

ac-31 mutation as follows: a) it may result in a change in the

chloroplast stroma such that the ionic environment is unfavorable

for stacking; or, b) the mutation may change a membrane component

so that stacking will not occur. The strong and durable associa-

tion between chloroplast membranes has relevance to the chloroplast

response to X- and proton-irradiation seen in this study, and which

will be discussed more fully later.

Ac-31 is also pigment deficient: it possesses 1.1 pg total

chlorophyll per 106 cells compared with 1.8 ng in the phototrophi-

cally grown wild-type cell. The chlorophyll a to b ratio also

differs, being 3.4 in ac-31 and 2.6 in 137c (Goodenough and

Staehelln, 1971). Ac-31 is an acetate-requiring strain, and shows,

in addition, a variation in the chloroplast-associated organelle,

the eyespot (Gruber and Rosario, 1974). The ac-31 strain was

included in this study to determine whether the normal wild-type and

a mutant would show similar ultrastructural responses to irradiation.

The periods of chlorophyll, nucleic acid, protein and eznyme

synthesis in synchronized C. reinhardi have been determined by a

number of workers. Protein synthesis increases linearly throughout
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the light_ period and plateaus with no appreciate Le inerea!-w during

the dark period (Kates and Jou (,, 1967; Surzycki, 1971). Synthesis

of the following enzymes during the light period has been detected

(Surzycki, 1971): aspartate carbamoyltransferase, ornithine

carbamoyltransferase, phosphoenolpyruvate carboxylase, alanine

dehydrogenase, glutamate dehydrogenase, ribulose -1,5- diphosphate

carboxylase, Fd-NADP reductase, ribulose-5-phosphate kinase, NADP-

dependent glyceraldehyde-3-phosphate dehydrogenase, NAD-dependent

glyceraldehyde-3-phosphate dehydrogenase and EDTA-resistnat

fructose-1,6-diphosphate aldolase. Alanine dehydrogenase and

aspartate cambamoyltransferase activities increase in the light

period, while glutamate dehydrogenase, phosphoenolpyruvate carboxy-

lase and ornithine carbamoyltransferase activities increase during

the dark period (Kates and Jones, 1967). Since enzymatic activity

increases during the dark period and since DNA replication also

occurs during the dark, Jones, Kates and Keller (1968) and Iwanij,

Chua and Siekevitz (1975) concluded that protein turnover also

occurs in the dark period.

Strict control of RNA synthesis by light has been reported

(Jones, et al., 1968; Iwanij, et al., 1975) but even though most RNA

is synthesized during the light period, RNA synthesis does not

abruptly cease with the onset of the dark period. Chloroplast rRNA

is synthesized only during the light, and cytoplasmic RNA is

also synthesized during the light but continues through hour 9 of

the 12-hour dark cycle. At the onset of the light period,
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cytoplasmic rRNA synthesis lags 30 to 60 minutes behind chloro-

plast rRNA synthesis (Surzycki, 1971). Chlorophyll synthesis

occurs from the fifth hour through the eleventh hour of the light

period (Surzycki, 1971). Amino acid starvation (McMahon and

Langstroth, 1972) and the effect of protein inhibitors (Goodenough,

1971) have also been studied in C. reinhardi. When deprived of

arginine (McMahon and Langstroth, 1972), C. reinhardi remains

viable, continues to synthesize protein, but ceases to grow; DNA

synthesis and stable RNA accumulation are inhibited. There is no

change in nucleotide triphosphate pool size. When arginine is

replaced by one of its analogs, canavanine, Chlamydomonas loses

chlorophyll, and becomes non-motile and non-viable. Canavanine

rapidly inhibited RNA synthesis, but incorporation of amino acids

into protein and the synthesis of DNA was inhibited only after a

long lag. Nucleotide triphosphate pool size did change in the

presence of canavanine. In her experiments using protein inhibitors,

Goodenough (1971) found that long-term rifampicin-grown cells had

one-half the chlorophyll of control cells, and exhibited a highly

disordered chloroplast membrane structure. Rifampicin also

prevented the production of chloroplast ribosomes. Chloramphenicol

and spectinomycin also caused vesicle formation, unusual thylakoid

stacking and membrane conformations in the chloroplast.

Surzycki (1971) reported a value of 1.38 x 10-7 lig DNA for the

strain 137c interphase cell. Chloroplast DNA hand, p = 1.694

gm/cm3) is synthesized during hours 6-8 of a 12-hour light, 12-hour



dark synchronization regime (Chaing and Sueoka, 1967; Surzycki,

1971) and is distinguishable from nuclear DNA. Swinton and

Hanawalt (1972), using the technique of isopycnic cesium gradient,

reported that Chlamydomonas appears to incorporate (methyl-3H)-

thymidine specifically into chloroplast DNA and not into nuclear

DNA. Nuclear DNA (a band, p = 1.724 gm/cm3) is synthesized during

hours of 14 to 16 of the light-dark cycle when division produces two

daughter cells, and during the 11th to 12th hour and 14th to 16th

hour when divisions produce four cells (Sueoka, 1971; Surzycki,

1971). When divisions result in four daughter cells, both chloro-

plast and nuclear DNA go through two consecutive rounds of replica-

tion. There is an additional small satellite component, the a band

which possesses a density of 1.715 gm/cm 3
, and is detectable at the

same time as the 6 band (Chiang and Sueoka, 1967).

The pools of deoxyribonucleoside triphosphates in C. reinhardi

resemble those found for mammalian cells and bacteria (Knutsen, Lien

and Skoog, 1973). Using a 12-hour light, 4-hour dark regime, the

pool sizes of dATP, dTTP, dGTP and dCTP have been found to be small

until the start of DNA synthesis (0.5 to 10 p moles), after which

they increase. The dTTP and dATP pools increased more than 200

times, and pools of dCTP and dGTP increased 10 times. Pool sizes

enlarged temporally with DNA synthesis (Knutsen et al., 1973).

The body of knowledge on Chlamydomonas includes several reports

on radiosensitivity (Jacobson, 1957, 1962; Posner and Sparrow, 1964;

Davies and Evans, 1966; Hillov6 and DrAsil, 1967; Kohn, McLeod and
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Wright, 1967; Davies, Holt and Papworth, 1968; Bryant, 1970;

Chaech.i&ek and Hillovfi, 1970; Bryant, 1973), documentation of

X-ray-induced mutations (Nybom, 1953; Wetherell and Krauss, 1957),

and descriptions of specific patterns of death and division delay

in X-irradiated light-dark synchronized C. reinhardi (Gruber and

Nachtwey, 1973; Gruber, 1974).

The pioneering work on proton-irradiation of C. reinhardi

(Braby and Nachtwey, 1973; Nachtwey and Braby, 1975) showed that

the survival curve of cells exposed to 1.5 MeV protons is a

sigmoidal curve similar to the X-ray survival curve. However,

proton-irradiation produces a curve with a smaller shoulder and a

steeper slope. The LD(50)for proton-irradiated interphase cells

(hour 7 3/4 of the light-dark cycle) is 5 krad; the LD(50) for

cells preparing for division (12th hour of the light-dark cycle) is

3.4 krad (Braby and Nachtwey, 1973). This contrasts with an LD(50)

of 9.7 krad following X-rays delivered to interphase cells (9th

hour of the light-dark cycle) and an LD(50) of 5.47 krad for cells

preparing for division (13th hour of the light-dark cycle) (Gruber,

1974).

The radiosensitivity of Chlamydomonas to X-rays varies

throughout the light-dark cycle; 7,590 R results in a peak mortality

of 50% when administered at the 12th hour; 9,108 R results in a peak

mortality of 60-70% when administered at the 14th hour (Gruber,

1974). After exposure to 9,108 R, two features of Chlamvdomonas'

are apparent: (1) Most lethally affected cells are able to complete
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at least one set of divisions before they die. This has been

termed "death in different general ions." When cells are exposed

before their nuclear division, they are able to complete two sets

of divisions before death. (2) Irradiated cells also exhibit

"mixed colony formation": some of the progeny of a clone resulting

from an irradiated cell might survive while others in that clone

would die.

It was the intent of this study to explore the effects of

proton and X-irradiation on the fine structure of C. reinhardi.

Morphological observation at the ultrastructural level presents only

a static image of cells at the instant of fixation. The living cell

is not the inert, rigid structure seen in thin section, but rather

an intricately balanced interaction between structure and functional

activity. This is especially true in the case of cells involved in

cytokinesis and cells either attempting to repair radiation damage

or ultimately undergoing senescence and death. Depsite limitations

inherent in electron microscopy, valuable functional concepts can

be developed from such static images. Ultrastructural changes may

range from the extremely subtle to dramatically obvious. Such a

spectrum of changes was observed in C. reinhardi in the present

study, and representative micrographs were selected to illustrate

these observations. It is hoped that the study and discussion of

these morphologic changes within the framework of the known radia-

tion responses of Chlamydomonas will contribute to a better under-

standing of the events associated with leathlity and the pattern
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of death exhibited by eukaryotic cells. -Hopefully this would lead

to the ability to rank sub-cellular components in terms of their

sensitivity to irradiation not only with response to dose but also

with respect to quality.
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MATERIAL`; AND METHODS

Culture Conditions

Cultures of Chlamydomonas reinhardi, strain 137c, mating type

plus, and mutant strain ac-31, mating type minus (Goodenough,

Armstrong and Levine, 1969) were kindly provided by Dr. R. P.

Levine. These were grown in a Hotpack Programmed Refrigerated

Incubator at 20-22°C under a light-dark synchronization regime of

12 hours of light of approximately 300 foot candles (3230 lux)

followed by 12 hours of darkness. Strain 137c was grown in 5-10 ml

minimal medium (Sueoka, 1960), and strain ac-31 in 5-10 ml minimal

medium supplemented with 0.2% sodium acetate. Cultures were grown

in 30 ml Tissue Culture Flasks (Falcon Plastics) with loosely

fitting caps. For experiments, cultures of cell concentration --105

cells/ml were used without dilution or concentration.

Fixation and Embedding

Cells were harvested by centrifugation, fixed for one hour in

Karnovsky's fixative (Karnovsky, 1965) at about 4°C, washed several

times with 0.2M cacodylate buffer containing 0.05% CaC12, and rinsed

in buffer. Cells were then fixed with 2% 0s01, containing 1 mg/m1

CaCl2, dehydrated and embedded in accordance with the modified

method of Luft (1961) in a low viscosity resin (Spurr, 1969).

Sections were cut with a diamond knife, stained with uranyl acetate



and lead acetate, and examined in a Phillips EM 300 or RCA EMU-4A

transmission electron microscope.

Irradiation Procedures

X-Irradiation

16

Cells in liquid medium in tissue culture flasks were placed on

a turntable rotating beneath a GE Maxitron Unit operating at 250

kVp, 30 mA, 0.25 mm Cu + 1.0 mm Al filter. Target-to-source

distance was 25 cm with an exposure rate of about 600 R/min as

determined by measurement with Victoreen ion chambers.

Proton-Irradiation

Irradiation with monoenergetic protons of 1.5 MeV was

accomplished using a positive ion Van de Graff accelerator. Cells

were irradiated as monolayers of cells on Millipore filters in a

vacuum chamber with approximately 30 torr of water vapor saturated

air separated from the Van de Graff vacuum by a nickel foil. After

irradiation cells were resuspended in liquid culture medium and

returned to the incubator. Calibration of the accelerator indicated

that the dE/dx of these protons is 200 MeV cm2/g and varies only

about ten percent through a 10 pm target. Small angle scatter in a

thin (0.00005 inch) nickel foil spreads the beam to make it uniform

and reduce the current density to 10-9 amps per second for thin

targets. Beam uniformity and current density were determined by a



17

Faraday cup and exposure was monitored with a solid state detector

at an angle to the beam so that it sampled a small. fraction of the

total protons. For short exposures the beam was switched on and

off by an electrostatic deflection system.

Determination of Survival Ratios

The percentage of an irradiated population surviving a given

dose was determined by microscopic examination (at 200x) of live and

dead colonies on the surface of agar plates prepared with Difco

Purified Agar (1.75% w/v) and minimal medium or acetate-supplemented

minimal medium. After plating the agar surface was covered with a

layer of paraffin oil (Matheson, Coleman and Bell, Saybolt viscosity

at 100°F = 340-355) to retard dehydration and aid in counting

colonies, since under oil, colonies grow as sheets of cells rather

than as mounds.

Amino Acid Autoradiography

The autoradiographic technique used was a modification of the

methods described by Koehler and Mahlethaler (1963) and Adee,

Sanders and Berlin (1968). Initial emulsion preparation was done

under a Wratten series I red filter, with a Wratten series OA

filter for all subsequent steps. One gram of Ilford L-4 emulsion

was dissolved in an equal volume of distilled water at 45°C.

Several carbon-coated test grids were coated with emulsion, briefly

exposed to light, developed, fixed, and examined with the electron
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microscope to insure even distribution of emulsion and satisfactory

emulsion thickness. Grids with attached specimens were coated with

emulsion and stored in a light-tight box containing Drierite at 4°C

for 15 or 18 days. Autoradiographs were developed for 45 seconds

in freshly filtered Kodak D-19, rinsed in 1% acetic acid for 10

seconds, fixed in freshly filtered Kodak rapid fixer for 5 minutes,

rinsed for 5 minutes and grid-stained for 3 minutes in uranyl

acetate and for 20 minutes in lead citrate.
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RESULTS

The micrographs presented in this thesis were selected from

many because they best illustrate the varied ultrastructural changes

observed in C. reinhardi strains 137c and ac-31 following exposure

to either X- or proton-irradiation. Ultrastructural studies are

essentially descriptive. In the present work a conscious effort

was made to keep subjective evaluation to a minimum, both during

the course of sectioning and examination of the material and in the

choice of micrographs used to document radiation-induced changes.

Healthy control cultures were fixed and sectioned with their

irradiated "pair" and carefully examined for any changes that could

be attributable to culture growth conditions and/or culture age.

Only cells clearly exhibiting ultrastructural changes were chosen

for presentation here. Recognizing that many post-irradiation

changes occur at the biochemical level before ultrastructural

changes become evident, electron microscopic autoradiographic

studies on the incorporation of an 3H-amino acid mixture were

undertaken to investigate early biochemical changes. Although

informative, this method did not prove to be as valuable a tool as

was hoped; the results of such experiments will he discussed later.

The initial micrographs, showing details of interphaso and

dividing wild-type cells, illustrate the ultrastructure of C.

reinhardi and help to orient readers unfamiliar with the fine

structure of this cell (Figures 1-4). Features described confirm
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those previously documented by Sager and Palade (1957), Lembi and

Lang (1965), Johnson and Porter (1968) and Goodenough (1970).

Text Figure 2 schematically presents the cell and its organelles

as seen in longitudinal section. Chlamydomonas' cell wall (Figure

1, CW) is unique since it does not contain cellulose, but is

composed of layers of glycoproteins, each containing hydroxyproline

(Roberts, Gurney-Smith and Hills, 1972). Isolated cell walls

consist of 35% protein dry weight (Horne, Davies, Norton and

Gurney-Smith, 1971). The flagellar region marks the anterior

portion of the cell (Figure 1) and is the site where the cell's

two flagella emerge from the cell wall, each through a flagellar

channel. The flagellum terminates in the cell in a specialized

structure, the basal body. The nucleus (N) with its prominent

interphase nucleolus (n) is bounded by a nuclear envelope charac-

terized by pores of 60-80 pm (Figure 1). During division, polar

pores or fenestrae enlarge to 300-500 pm (Johnson and Porter, 1968).

The Golgi bodies, one to four, occupy a perinuclear position

prior to division (Figure 1, G) (Sager and Palade, 1957). Vacuoles

(V) are common near the Golgi (Figure 1). The pyrenoid (P) lies in

the posterior region of the cell, contained by the chloroplast (C)

and surrounded by starch plates (S). Following nuclear division,

the pyrenoid and chloroplast divide at the same time (Goodenough,

1970). It has been suggested that the pyrenoid may contain DNA and

RNA (Brown and Arnott, 1970) in a proteinaceous core associated with

starch synthesis (Manton, 1966; Sager, 1971); other workers stress
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Text Figure 2: A diagrammatic sketch of a hypothetical interphase

cell in sagittal section. In the anterior region

of the cell, two flagella (F) pass through
flagcllar channels in the cell wall (CW). The

plasma membrane (PM) and chloroplast membrane (CM)

bound the cell and the chloroplast, respectively.
The cup-shaped chloroplast (C) contains chloro-

plast lamellae (L) and a pyrenoid (P) bounded by

starch plates (S). Starch grains may also he

found in the chloroplast. In longitudinal section,
the eyespot (ES) is seen as two or three plates of

granules just inside the chloroplast membrane mid-

way between the ends of the cell. In the anterior

region of the cell, the interphase nucleus (N)

contains a prominent nucleolus (n) and is bounded

by a nuclear envelope with numerous pores. Golgi

bodies (G) lie near the nucleus. Mitochondria

(M), peripheral to the chloroplast, are often seen

near the base of the flagella. The cell's two

contractile vacuoles also lie in this region. One

such vacuole (V) is indicated in this diagram.
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the unknown nature of pyrenoid chemical structure and function

(Menke, 1966; Fisher and Lang, 1971). Continuity between chloro-

plast lamellae (C) and the pyrenoid can be seen at the top of the

pyrenoid in Figure 1. Dense granules, appearing as dark

dots, are scattered throughout the chloroplast which is separated

from the cytoplasm by the chloroplast envelope. Not shown in this

section is the eyespot, a specialized region of the chloroplast

situated midway between the anterior and posterior regions of the

cell. It consists of two or three layers or plates of granules

between the outer layers of the chloroplast lamellae. Mitochondria

occupy sites between the chloroplast and plasmalemma and near the

base of the flagella; they are usually rod-shaped or somewhat

elongated with prominent cristae.

As mentioned in the Introduction, the pattern of mitosis in

C. reinhardi is complex; it is characterized by the nuclear

membranes remaining intact through a sequential series of nuclear

and cytoplasmic divisions resulting in two, four or more daughter

cells which are held within the mother cell wall until they burst

free late in the dark cycle. C. reinhardi undergoes a 90° rotation

of the cell within the cell wall early in division, breaking off

the two flagella (Goodenough, 1970). Cavalier-Smith (1974) stated

that instead of flagellar abscission, a slow resorption occurs

early in division. Rotation has already occurred in the cell

pictured in Figure 2, and the cleavage is nearly complete. Two

nuclei (N) are seen in section, one in each of the future daughter
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cells. The region enclosed in the box is shown in Figure 2a at

higher resolution. Rough endoplasmic reticulum and free ribosomes

are visible in the isthmus of cytoplasm connecting the cells; new

cell membrane may be forming in the area of the rough endoplasmic

reticulum.

Figure 3 represents the progress of cytokinesis in a cell

sampled at the 12th hour of the light-dark. cycle. Although this

cell was exposed to 9,000 R and fixed immediately after exposure, no

detectable radiation damage affecting cell ultrastructure is

apparent. A nucleus is prominent in each of the future daughter

cells. Their chromatin pattern is somewhat "patchy," indicating

that these cells were probably destined to undergo further division.

Under culture conditions used in these experiments, the first

division of a cell that is progressing toward formation of eight

daughter cells precedes by about one hour the first division of a

cell progressing toward formation of four daughter cells. In Figure

3 two dictyosomes are apparent near the nucleus in the daughter cell

on the left. At this level of section the cells are still joined by

a small central band of cytoplasm.

Figures 4 through 16 show 137c wild-type cells sampled after

exposure to 9,000 R X-irradiation, and Figures 17 through 25 show

ac-31 cells after the same exposure. The remaining micrographs show

the responses of 137c and ac -3l cells to various exposures of proton

irradiation. For clarity, each cell type will be discussed within a

subheading designating the source and amount of exposure, and the

post-irradiation time at which the cells were sampled by fixation.
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X-Irradiations

Strain 137c, 18 Hours After Exposure to 9,000 R X-Irradiation

Hour six of the light-dark cycle, midway through the light

period, is a time when control cultures exhibit no division and

consist of free-living, individual daughter cells. Two features are

immediately apparent in X-irradiated cells fixed at this time

(Figure 4): (1) Some cells were unable to complete cytokinesis, for

their conformation indicates two progeny joined near the anterior

region of the cell. (2) Some cells had two nuclei, while other

cells may be anucleate (Figure 4). It is conceivable that there is

only one nucleus sectioned through two lobes, but the size of the

presumptive independent nuclei indicates two separate nuclei. The

large vacuole near the nuclei is the contractile vacuole; the

smaller vesicles nearby are thought to be preparing to merge with

it. Each of these potential daughter cells exhibits a pyrenoid

and it is probable that the pyrenoid on the left is sectioned in a

plane such that only surrounding starch plates are seen in section,

whereas the central core area is in the level of section in the cell

on the right. It has been proposed that channels for chloroplast

lamellae, or "trabeculae," such as seen in the cell on the left, may

provide a drainage system for the passage of photosynthetic products

from the chloroplast lamellae to the pyrenoid where starch is

synthesized (Sager and Palade, 1957). It has also been postulated

that pyrenoid matrix regions along the channels may be sites of
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accumulation and/or synthesis of starch, with the channels serving

to transfer this material (Retallackandhutler, 1910).

Cell configurations such as that shown in Figure 4 are abnormal

with respect to control cells sampled at the same time. In an

attempt to gain an understanding of the metabolic state of such

cells, irradiated and control cultures were incubated in the

presence of a 3H-amino acid mixture (leucine, histidine, methionine

and phenylalanine) for one-half hour prior to their fixation at the

6th hour of the light-dark cycle. For irradiated cells, this was

18 hours after exposure. Irradiated cells, even those with bizarre

division profiles, were found to have incorporated the 3H-amino acid

mixture. As shown in Figures 5 and 5a, regions near the Golgi

showed label; cytoplasmic and chloroplast label was also present.

The cell sectioned in Figure 5 is noteworthy for several

reasons. The unusual morphology is marked by three pyrenoid-like

regions. Dictyosomes in the perinuclear region (at least five in

number) possess cisternal elements which seem markedly dilated and

enlarged when compared with Golgi of control cells (Figure 1). In

two areas, these vesicles are associated with label, indicating

localization of the 3H-amino acid mixture. The cell appears to he

in division; arrows mark regions resembling cleavage furrowing.

Microtubules near the nucleus, as shown in higher resolution in

Figure 5a, are also reminiscent of microtubule arrays in dividing

cells. Johnson and Porter (1968) have described "metaphase band"

microtubules, usually a row of four, lying between the invaginated
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cell membrane near the nuclear surface, and "cleavage" micro-

tubules which line the cleavage furrow.

In favorable sections of cells that appear arrested in

division, the basal body area is of special interest (Figure 6 and

the area shown in higher resolution in Figure 6a). Descriptions of

basal bodies of C. reinhardi by Randall, Cavalier-Smith, McVittie,

Warr and Hopkins (1967), Ringo (1967), and Johnson and Porter (1968)

state that the mature basal body of Chlamydomonas consists of nine

sets of triplet microtubules arranged in a "cart-wheel" pattern

when seen in cross section. Two such basal bodies are seen in

Figure 6a, labeled B; B' marks a basal body sectioned longitudi-

nally, and bands of microtubules can be seen to course through the

nearby cytoplasm. The cytoplasmic projection at 6:00 may also

represent the fourth basal body. Thus basal body replication had

occurred properly even though the cells were unable to complete

cytokinesis. A pair of microtubules near one of the basal bodies

is marked with an arrow.

The "patchy" nature of the chromatin in the nuclei of dividing

cells has been previously discussed in relation to Figure 3.

Evidence of radiation-induced interference with events concerned

with cell division was observed in the form of spindle tubules

coursing through the nucleus; these were associated with chromatin

in the mid-nuclear region (Figure 7). This cell was obtained from a

sample taken at a time when control cells were in photosynthesis

and vegetative growth.
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Other mother cells examined 18 hours post-irradiation

exhibited a variety of different morphological patterns. The cells

in Figure 8 illustrate several pecularities: (1) At least four

daughter cells reside within the mother cell wall and only the

daughter cell in the upper right possesses a clear cell wall of its

own. A basal body is seen in section at the level of emergence of

the flagella through the cell wall. (2) A patchy distribution of

condensed non-nucleolar material can be seen in the section of the

two nuclei. (3) The pyrenoid in the cell in the upper right appears

in an abnormal position relative to the nucleus and basal body.

(4) The cell at the middle left is in a state of marked disorgani-

zation; only a few strands of chloroplast membranes can be

identified.

Another group of cells within the mother cell wall 18 hours

post-irradiation is seen in Figure 9. The nuclei are more normal

with respect to nucleolar and nuclear morphology, but the cell seen

in section at the bottom left possesses two nuclei, one of which

contains a prominent non-nucleo1arcondensation (arrow). The cell

at the top center is markedly vacuolized, and a mitochondrion (M)

sectioned in the cell in the upper right appears abnormally elongate.

Strain 137c, 24 and 43 Hours and 5 Days After

Exposure to 9,000 R X-Irradiation

On rare occasions control cells were encountered that appeared

either degenerate or dead (Figures 10). General cellular

disorganization, lack of chloroplast membrane continuity and
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increased vacuolization characterized such cells. The plasma

membrane appeared lysed although cell contents were retained by

the cell wall. Figure 11 is a section of n "dead" cell 24 hours

after exposure and subsequent incubation in the 3H-amino acid

mixture previously described. Silver grains are localized near the

flagellar channel (FC) and near a large central vacuole. Results

such as these, label in what would appear to be a gravely injured

cell, rendered autoradiography less effective as a tool for investi-

gating radiation-induced metabolic impairment. Despite general

cellular disruption, the microtubules of the basal bodies (arrows)

were remarkably intact in this cell. Microtubules also can he seen

coursing away from the basal body region. Chloroplast membranes

are in disarray and swollen; ribosomes are unusually prominent and

are often seen in association with vacuoles. Only a short segment

of plasma membrane remains in the upper right above the basal bodies.

Components of the chloroplast region were sometimes prominent

in other cells sampled 24 hours after exposure, as evidenced by an

abnormal number of starch grains and regions of starch plates

reminiscent of the pyrenoid (Figure 12). "Stringy" non-stacked

chloroplast membranes among starch grains are apparent in the cell

in Figure 12, and no distinct plasma membrane is observable.

Among cells examined 43 hours after exposure, "dead" cells

possessed markedly abnormal nuclear morphology, as shown by an

uneven chromatin pattern and an unusually prominent and swollen

nuclear envelope (Figure 13). Microtubules (marked by the arrow)
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remained intact and the plasma membrane still bounded the cell

despite distortion of the chloroplast, cytoplasmic vesiculation and

membranous sacs of debris between the plasma membrane and the cell

wall. Other cells sampled 43 hours after exposure showed marked

disorganization of pyrenoid and chloroplast elements (Figure 14).

Chloroplast membranes lost the orderly arrangement of stacked

elements and became highly distended and separated from each other.

Other cells sampled at this time showed multiple pyrenoids (Figure

15). At five days post-irradiation, cells were observed in which

pyrenoids and mitochondria seemed to have been displaced to one

region of the cell by formation of large vacuoles (V) in the central

area (Figure 16). A region of membrane whorls and degradation often

occupied the space between the central vacuole and the peripheral

cytoplasm.

Strain ac-31

When an ac-31 cell is seen in longitudinal section, nucleus,

eyespot (ES) and pyrenoid are prominent organelles. The lamellae

of the chloroplast regions of the ac-31 cell show reduced stacking

in the thylakoids; this is prominent in the region marked "C" in

Figure 17 (compare stacking in the chloroplast with the wild-type

cell in Figure 1). In the upper left of the figure, two regions of

dense material within the chloroplast lamellae resemble nucleoids of

chloroplast DNA as described by Goodenough (1970).
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Strain ac-31, 20, 43 and 113 Hours After

Exposure to 9,000 R X-Irradiation

At 20 hours post-irradiation the cell shown in Figure 18

exhibited a large central vacuole, distorting cell morphology to

the extent that the pyrenoid was relegated to a peripheral

position on the margin of the cell. Ribbon-like strands of cyto-

plasm course across the vacuole and the outer membrane of the

nuclear envelope is distended and noticeably dilated in several

places. The cell exhibits more advanced degenerative changes than

were apparent in Figure 16, which also presents a cell with a

prominent central vacuole.

Flagella of injured cells were observed that possessed abnormal

morphology 20 hours after irradiation. The flagella of control

cells sectioned at the level of emergence through the cell wall are

characterized by nine microtubule doublets surrounding two central

tubules (Figure 19). The cell wall has a serrated pattern in this

region. Only a suggestion of peripheral microtubule elements and

matrix material remains in a flagellum sectioned 20 hours after

exposure as shown in Figure 21. Both Figures 20 and 21 show some

accumulation of denser material in the region of the central

tubules.

Features prominent in cells sampled at 43 hours after irradia-

tion were enlarged and swollen mitochondria and dense staining of

one-half of the cell (the chloroplast region) (Figure 23). The cell

shown in Figure 22 shows distended and irregular chloroplast
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lamellae quite similar to the wild-type cell shown in Figure 14.

Forty-four hours after exposure groups of ceifs were seen

still held within the mother cell wall (Figure 24). The flagellar

channel of such a mother cell wall is apparent in the upper right

of the figure and only one of the daughter cells possesses a clear

cell wall of its own (CW). The nucleus of this cell contains two

regions of extra-nucleolar chromatin. Such nuclear masses were

also apparent in the cell shown in Figure 25, as well as increased

vacuolization and accumulation of dense material 113 hours post-

irradiation.

Proton-Irradiations

Since the positive ion Van de Graff irradiator facility avail-

able at Battelle Northwest provided a unique opportunity, a wider

range of exposures were carried out: 137c cells received 9, 10.5

or 18 krad; ac-31 cells were exposed to 3, 9, 12 or 21 krad.

Exposure was administered at hour 13.5 of the light-dark cycle. It

is important to remember that these irradiated cells were fixed

during the light periods following irradiation, a time of photo-

synthesis for control cells, and not a time for scheduled cell

division.
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Strain 137c, 38 hours After Receiving

9 krad Proton-Irradiation

After receiving 9 krad proton-irradiation, sections of wild-

type cells were observed that morphologically resembled profiles

of dividing cells. The arrow indicates what may be a cleavage

furrow in the irradiated cell shown in Figure 26. The flagellar

channel of the mother cell wall is visible at the upper right.

Note that the joined "daughter cells" possess no cell walls of

their own. Each cell contains a pyrenoid; numerous vacuoles are

visible in the upper daughter cell.

Cells were observed with intact nuclei and disrupted and

distended chloroplast lamellae; while the plasma membrane region

might seem irregular on one portion of the cell, it seemed to lose

all continuity on the other side (Figure 27). Numerous small

vacuoles are visible, and as shown in the center right and in

higher resolution in Figure 27a, four basal bodies are present.

Near the top, one is seen in oblique section as a protuberance

under the plasma membrane and three are shown in various planes of

section. This is instructive, for it tells us that at one time

this cell had at lease begun preparation for cytokinesis by repli-

cation of its basal bodies. Microtubules can also be seen in

longitudinal section passing through this basal body region.

The cell in Figure 28 shows damage to both nuclear and non-

nuclear components. The nucleus shows no nucleolus (at least at
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this level of section), irregular clusters of granules resembling

ribosomes are seen throughout the nucleoplasm, and the nuclear

envelope is dilated and distended between nculear pores. This is

especially evident at the lower left portion of the nucleus.

Although they are still bound by the chloroplast membrane, the

chloroplast lamellae have separated and expanded.

Strain 137c, 5 Days After Receiving 10.5 krad

Proton-Irradiation

Following exposure to 10.5 krad proton-irradiation, cells

exhibited increased degradation of cellular elements in the central

region of the cytoplasm and the displacement of the nucleus to a

marginal portion of the cytoplasm. Membranous structures and

starch grains present in the central region suggest that the

affected area was largely chloroplastic in nature (Figure 29).

Central vacuolization was even more extensive in the cell shown in

the right portion of Figure 30. In contrast to the cell shown in

Figure 29, several regions of intact chloroplast lamellae can be

seen in the right and upper portions of this cell. The relative

proportions of the cell in the lower left gives evidence to the

marked enlargement and swelling of its injured neighbor cell.

Generalized disruption of cellular morphology was frequently

observed after proton-irradiations (Figures 27, 28, 31 and 33).

Both chloroplast and non-chloroplast elements of the cell in

Figure 31 show morphological changes indicative of radiation
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damage. A zone of chloroplast membrane disorganization surrounds

a region resembling a pyrenoid. This pyrenoid-like area has lost

the distinct starch plate boundary and central matrix material

characteristic in a normal cell. The plasmalemma is no longer in

evidence, and the cytoplasm abuts against the cell wall. Both in

this figure and in Figures 27 and 28 ribosomes seem clustered and

unusually prominent.

Strain 137c, 19.5 Hours After Receiving 18 krad

Proton-Irradiation

Nineteen and ono -half hours after receiving 18 krad, the cell

seen in Figure 32 lies within the cell wall surrounded by

membranous cellular debris. Sets of microtubules near the basal

body are seen at higher resolution in the inset on the lower right.

This cell also shows numerous smaller vacuoles.

The cell shown in Figure 33 exhibits even greater damage to

the chloroplast than that seen in Figure 28. The membranes are

separated and stain more darkly; the pyrenoid has also been affected,

for its central matrix core is marked by condensed dense

material.

Strain ac-3l Receiving 3 krad Proton-Irradiation

Nineteen hours after receiving 3 krad proton-irradiation, cells

were observed with severe damage to the pyrenoid region. The matrix

area is disorganized and ribosome-like bodies are present between
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the remnant of the core and the boundary starch plates in the cell

in Figure 34. The plasma membrane has ruptured, as has the chloro-

plast membrane, for the eyespot granule plates on the left are no

longer membrane bound. Enlarged swollen mitochondria with small

cristae were also encountered; two of these are shown in Figure 35.

Cells were also observed at 19 hours in which marked damage

was apparent throughout the cell. Cellular debris and chloroplast

remnants were apparent, and the inner membrane of the nuclear

envelope has ruptured in two locations (arrows, Figure 36); in the

left-hand portion of the cell the plasma membrane has also ruptured.

However, in Figure 37 the plasmalemma seems to be intact despite the

evident damage to this cell 38 hours after exposure. Thirty-eight

hours after exposure the pyrenoid region also retained an intact

central matrix core (Figure 38).

Ac-31 After Receiving 9 krad Proton-Irradiation

Nineteen hours after receiving 9 krad, abnormal vacuolization

in the central matrix core area of the pyrenoid (Figure 39) and

cells held within the mother cell wall (Figure 40) were observed.

Of the six daughter cells shown in the latter figure, only three

possess cell walls of their own.

Thirty-eight hours after exposure to 9 krad, the cell in

Figure 41 exhibited pyrenoid changes similar to those shown in

Figure 38. In Figure 41, however, the chloroplast region seems to

have maintained a greater degree of integrity than has the
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non- chioroplast region, where clustered ribosomes and vacuoliza-

tion are apparent.

Strain ac-31 After Receiving 12 krad

Proton-Irradiation

One of the most prominent features of proton-irradiated ac-31

cells is shown in Figure 42 in which two "daughter cells" appear

to be joined in a division conformation 19.5 hours after irradia-

tion. Two distinct pyrenoids are apparent in the separated

portions, and even the cell wall has followed the involution of

the bifurcated portion. The cell wall also seems to have an accumu-

lation of electron dense material lining the inside portion,

although this may only reflect oblique sections through the cell

wall and not an addition to cell wall thickness.

Thirty-eight hours after irradiation, marked rupture has

occurred in the cell shown in the left of Figure 43; some of its

contents have spilled over to the other cell via the "cell wall

bridge." Although abnormal vacuoles are evident, morphologically

the cell on the right appears to be in better condition than its

sister cell.

In some cells at 38 hours a conspicuous build-up of electron

opaque material inside the cell wall was noted (Figure 44).

Although it is possible that washing was insufficient to remove

unbound aldehyde, morphological change is indicated by the fact

that the inner cell wall material appears to have stratified in the
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upper area. The observation from Figure 43 of material extruded

from a ruptured cell might also have application here, even though

the cell seen in section at this level appears to have an intact

plasmalemma. There seems to be an unusually "smeared" appearance

to the cytoplasm of the cell in Figure 44, possibly due to auto-

lysis; only a few starch grains and small vacuoles and darker

staining dense granules stand out.

Strain ac-31, 19.5 Hours After Receiving

21 krad Proton-Irradiation

Cells from this irradiation level were observed in which one

portion of the cell sectioned through the nucleus was joined by an

isthmus of cytoplasm to a pyrenoid-containing region (Figure 45).

No plane of section through a normal interphase cell could result

in this "dumb-bell" shape. Although the cell shown in Figure 45

possesses a cell wall of its own, it remains inside the mother cell

wall. Possibly this cell's conformation represents a dividing cell

sectioned in a plane such that one cell, at the level of the

nucleus, is still joined to the other cell sectioned at the level

of its pyrenoid.

Nuclear pleomorphism was the outstanding feature of many cells

sampled at this time. In Figure 46 two daughter cells are seen

within a common mother cell wall; the one on the left has prominent

starch grains and vacuoles, and the cell on the right a nucleus

with both a nucleolus and a distinct mass of non-nucleolar chromatin
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(arrow). Some cells exhibited two nuclei with intact nuclear

envelopes and "patchy" material reminiscent of a cell involved in

division (Figure 47). Sections of four daughter cells are seen in

Figure 48, still held within the mother cell wall. The nucleus in

the cell on the left exhibits non-nucleolar masses (arrow); the

area enclosed in the box is shown at higher resolution in Figure

48a, where it appears that two of the cells are joined in the

anterior region near the basal bodies.

A clear demonstration of abnormal control at the nuclear level

is evident in Figure 49 where a cell was actively engaged in

division during the light period. Condensations of chromatin (C)

are present in the central area, and spindle fibers (F) can be seen

to course across the entire nucleus. The region at the right is an

enlarged polar fenestra in the nuclear envelope as described by

Johnson and Porter (1968). A basal body is also seen nearby

(arrow).

Irradiated cells held within the mother cell wall usually show

morphological damage (Figures 50, 52 and 53). In Figure 50, the

group of cells on the left shows four cells, all of which might be

classed as "live," or at least in better condition than their

neighbors. In the grouping to its right, one of the cells stained

appreciably lighter than the adjacent sister cells. Some cell

debris is also present within the mother cell wall.
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Strain ac-31, 38 Hours After Receiving

21 krad Proton-Irradiation

In Figure 51 marked cellular (and cell wall?) debris is

apparent 38 hours after receiving 21 krad; this may signify lysis

of some of the daughter cells. In Figure 52 the flagellar channel

of the mother cell wall is apparent at 10:00. Two cells stained

lightly; one cell contained dense vacuoles. At the lower

left there is an accumulation of cell wall material. Only one of

the cells in Figure 52 has a cell wall of its own; the other two do

not. Debris from ruptured cells was also apparent in the form of

membranes and starch grains; in such cases all daughter cells

appeared dead (Figure 53). Basal bodies often retained their

morphology despite lysis of other cellular elements (Figure 53,

arrow).

Tabular Summary of Observations

The descriptions of ultrastructural changes following irradia-

tion have been illustrated by selected micrographs showing several

characteristics of individual cells. In an attempt to document

more completely what was happening ultrastructurally within the

population of irradiated cells, Tables I through IV were compiled.

These are summary tables in which the occurrences of ultrastructural

changes in the population are ranked from rare to frequent based on

study of a large number of micrographs showing cells structurally



TABLE I. TABULATION OF MORPHOLOGICAL CHANGES IN CHLAMYDOMONAS
REINHARDI 137c FOLLOWING ADMINISTRATION OF 9,000 R
X-IRRADIATION AT THE TWELFTH HOUR OF THE LIGHT-DARK

CYCLE.

Two nuclei/cell
Extra-nucleolar material

or "patchy" nucleus
Chromosomes and spindle

fibers
Cells in division

conformation
Cells still joined
Nuclear breakdown
Odd basal body

configurations
Cells held in mother

cell wall:
Some of these live,

some dead
Chloroplast disruption
Starch grain

accumulation
Unusual, swollen

mitochondria
Multiple pyrenoids
Changes in pyrenoid

position or
structure

Increased number of
vacuoles and
vesiculation

Cells with large
central vacuole

Plasma membrane
rupture

Debris inside cell
wall

Lack of daughter
cell wall

1 rare
2 occasional
3 common
4 frequent
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Sampled at Post-Irradiation Intervals of:
0 2.5 6.5 18 24 43 hrs.

1 1

4 1

1

Normal >

Normal >

T Normal

3< Normal
3 2Normal
1

3 1

4 2

2 1

1 2

2 1

2 1

3 2 1

2

1 3 2

1 1

1 2

4 2

1 1

Hours 18-43 data based on
examination of 250 cells
which showed structural damage
after exposure.
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TABLE II. TABULATION OF MORPHOLOGICAL CHANGES IN CHLAMYDOMONAS
REINHARDI ac-31 FOLLOWING ADMINISTRATION OF 9,000 R
X-TRRADIATION AT THE TWELFTH HOUR OF THE LIGHT-DARK

CYCLE.

Sampled at Post-Irradiation Intervals of:
20 44 68 90 113 hours

Swollen nuclear
envelope 3 1

Extra nucleolar
material 4 1

Nuclear breakdown 1

Cells held inside mother
cell wall 3 1 1

Multiple pyrenoids 1

Chloroplast disruption 1 3 1

Starch grain
accumulation 2 4 4

Swollen mitochondria 3 3

Increased vacuoli-
zation 4 4 2 1 3

Cells with large
central vacuole 4 4 2 1

Flagellar tubule
disruption

Rupture of plasma
membrane 1 1 1 1 2

Lack of daughter cell
wall 2 1 1 1 1

"Fuzziness" of cell
wall 3

Debris inside cell
wall 1 1

1 rare
2 occasional
3 common
4 frequent

Based on examination of 175
cells which showed structural
damage after exposure.
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TABLE III. TABULATION OF MORPHOLOGICAL CHANGES IN CHLAMYDOMONAS
REINHARDI 137c FOLLOWING ADMINISTRATION OF 9, 10.5
OR 18 KILORAD PROTON-IRRADIATION AT HOUR 13.5 OF THE

LIGHT-DARK CYCLE.

Extra nucleolar material
Nuclear breakdown
Cells in mother cell

wall:
Some live, others

dead
No daughter cell

wall
Several cell wall

layers
Cells still joined
Cells in division

configuration
Odd basal bodies
Chloroplast disruption
Multiple or unusual

pyrenoids
Odd or accumulated

starch grains
Unusual mitochondria
Large central vacuole
Increased vacuolization
"Fuzzy" cell wall
Ruptured plasma membrane
Debris within cell wall

Fixed at Post-Irradiation Intervals
9 kilorad 10.5 kilorad 18 kilorad

19.5 hr 38 hr 5 days 19.5 hr

2 2 1

1 1

1 4 4 2

1

1 1 2

1 2 1

2 2 1

1 1

1

2 2 4 2

1 1 3

1 2 4

1 1

1 1 1

1 2 4 1

2 2 1

2 2 4 3

2 2 1 3

1 rare Based on evaluation of 180

2 occasional cells showing damage following

3 common exposure.

4 frequent
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TABLE IV. TABULATION OF MORPHOLOGICAL CHANGES IN CHLAMYDOMONAS
REINHARDI ac-31 FOLLOWING ADMINISTRATION OF 3.9, 12

OR 21 KILORAD PROTON-IRRADIATION AT HOUR 13.5 OF

THE LIGHT-DARK CYCLE.

3 kilorad 9 kilorad 12 kilorad 21 kilorad

19.5

hr

38

hr

19.5
hr

38

hr

19.5
hr

38

hr

19.5

hr

38

hr

Extra nucleolar material 1 3 1 2 4

Swollen nuclear envelope 1 1

Two nuclei/cell 1 1 1

Nuclear breakdown 1 1 2

Chromosomes and spindle 1

Cells in mother cell wall: 2 1 3 4 4 4

Some live, some dead 1 2 2

Failure to form daughter
cell wall 1 1 2 1 2

Cells in division
conformation 1 1

Cells still joined 1 1

Odd basal bodies 1 2

Several cell wall layers 1 1 2 1

Chloroplast disruption 2 2 3 2

Odd or accumulated
starch grains 2 2 2 2 1 3

Unusual mitochondria 1 1

Large central vacuole 1 3 2

Increased vacuolization 2 4 4 2 3 1 2

Changes in pyrenoid 2 1 2 1 1 1

Flagellar microtubule
disruption 1

Plasma membrane rupture 3 3 4 2 3 3

Material associated with
cell wall 2 1 1 1

Debris within cell wall 1 1 2 2 4 3 3

1 rare
2 occasional
3 common
4 frequent

Based on examination of 270

cells exhibiting structural
changes after irradiation.
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damaged after exposure. The patterns of X-ray and proton-induced

lethality among irradiated cells are presented in Table V.
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TABLE V. SUMMARY OF CELL SURVIVAL AND PERCENTAGES OF CELLS DYING
IN VARIOUS GENERATION:; FOLLOWING X- AND PROTON

IRRADIATION.

9,000 R X-rays administered at hour 12 of the light-dark cycle:*

Cell % of dead cells dying at:

strain % survival 1 cell 2 cells 4 cells 8 cells N

137c 31% survival 33 10 11 15 100

72 hours after
irradiation

ac-31 29% survival 31 7 24 9 200

68 hours after
irradiation

Proton-irradiations administered at hour 13.5 of the light-dark

cycle:*

% survival % of dead cells dying at:

Cell 96 hours after 1 2 4 8 16

strain Exposure irradiation cell cells cells cells cells N

137c 9 kilorad 11 22 18 39 8 2 516

18 kilorad 1.7 52 24 22 0.3 291

*Control plating efficiency 99% or better.
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DISCUSSION

Interpretation of the ultrastructural changes observed in

irradiated cells directly relates to problems inherent in defining

cell death and injury, particularly as they relate to C. reinhardi

and the value of studying cell death itself. The transition from

a healthy cell to cell senescence and death is an orderly sequence

embodying a continuum of biochemical, physiological and morpho-

logical changes. Some of the changes inflicted by radiation and

observed in cells during the course of work reported here are like

those to be expected from natural cell death and some are not.

Since a complete set of criteria for judging degenerative changes,

including senescence and death, is unavailable, it becomes the

burden of the investigator to understand life processes and to make

judgments which sometimes might appear to be largely empirical.

The recognition of dead cells and the processes leading to

their death is difficult. Many studies to date purporting to inter-

pret death should be considered conjectural since the precise

sequence of events leading to the death of a cell is not well under-

stood (Cooper, 1973). Even defining an end-point for death can be

troublesome and for that reason the concepts of interphase and

reproductive death have been introduced (Okada, 1970).

Several theories have been proposed to describe the process of

cell death. Bessis (1964) suggested that a state of reversible

damage is followed by a state of irreversible damage during which
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the cell is in its "death agony." But as Cooper (1973) pointed

out, the identification of reversibly and irreversibly damaged

cells is extremely difficult. Vital dyes, histochemical enzymatic

studies and other special staining techniques are readily appli-

cable to a variety of tissue types, but these methods have proved

less applicable to Chlamydomonas because of its small size. The

size of its nucleus (2 pm in diameter) and the lack of a standard

growth procedure in various laboratories preclude general agree-

ment on reliable criteria for death in single cells.

Cellular function can be lost before recognition of structural

damage is possible, but the presence of cellular damage does not

always reflect a block of metabolic activity. Accordingly, the

term "necrosis" has a limited value, for biochemical reactions in a

cell may be quite resistant to injury and may continue, even when

organized cellular integrity is lost (Slater, 1972). The results

of the 3H-amino acid autoradiography study presented here clearly

illustrate this, since cells exhibiting marked ultrastructural

radiation damage also showed a localization of silver grains,

duplicating in C. reinhardi cultures the observations of Lipkin,

Quastler and Muggia (1963) who found little difference in uptake

and disappearance of 14C-leucine in the intestines of irradiated

mice and of normal mice. Protein synthesis occurred in every cell

compartment of the irradiated intestines, with a grain density

similar to that of controls. Even though damage was detectable in

proliferative crypt cells two hours post-irradiation, cells dying
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or recently dead still showed label. Leucine uptake was reduced

only after two to three days following high exposure (2,500 rad).

In a study of protein synthesis in Chinese hamster cells, Bacchetti

and Sinclair (1970) saw stimulation of 3H-leucine uptake in

irradiated cells which persisted for one cell cycle following

irradiation.

Cells that are in a degenerate but not necrotic (lysed) state

can show ultrastructural changes that are quite obvious, but

defining the point at which injury is irreversible and leads to

lethality is quite difficult. A similar problem occurs in trying

to determine if an ultrastructural change represents a primary

lesion (caused by radiation damage to critical cell targets) or

whether it is a secondary effect. Parsons (1962) observed that

the end effects may not be specific for radiation damage, but may

resemble general cellular responses to injury.

While a discussion of the radiation physics of X-ray and proton

sources of radiation is not pertinent here, a general view of the

types of biological effects is important, for the effect results

from the dose absorbed and energy deposited per unit mass in the

tissue. As pointed out by Savage (1975) it is becoming increasingly

important to gather data on how energy deposition is localized in

relation to cellular components.

The concept of linear energy transfer (LET) is intended to

describe the way energy is released along the track of the incident

radiation (Johns and Cunningham, 1969). X-rays represent low LET
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radiation; 200 kVp X-rays have been ascribed LET values of 0.4 to

36 keV per micron. In contrast to this, proton radiation is parti-

culate in nature and a high LET radiation. The 1.5 MeV protons

used in this study had a dE/dx of 200 MeV cm2/g which varied only

about 10% through a 10 micron thick target. In addition to LET,

there are three other factors which can affect the energy disposi-

tion in cells (Kellerer and Chmelevsky, 1975). These are the

finite range of charged particles, the energy-loss straggling of

charged particles and the dissipation of energy by delta rays. The

latter factor is significant at very small site diameters and high

particle energies.

It is beyond the scope of this thesis to summarize the large

body of literature which describes radiation effects. Berdjis

(1971) has recently summarized ultrastructural changes and radiation

effects have been described by Casarett (1968), Okada (1970),

Mitchison (1971) and Slater (1972).

Berdjis (1971) has stated that in general the cytoplasm is more

sensitive to radiation and the greatest damage is to a cytoplasmic

nature, but because of the paramount importance of the nucleus,

nuclear changes are considered to have a greater significance. The

following discussion will focus on the cellular compartments of C.

reinhardi affected by X- and proton-irradiation. Where applicable

specific reference will be made to relevant findings by other

workers using various organisms.
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The Nucleus

Ultrastructural changes in the nuclear region of C. reinhardi

include multiple nuclei per cell, non-nucleolar condensations

(probably chromosome fragments or chromosome clumps), swelling of

the nuclear envelope and rupture when cells were in an advanced

state of disorganization. Nuclei were also observed in which

chromosomes and spindle fibers were present at a time not charac-

teristic for such events in control cells. Of these changes, non-

nucleolar condensations, multiple nuclei and the presence of

chromosomes and spindle fibers are probably the most significant,

for they signify major deviations from the norm for these irradiated

cells. X-irradiation will induce a division delay of at most only

two hours in C. reinhardi, with subsequent divisions apparently

occurring at the scheduled time for surviving cells. The results

presented here show that irradiation has significant effects at

the nuclear level which are detectable only by ultrastructural

examination. Several micrographs were presented in which spindle

fibers and other microtubules associated with division were present.

Although they probably represent aborted mitoses, the significance

of such microtubule-chromosome configurations cannot he precisely

defined, for the role of microtubules in mitotic systems is itself

essentially unknown (Hartmann and Zimmerman, 1974: LaFountain and

Thomas, 1975).
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Division Conformations

Following both X- and proton-irradiation, cells joined in

configurations closely resembling division profiles and exhibiting

unusual basal body configurations were observed in section. The

abnormality of cells still joined by cytoplasmic bridges explains a

previous observation of X-irradiated cells (Gruber, 1974). In

several earlier experiments X-rayed daughter cells were spread

apart using a finely drawn tip of a Pasteur pipette so that

histories of individual cells could be obtained. It was noted in

passing that some clones were "unspreadable." These cells never

divided and were ultimately scored as dead cells in subsequent

microscopic observations. In light of the present observations, the

data were re-evaluated and showed the following pattern: of the

cells irradiated at hour 12 of the light-dark cycle, 32.7% were

unspreadable (16/49 clones); at hour 13, 54% (27/50); at hour 14,

83.3% (40/48); at hour 15, 26% (13/50); at hour 16, 10% (5/50); at

hour 17, 8% (4/50), and at hour 18, 6% (3/50) were unspreadable.

Peak unspreadability occurred when irradiation was administered

at hour 14, a time when the final division of cells progressing to

form 4-celled clones and the second division of cells progressing

to form 8-celled clones were occurring. The micrographs presented

in this thesis elucidate why these daughter cells could not be

separated; cytoplasmic bridges (in some instances containing

chloroplast lamellae) still joined the cells.
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Warr isolated an N-methyl-N-nitroso-N-nitroguanidine-induced

mutant of C. reinhardi in which division is abnormal and no longer

synchronized (Warr, 1968; Warr and Druber, 1971). This mutant is

multi-nucleate and bears flagellar pairs equal to the number of

nuclei in the cell. Chloroplast division and cleavage formation

are incomplete, and no division-associated microtubules have been

observed. Warr ascribes this mutation to a single gene chromosome

mutation that maps close to the ac29 locus on linkage group VI.

The similarity of Warr's V-shaped mutant cell and the radiation-

induced division conformations seen in this study lend support to

the hypothesis that radiation acted at the nuclear, or even gene,

level.

Daughter Cells, Lacking Their Own Cell Walls
Held Within the Mother Cell Wall

Both X- and proton-irradiation resulted in instances where the

daughter cells were held within the mother cell wall. A "liberating

factor" (probably enzymatic) for new daughter cells has not been

identified for Chlamydomonas, but at the time of bursting late in

the dark period, motility in daughter cells can be seen inside the

mother cell wall. It has been suggested that the "writhing" inside

the mother cell wall may help accomplish daughter cell liberation

(Cavalier-Smith, 1974).

The type of nuclear damage discussed above may still be active

in these cells, for even though they successfully accomplished a
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series of cytokineses, they lacked the ability to complete the

final step of bursting free from the mother cell.

The distinctive cell wall of C. reinhardi lacks cellulose,

and is a complex organelle in its own right (Roberts, Gurney-Smith

and Hills, 1972). More than 80 cell wall mutants have been isolated

by Davies (1972) and these fall into three general types: (1)

mutants in which the cell wall was formed but not attached to the

plasma membrane; (2) mutants in which the wall was attached to the

plasma membrane; and (3) cells in which every little cell wall was

formed (Davies and Plaskit, 1971; Davies, 1972). In the latter

mutant, vesicles purported to transport electron dense material

from the Golgi or endoplasmic reticulum to the plasmalemma do not

have the electron dense material in them by the time they reach the

cell surface. Davies and Plaskitt (1971) suggest that the vesicular

material may be modified, or the wall subunits aberrantly or

incorrectly arranged in this mutant. Cell wall mutants have been

found to follow both Mendelian and non-Mendelian patterns, so that

some extra-nuclear control of cell wall formation may exist. In

view of this duality, irradiation may act at either the nuclear or

Golgi/endoplasmic reticulum-assembly vesicle transport system,

resulting in daughter cells having no cell wall of their own.



Ribosomal, Cytoplasmic and Plasma Membrane Changes

Two classes of ribosomes are found in C. reinhardi: the

chloroplast 70-s ribosomes contain 23-, 18-, and 5-s rRNA (Bourque,

Boynton and Gillham, 1971). In an experiment that combined density

gradient centrifugation and studies of the number of chloroplast

and cytoplasmic ribosomes based on electron microscope micrographs,

it has been estimated that strain 137c has 0.98 x 10' cytoplasmic

ribosomes/hypothetical cell, and 0.53 x 105 chloroplast ribosomes/

hypothetical cell (Bourque, Boynton and Gillham, 1971). In the

micrographs presented in this thesis, irradiated cells showing

considerable internal disorganization also possessed ribosomes

which seemed unusually prominent and dark-staining. In cases of

plasmalemma rupture (evident only when an extreme state of

disorganization was apparent) ribosomes could be seen in the space

previously separating the cell wall and the plasma membrane, a

finding consistent with the observations of Mukerjee and Goldfeder

(1974) who reported release of ribosomes from the liver endoplasmic

reticulum of mice after exposure to 2,000 rad. At one hour post-

irradiation the concentration of free liver ribosomes increased by

15-20% in post-mitochondria fractions, and by 30% in post-nuclear

fractions. This was linked with a 47% loss of Ca++ and a loss of

Mg++ in the liver microsome fraction, and a 30% decrease in glucose-

6-phosphatase in the endoplasmic reticulum. Mukerjee and Goldfeder

(1974) postulated that loss of bivalent cations could have led to
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the ribosome dissociation, since such bivalent cations have been

assigned a role in shielding the negative charge on ribosomes

and/or membranes. This could also affect ribosome and membrane

conformation. Murkejee and Goldfeder (1974) also pointed out that

glucose-6-phosphatase activity depends on the lipo-protein

structure of the endoplasmic reticulum membrane, and suggested that

X-irradiation may have caused structural changes in the endoplasmic

reticulum membrane itself.

Changes in cell permeability following irradiation have been

frequently reported. Quastler and Hampton (1962) documented breaks

in the plasma membrane in the intestines of irradiated mice; rupture

and plasma membrane changes have been described as being dose

dependent (Berdjis, 1971).

Dark-Staining Cells

In several of the micrographs of C. reinhardi presented here,

entire cells, or parts of cells, were observed to stain darkly.

The former condition was often the case for daughter cells held

within the mother cell wall. Dark-staining cells are often seen

in tumors, but it is not known whether these are dying cells or

merely cells in which functional change has occurred which results

in extreme electron opaqueness. Dark-staining cells have also been

encountered in normal human epidermis, proton irradiated monkey

liver and in X-irradiated duodenal crypt cells of mice (Liu, Meyer
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and Waterhouse, 1975). Recent studies have also identified

similar cells in X-irradiated and control oral epithelia of the

rat (Liu et al., 1975). The latter authors believe that such

cells are "degenerating, aging or dying" and propose that such

cells have lost cellular water, even though their membranes

remained intact. Greater electron density may then result from

the increased concentration of free ribosomes and other cell

components.

Vacuolization

Increased vacuolization was a prominent feature, both in the

cytoplasm and in chloroplasts of irradiated C. reinhardi. Large

central vacuoles often formed and seem to displace the remaining

organelles to abnormal peripheral locations. Dense particles and

large dense granules (possibly lysosomic in nature) were also

observed. Berdjis (1971) has stated that, in general, vacuoles are

present in most irradiated cells observed at the ultrastructural

level. Various interpretations have been offered for their

presence: (1) They characterize degenerative processes in general

and may not be specific for radiation damage. (2) Changes in

various enzymes may be associated with "membrane holes and vacuoles"

(Berdjis, 1971).
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The Chloro2last Compartment: Chloroptast Lamellae,

Stroma, Starch Grains and Pyrenoid

Changes observed in chloroplast ultrastructure following

irradiation included disruption of chloroplast lamellae, starch

grain accumulation, multiple pyrenoids in a cell, and degenera-

tion of pyrenoid ultrastructure. In severe cases of internal

disruption, the chloroplast membrane ruptured. Several recent

studies of the effect of radiation on the chloroplast systems of

Chlamydomonas and other species provide an indication of the types

of radiation-induced biochemical and metabolic disturbances which

ultrastructural changes may reflect.

The y-2 mutant of C. reinhardi, when grown in the dark, ceases

to synthesize chlorophyll and the total chlorophyll content

decreases approximately 95% over 96 hours. When they were exposed

to 3 MeV electrons and 250 kVp X-rays, chlorophyll a and b synthesis

was inhibited in re-greening experiments (Kohn, McLeod and t4right,

1967). Chlorophyll a inhibition was dose dependent; 110,000 rad

reduce synthesis to 37% of the control level. Division in the y-2

strain was arrested by a dose of 50,000-75,000 rad. The effect on

chlorophyll b was more varied. The inhibition curve was riot linear

and chlorophyll b synthesis was more resistant to irradiation than

was chlorophyll a synthesis; approximately 150,000 rad were needed

to reduce the synthesis to 37% of the control level. Kohn, McLeod

and Wright (1967) cited other reports of inhibition of chlorophyll
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synthesis in potato tubers and wheat seedlings, and proposed that

radiation may damage a "synthetic unit" involved in one or more

of the steps of chlorophyll synthesis.

High levels of X-rays have also been found to cause dose

dependent reductions in thylakoid number, chlorophyll levels and

14C-labeled intermediates of the Calvin cycle in barley (Sprey,

1972). Inhibition of Calvin cycle intermediates was attributed to

radiation inhibition of RNA synthesis; high doses of X-rays (500

kR) could prevent rRNA synthesis during etiopiast development.

High doses could also partially inhibit RNA polymerase and change

the permeability of outer plastid membranes for nucleases (Sprey,

1972). Sprey (1972) has emphasized that the chloroplast system is

a complex one, since both plastid and nuclear DNA are involved in

control of plastid structure and function. Nuclear genes control

the synthesis of chlorophylls, their inclusion in the chloroplast

lamellae, thylakoid stacking and the synthesis of some membrane

lipids. Plastid DNA may code for rRNA synthesis of the 70s chloro-

plast ribosomes.

C. reinhardi was commonly observed to accumulate starch grains

following X- and proton-irradiation. X-irradiated fern prothalli

receiving 3 krad have also shown an increase in starch grains in

the first days after irradiation; two weeks post-irradiation their

starch grains had increased to such an extent that the containing

chloroplast envelope itself ruptured (Allen and Haigh, 1973).
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Allen and Haigh (1973) proposed three pathways tor photosynthetic

carbon assimilation under normal conditions: (1) directly into

metabolism (to the Krebs cycle); (2) conversion to sucrose; (3)

conversion to amylose and amylopectin which can be polymerized to

starch. Since starch grains accumulated, they postulated that the

third pathway was favored, possibly with damage to the pathway

which usually transported or utilized the photosynthetic products

from the chloroplast.

Aspects of Irradiation of the Entire Cell

There have been few studies documenting ultrastructural changes

in plants following irradiation; usually such studies have focused

on higher plants. In a study focusing on changes in the green alga

Brachiomonas submarina following X-irradiation with 4 kR, swollen

and ruptured nuclear envelopes, multiple nuclei per cell, increased

vacuolization and swollen mitochondria were reported (Underbrink,

Sparrow and Owens, 1969). Injury to chloroplasts and chloroplast

membranes was only rarely observed and some cells exhibited starch

grain accumulation. Due to problems with fixation, they used only

potassium permanganate fixative on these cells and this was unfor-

tunate since permanganate is destructive to nucleic acids and does

not preserve ribosomes (Hall, Flowers and Roberts, 1974). The

Brachiomonas cultures were not synchronized, so that much informa-

tion concerning division delay and damage to the division apparatus

was not available. However, Underbrink, Sparrow and Owens (1969)
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concluded that the nucleus should be considered the primary site

of damage because the nucleus was at least as "structurally

vulnerable" as the cytoplasm and other organelles. They stated

that cytoplasmic changes observed should be considered secondary

effects even though they themselves could result in cell death.

In the present consideration of the effects of X- and proton-

irradiation on C. reinhardi, the proportion of organelles in the

cell may offer a vantage point for evaluation. Bourque, Boynton

and Gillham (1971) have presented raw data for the 137c strain in

terms of the area occupied by a given organelle in a median cell

section. Their data can be reorganized and the following estimates

made for a section of an "hypothetical cell" calculated from their

figures: (1) The chloroplast occupies 33.8% of the volume of the

cell. Of this, 42.9% is due to lamellae, 9.5% is due to starch

grains and pyrenoid, and 47.6% is stroma; (2) 36.9% of the cell is

cytoplasm; (3) 3.4% is due to mitochondria; (4) the remaining 25.9%

is occupied by the nucleus, Golgi and vacuoles. These are

estimates based on the 137c strain grown mixotrophically in a high

salt medium under continuous illumination of 3,500 lux to late log

phase. The calculations by Bourque et al. (1971) also considered

Chlamydomonas to be a sphere, rather than ovate as the cell

actually is. Bourque et al. recognized that the asymmetrical cup-

shaped chloroplast might differ from their hypothetical calcula-

tions. Other estimates propose that the chloroplast occupies two-

thirds of the cell's volume (Goodenough, Tagasaki, Paszewski and
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Given that these figures provide only crude estimates, they

do reveal that the nucleus of Chlamydomonas occupies less than

25% of the volume of the cell. It has been postulated that starch

grains and cell wall absorb both radiation and its secondary

products (Siegel, 1962), thus protecting both cytoplasm and nucleus.

Despite a possible shielding effect by the cup-shaped chloroplast,

significant nuclear damage from X-rays and proton-irradiation was

indicated in the micrographs presented here. Most striking were

the presence of chromosomes, spindle fibers and division conforma-

tions at a time not scheduled for division, and the presence of

patchy extra-nucleolar material. Coss (1974) reported that in

Chlamydomonas flagellar basal bodies become associated with the

poles of the spindle apparatus during cytokinesis. Thus abnorma-

ities in basal body position such as those seen in the present

study could indicate significant radiation-induced damage.

Numerous ultrastructural abnormalities were observed in the

cytoplasmic organelles, but it is difficult to define such damage

as a direct result of irradiation or as a secondary effect.

Although the nucleus was often considered the primary target,

several authors cited cytoplasmic injury as the primary cause of

death.

Duryee (1949) proposed a three-step process of radiation

damage: (1) primary changes occur in the cytoplasm followed by

(2) secondary chemical and metabolic processes which result in an
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unidentified "protoplasmic nuclear toxin" which (3) is transmitted

into the nucleus. Although this series of events is hypothetical,

it is known that irradiation may cause primary damage to various

organelles either because they self-duplicate (chromosomes and

basal bodies) or because they are extremely important in the cell's

economy (membranes) (Marine and Bender, 1966).

Heinmets (1966) stressed the need for alternatives to the

target theory of cell injury, stating that cellular injury consists

of a complex series of interactions that cannot be evaluated in the

framework of a simple target. His studies of cell injury indicated

that broad features of functional organization may be involved in

cell death, and that often there is no evidence that one clearly-

defined injury was the cause of death. He stated "...there is a

definite relationship between cellular injury and functional

disorganization of the metabolic system. One could say that the

factors that interfere with or extensively modify cellular organi-

zation and cellular processes can be considered in a biological

sense to injure or kill the cell" (Heinmets, 1966, p. 108).

Heinmets' (1966) cell model systems recognize that proper function

can be lost through a process of "progressive disorganization."

Once severe disorganization is present, functional elements cannot

coordinate in a synchronously-balanced manner and gradual decay

results.

As stressed previously, evaluation of cellular injury is

difficult; several functional areas of a cell may he affected
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including enzyme systems, templates for syntheses and changes in

metabolites and intermediates (Heinmets, 1960). Heinmets (1960)

has pointed to the need for comparative physiological and cyto-

logical studies in order to understand the effects of radiation

on the cell. Such studies would include evaluation of both

structural and biochemical changes.

C. reinhardi is a good eukaryotic cell for such studies. The

work presented here shows that a wide variety of ultrastructural

changes are detectable following irradiation. There is need to

combine such studies with CO2 and 02 measurements for irradiated

cultures, and other photosynthetic parameters could also be

measured. In addition to exhibiting "whole-cell" damage following

irradiation, C. reinhardi is also a good subject for "target"

studies, for several mutants such as Davies' (1972) cell wall

mutants and Warr's (1968) division mutants have been genetically

mapped. Micrographs presented here suggest that irradiation may

mimic such mutations, and although equivalence of such mutations

and effects due to irradiation is only speculative, it appears

that such an avenue of investigation would be valuable.
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APPENDIX I

Key to Labeling on Figures

B Basal body

C Chloroplast

CN Chloroplast nucleoid

CR Chromosome

CW Cell wall

ES Eyespot

F Flagellum

FC Flagellar channel

G Golgi body

M Mitochondrion

N Nucleus

n nucleolus

NM Nuclear material

P Pyrenoid

PF Polar fenestra

S Starch grain

SF Spindle fiber.

SG Silver grain

Vacuole
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Figures 1 through 16: Electron micrographs of Chlamydomonas
reinhardi, strain 137c: control cells

and cells exposed to 9,000 R
X-irradiation at hour 12 of the light-
dark cycle.
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Figure 1. A longitudinal section of Chlamydomonas reinhardi
comparable with the cell sketched in Text Figure 2.
Cell wall, flagellum, nucleus and nucleolus, pyrenoid,
starch grains, mitochondria, Golgi bodies and a
vacuole are prominent structures in this section.
X 22,000.

Figure 2. Chlamydomonas reinhardi actively engaged in cytokinesis.
Two nuclei are present in each of the future daughter

cells. As shown at the site of the cleavage furrow,
the cells have almost completely separated at this
level of section. The region enclosed in the box is
shown in higher magnification in Figure 2a, where new
cell membrane may be forming near regions of rough
endoplasmic reticulum.
Figure 2, X 17,600; Figure 2a, X 43,000.
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Figure 3. Two future daughter cells are still joined by a small
isthmus of cytoplasm immediately following X-irradia-
tion with 9,000 R. No radiation damage is apparent.

X 29,600.

Figure 4. Eighteen hours after exposure to 9,000 R X-irradiation,
the cells sectioned in this figure are still joined in

their anterior regions. The cells each contain a
pyrenoid, but the cell on the right appears to possess
two nuclei (N) and a contractile vacuole (V).
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Figures 5 and 5a: Chlamydomonas reinhardi fixed 18 hours after
X-irradiation. Cell previously incubated
one-half hour in 3H-amino acid mixture
(leucine, histidine, methonine and phenyla-
lanine) incorporation of which is indicated
by presence of silver grains (SG) near the
Golgi. Label was also present in cytoplasmic
and chloroplast regions. Arrows mark regions
resembling cleavage furrows. The nuclear
region (Figure 5a) shows microtubules similar
to microtubule patterns in dividing cells.
Fifteen-day autoradiograph.
Figure 5, X 22,200; Figure 5a, X 43,300.
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Figures 6 and 6a. A section of a cell in a bizarre, division-
like conformation 18 hours post-irradiation.
The basal body region is of special interest,
and is shown at higher magnification in
Figure 6a where the presence of more than two
basal bodies indicate that basal body repli-
cation had occurred even though the cells
remained joined. Shown are two basal bodies in
cross section (B) and a basal body in longi-
tudinal section (B'). Bands of microtubules
course through the nearby cytoplasm.
Figure 6, X 22,600; Figure 6a, X 70,800.
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Figure 7. The nuclear region of a cell 18 hours after irradiation.
An enlarged polar fenestra is seen in the nuclear
envelope on the left-hand portion of the nucleus.
Patchy regions of nuclear chromatin (CR) are apparent,
and spindle fibers (SF) course through the nucleus.

Note: This cell was fixed at a time when control
cultures were engaged in photosynthesis and vegetative
growth, and not a time of scheduled cell division.
X 44,500.

Figure 8. At least four cells still held within the mother cell
wall are seen in this section. The large cell in the
upper right has a pyrenoid in an unusual position
relative to the nucleus. Patchy nuclear material
(NM) is also apparent in that cell. This cell is also

the only one of the daughter cells which possesses a
distinct cell wall of its own. A basal body (B) is

seen in section. The cell at the middle left shows
only strands of chloroplast membranes.
X 16,000.
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Figure 9. Eighteen hours after irradiation cells held within
the mother cell wall exhibited marked vacuolization
and elongate mitochondria. The cell on the left
shows two nuclei (N), one of which has a prominent
non-nucleolar condensation (arrow).
X 19,200.

Figure 10. A "dead" cell from a control culture. Such cells

were rarely encountered. General disorganization
and rupture of the plasma membrane are apparent.
X 22,900.
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Figure 11. Autoradiograph of a "dead" cell 24 hours after
irradiation and after a one-half hour incubation in
3H-amino acids. After an 18-day autoradiographic
exposure, silver grains (SG) were apparent near the
flagellar channel (FC) and near the central vacuole.
Rupture of the plasma membrane and general cellular
disorganization are evident (basal bodies at arrows).
X 26,700.

Figure 12. Twenty-four hours after X-ray exposure this cell
exhibited changes involving the chloroplast. Starch-
grain incidence has increased, and some grains
exhibited variability in staining. Only a few strands
of chloroplast membranes are apparent, and an area
resembling a pyrenoid exhibits a loss of integrity.
X 24,200.
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Figure 13. Changes in nuclear morphology are the prominent feature
of this cell 43 hours after irradiation. A region of
microtubules, possibly remnants of the basal body, is
marked by the arrow.
X 23,800.

Figure 14. Changes in the chloroplast region were also observed
43 hours after irradiation as illustrated in this
micrograph. Chloroplast membranes stained heavily and
the pyrenoid region is indefinite and lacks its usual
border of starch plates.
X 41,100.
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Figure 15. Forty-three hours after irradiation cells were
encountered with multiple pyrenoids, as in this
cell with three well-defined pyrenoid regions.
X 21,600.

Figure 16. A central vacuole (V) dominates the internal
morphology of this cell five days after irradiation.
The chloroplast (C), pyrenoid (P) and mitochondria
(M) occupy peripheral positions.
X 17,600.
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Figures 17 through 25: Electron micrographs of control and
X-irradiated Chlamydomonas reinhardi,
strain ac-31. Irradiation conditions
identical to those of 137c cells.
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Figure 17. An interphase control ac-31 cell is shown here in
longitudinal section. The eyespot (ES) is located
beneath the cell wall midway between the ends of the
cell in the chloroplast (C). The nucleus and pyrenoid
are also shown. Two regions of dense material in the
chloroplast resemble nucleoids of chloroplast DNA (CN).
X 22,200.

Figure 18. Twenty hours after X-irradiation a large central
vacuole is apparent in this micrograph, and the
pyrenoid (P) and eyespot (ES) occupy unusual positions.
Strands of cytoplasm cross the vacuole and are
prominent on its margins.
X 24,100.
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Figures 19, 20 and 21. Flagellar ultrastructure.

Figure 19. The flagellum of a control
cell in cross section at the point of
emergence through the serrated cell
wall flagellar channel region.
X 93,400.

Figures 20 and 21 show flagellar regions
20 hours after X-irradiation. The

characteristic cart-wheel array of 9
doublets surrounding 2 central tubules
has been lost and denser material has
accumulated in the matrix area.
Figure 20, X 93,400; Figure 21, X 119,000.

Figure 22. Forty-three hours after X-irradiation, chloroplast
morphology was characterized by vesiculation and
isolated chloroplast membrane strands.
X 28,300, taken at a tilt of 60 left.
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Figure 23. Forty-three hours after X-irradiation the chloroplast
region of this cell stained intensely. Enlarged
mitochondria and vesiculated cytoplasm are also evident.
X 26,100, taken at a tilt of 6° left.

Figure 24. Forty-four hours after exposure these ac-31 cells are
still held within their mother cell wall. Only one
daughter cell possesses a cell wall of its own and its
nucleus contains clumped non-nucleolar nuclear material.
X 15,200.
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Figure 25. This cell exhibits unusual dense bodies, an increased
number of vacuoles, and a nucleus with two distinct
masses of chromatin-like material 113 hours post-
irradiation.
X 38,500.

Figures 26 through 33: Electron micrographs of 137c cells exposed
to proton-irradiation at hour 13.5 of the
light-dark cycle.

Figure 26. Thirty-eight hours after receiving 9 krad proton-
irradiation, this micrograph shows a cell in an
apparent division conformation. The arrow marks the
presumptive cleavage furrow plane.
X 14,500.
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Figure 27. This cell sampled 28 hours after receiving 9 krad,
shows disrupted chloroplast and plasma membranes.
The area enclosed in the box is shown in higher
magnification in Figure 27a, where four basal bodies
and associated microtubules are seen in section.
Figure 27, X 17,400; Figure 27a, X 42,500.

Figure 28. Thirty-eight hours after receiving 9 krad this cell
shows a dilated nuclear envelope, irregular chloro-
plast thylakoid packing and prominent ribosomes
both in the cytoplasm and nucleoplasm.
X 23,500.
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Figure 29. Five days after receiving 10.5 krad this cell shows a
large central vacuole filled with chloroplast
membranes and starch grains.
X 21,800.

Figure 30. A more extensive expanse of central vacuolization is
seen in the cell on the right in this micrograph of
cells sampled 5 days after receiving 10.5 krad.
Compare it with the cell on the left which is of
normal size.
X 10,300.
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Figure 31. Five days after receiving 10.5 krad proton-irradiation,
this cell shows generalized radiation damage. Pyrenoid
structure is greatly disrupted: the pyrenoidal matrix
contains vacuoles and the normal starch plates
surrounding the pyrenoid seem shrunken. Chloroplast
membranes are isolated and ribosomes in the chloroplast
and cytoplasm are clustered and prominent.
X 28,300.

Figure 32. Nineteen and one-half hours after receiving 18 krad
proton-irradiation, cellular debris surrounds a cell in
a bizarre conformation reminiscent of cytokinesis.
Microtubules seen in the inset (X 45,100) lie near the
basal body region.
X 22,500.
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Figure 33. Extensive chloroplast damage is apparent in this cell
19.5 hours after receiving 18 krad. The plasma
membrane has ruptured and cellular debris has spread
to the cell wall. Chloroplast membranes are distended
and heavily stained. The pyrenoid has also been
affected, for an abnormal deposit of dense material
occupies the central core region.
X 42,700.

Figures 34 through 53: Electron micrographs of ac-31 exposed to
proton-irradiation at hour 13.5 of the
light-dark cycle.

Figure 34. This ac-31 cell shows plasma membrane rupture,
chloroplast membrane damage and extensive damage to
the pyrenoid region, where the starch plate boundary
is disrupted and surrounds a matrix region marked by
vacuolization and disrupted matrix material. This
cell was sampled 19 hours after receiving 3 krad.
X 22,900.



110



Figure 35. Enlarged swollen mitochondria with small cristae are
prominent features in this oblique section of an
ac-31 cell sampled 19 hours after receiving 3 krad.
X 29,100.

Figure 36. Widespread cellular damage and disruption are apparent
in this micrograph of an ac-31 cell 19 hours after
receiving 3 krad proton-irradiation. Marked nuclear
envelope rupture is also apparent (arrows).
X 27,000.
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Figure 37. Marked vacuolization and damage to chloroplast
membranes are seen in this cell 38 hours after
receiving 3 krad. Strands of cytoplasm are also
prominent. The plasma membrane appears to be intact,
however, and the chloroplast membrane still contains
two rows of eyespot granules (ES).
X 19,000.

Figure 38. Although the pyrenoid has retained a somewhat
normal appearance, the chloroplast membranes in this
cell are no longer distinct. Plasma membrane rupture
and clustered ribosomes are also present in this cell
38 hours after receiving 3 krad.
X 27,000.
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Figure 39. Nineteen hours after receiving 9 krad proton-
irradiation this micrograph reveals marked damage
to the central matrix core of the pyrenoid even
though chloroplast membranes and plasmalemma are
intact.

X 34,800.

Figure 40. This group of ac-31 cells remains inside the mother
cell wall 38 hours after receiving 9 krad proton-
irradiation. Some of these daughter cells lack a
cell wall of their own.
X 15,300.
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Figure 41. Thirty-eight hours after receiving 9 krad this cell
exhibits central vacuoles, an elongate central
mitochondrion, plasmalemma rupture and clustered
ribosomes.
X 26,400.

Figure 42. This bizarre division-like conformation characterized
a cell 19 hours after receiving 12 krad proton-
irradiation. Two pyrenoids (P) are in each potential
daughter cell, and vacuoles are in the central portion.
X 12,600.
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Figure 43. A "cell wall bridge" joins two cells 38 hours after
receiving 12 krad. The cell on the left shows cell
rupture, while the cell on the right maintains an
intact plasmalemma.
X 22,900.

Figure 44. Possible cell wall material buildup is seen in this
micrograph of a cell fixed 38 hours after receiving
12 krad. Starch grains are prominent, but the rest
of the cell has no distinct structures other than
vacuoles and a few mitochondria on the edge of the
cell.

X 21,900.
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Figure 45. This micrograph shows an unusual morphological shape
of two potential daughter cells joined in a "dumb
hell" configuration, sectioned here so that the cell
on the left contains a nucleus and the cell on the
right, a pyrenoid. Cells were fixed 19.5 hours after
receiving 21 krad.
X 20,700.

Figure 46. Nineteen and one-half hours after receiving 21 krad,
these daughter cells remained within their mother cell

wall. A distinct non-nucleolar condensation is marked
by the arrow; a basal body (B) is sectioned
longitudinally nearby.
X 15,000.
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Figure 47. Two very distinct nuclei with intact envelopes are
evident in this micrograph of a cell fixed 19.5
hours after receiving 21 krad. The nuclei both
contain "patchy" material such as is seen in
nuclei prior to cell division.
X 36,900.

Figure 48. Two cells appear joined at their anterior end in
this micrograph of a cell fixed 19.5 hours after
receiving 21 krad. The boxed area is shown at
higher magnification in Figure 48a.
Figure 48, X 21,900; Figure 48a, X 54,800.
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Figure 49. Chromosome condensations (CR) and spindle fibers (SF)
are seen in this nucleus of a cell 19.5 hours after
receiving 21 krad. An enlarged polar fenestra (PF)
is evident at the left margin. This sampling time
is not a scheduled time for synchronized cell
division.
X 40,600.

Figure 50. Groups of daughter cells held within their mother
cell wall are shown in this micrograph of cells fixed
19.5 hours after receiving 21 krad. One of the
daughter cells in the grouping on the right stained
much lighter than its neighbors.
X 8,900.
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Figure 51. This cell grouping, fixed 38 hours after receiving
21 krad, exhibited cellular debris. Vacuolization
and starch grain accumulation are apparent in
intact cells.
X 17,700.

Figure 52. A group of four cells illustrating different degrees
of staining intensity within the mother cell wall
38 hours after irradiation with 21 krad. A cell
wall is distinct for only one of these daughter cells.
X 10,400.



51

128



129

Figure 53. This grouping of all daughter cells shows extreme
cellular degeneration. An intact basal body is marked
by the arrow. Cell debris and starch grains, the
remains of lysed cells, lie within the cell wall.
X 11,600.



0


