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ABSTRACT

The growth and division of the Chlorophyte,

chLamydomonas segnis, were synchronized by an arternating
light and dark regime of 12 hours light (Il_,000 1ux) and

12 hours dark under.a number of CO, concentrations. Two

and four daughter celIs were produced in air (0.03s" co2)

and 5Z COz respectively. In the latter, the 4 daughter

cell-s formed a tetrad stage during the dark period and. were

not released until exposed to a light interval of at least
one hour. The zoospore release j-n light was enhanced

when the cultures were bubbl-ed v¿ith carbon dioxide-free
air. Regardless of coz concentration, the first mitotic
division occurred at approxi-mately the l2th hour of
illumination" The second mitotic division was delayed for
4 hours in ce1ls dividing in 1Z or 5? COz as compared to
those in 0.1? coz cultures, which also produced 4 daughter

cerls. Provision of Seo coz resulted in the production of
zoospores with higher ceI1 mass, RNA, carbohydrate and

chlorophyll content than their counterparts formed in
cultures supplied with air only"

The cell cycle of ChLanydomonas segnis vras also

followed in continuous light to avoid the inhibitory effect
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of darkness on zoospore rel-ease. using zoospores with high

initiar mass at the start of the cycle in cul-tures aerated

with 5Z CO2, the cel_ls spent a relatively short time in
the Gr (0.38) and a l-ong time in S-phase (0.62). On the

other hand, zoospores having l-ow initiat mass, exhibited
an extended Gr-phase (0.7) and a short S-phase (0.3) in
cultures supplied with air.

Photosynthesis, p-benzoquinone HilI reaction as

wel-1 as the activities of carbonic anhydrase, ribulose
diphosphate and phcsphoenolpyruvate carboxylases were

determined during the interphase in air and 5z co, cultures.
The incorporation of I uco, into the organic acid, amino-

acid and sugar fractions was al-so followed in both cultures.
Photosynthetjc capacity, photos./stem II and carbonic

anhydrase activity declined at the end of cl in air
cultures. Although the Gr the 5e¿ co, was terminated at the

same time as in air cuftures by the onset of the s-phase

(9th hour of illumination), the period of active photo-

synthesis extended into the S-phase for 4 hours.

The relatively high and very l-ow activity of carbonic

anhydrase in air and 5? CO, cultures, respectively
suggested that this enzyme was involved in the regulation
of photosynthesis during the growth phase of the normar-

ce]l cycle in chLamydomonas segnis aerated with air. During

this cyc1e, the growth phase of Chlamydomonas segnís was

marked by substantial carbonic anhydrase activity and
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photosynthetic capacity. The drop in photosystem II
appeared to terminate the growth phase. During the

growth phase a period (0 4 hours light) coutd be

distinguished in which RNA, amino-acids, and intermediates

of the reductive pentose phosphate cycle accumurated. A

singJ-e step increase in riburose diphosphate carboxylase

activity occurred after the termination of Gr, but prior
to the onset of the s-phase. The latter was characterized
by less incorporation of tuco, into amino-acids. This was

associated with the accumulation of isocitrate lactone
probably via the phosphoenolpyruvate carboxylase reaction.
From this observation, it vzas speculated that the

accumul-ation of isocitrate or its precursors or products

may have inhibited photosystem II.
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ÏNTRODUCTTON

ft is known that growth of autotrophic areen algae

is dependent on light, temperature, and available carbon

dioxide" Until recently, it. has been the custom to grow

autotrophi,c areen algae in rerativery high concentrations

of CO, (1 5g v/v) to prevent limitations of growth,

although 0"53 co, seems to be more than adequate (steemann-

Nielsen, 1955; Myers, 1962). However, concentrations of
CO, a.bove 0"53 by volume have been used during synchronous

cultures of unicel-Iular green algae of the ChLoreLLa type

(Kuhl and Lorenzen, 1964; Bishop and Senger, I97L;

Surzycki , IgTi-). Such synchronous cultures raise a problem

about the refation of their cell- cycle to those of most other

organisms (Mitchison, r97r). This is because at1 chLoreLLa

systems show an increase not of a factor of two (i.e., one

normal- ce]I cycle with one mitotic division) btrt of four to

sixteen which makes it difficult to dra-u¡ useful comparj-son

between this system and other cycles.

It was thought that the failure to produce the normal

cell- cycle in unicellular green algae might be due to the

use of reJ-atively high CO2 concentration (1 5% by volume),

resulting in enhanced growth and subsequent production of
more than two daughter cells du:ring the cell cycle. There-
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fore, it was felt necessary to conduct some studies on the

effects of coz concentrations on the synchrony of growth and

celr division in chLamgdomonas seqnis to see whether low

COz concentration (0.03? found in air) may be sufficient to
produce a two-fold increase in growth and, hence, one cell
division. The resul-ts embodied in the present investigations

demonstrated that aeration of the cul-tures with air during

synchronization by. light and dark regime gave rise to a

normal ce1l cycle of a factor of two. On the other hand,

higher concentrations of COz (0.1 5U by volume) enhanced

growth and increased the number of daughter cells into four.
The effects of high CO2 concentration on the zoospore

release, chemical composition of the cell and its capacity

to photosynthesize have also been shown. Si-nce the

ultimate scope of using synchronous cultures is to

characterize the various developmental stages during the

ce11 cycle (Tamiya, l-964 and 1966; Pirson and Lorenzen , 1966;

Senger and Bishop , 1969; Mitchison, 1969 and LgTI; John

et aL., 1973) an attempt has been made to follow some of the

physiological and. biochemical events that may regulate
growth during interphase in ChLamydomona,s segnis grown in
air or 53 COz.
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LÏTERATURE REVIEW

I" EFFECTS OF CARBON DIOXIDE ON SOME PHYSIOLOGICAL AND

BÏOCHEMICAL ASPECTS IN ALGAE

Besides its rol-e as a source of carbon for autotrophic
growth of argae, carbon dioxide has been shown to influence
various physiological and biochemical_ processes. The

effects of carbon dioxide on algal growth and metabolism

are summarized in the following.

A. pI{ of the Nutrient Media

Changes in the pH may affect the performance of
the growing algae. rt has been shown that the aeration
of algal media causes a decrease in the pH of the media

(Steemann*Nielsen, 1955; Galloway and Krauss , I96L¡

Sorokin, I97J-) " The rate of decrease is enhanced by

increasing the carbon dioxide concentration of the

aerating gas (Gallorvay and Krauss, l-961). In adclition,
the light-induced increase in pH of the medium depended

on the availability and concentration of carbon

dioxide (Neumann and Levine, L97J-¡ Atkins and Graham,

1971) " This increase was greater in cel_Is previously

cul-tured in air than in 5t COz (Graham et; aL., l97l).
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B. Growth

It has been the bone of contention as to the

effective concentration of carbon dioxide required to

support growth of autotrophic cultures of algae. Most

investigators use I - 5Z CO2, although 0.5% CO, is more

than adequate (Myers, 1962). Steemann Nielsen (1955),

using very dilute suspension of ChLoreLLa pyz.enoidosa. I

showed that the rate of growth was independent of the

CO, concentration from 0.15? down to 0.01 0.03%. He

and Willemoes (1966) further observed in ChLoreLLa

uuLgaris that there was no difference in the growth rate,
size of autospores and number of autospores formed

within the CO, range of 0.03å to I2Z. However, in

ChLoreLLa pATenoidosa, the initial rate in air was

greater than those grown in 5Z or I2Z COr, the same

growth rate being obtained after 24 hours adaptation.

The size of the autospores produced at 5eo and Lze" CO,

were the same, but smaller than that produced in air
grown cells; the number of autospores produced being

greater in 5 and 1'2Z CO, (n=16) than air grown cells "
(n=8) " Cooksey (1971) reported that the growth rate of

ChLov,eLLa pgnenoidosa was the same in air and 53 CO2

while in Chlamyd.omond,s reinhandi,i, the rate of growth

was faster in COr-enriched air, the doubling time being

reduced by a factor of two. Using synchronous cultures

of ChLamydomona.s segnis, Badour et aL. (1971a, 1973)



observed no difference in the number of zoospores

produced at 0.1% and\58 CO, (n=4) while in air grown

cells the number was reduced (n=2). The body length of

daughter cells was essentially the same in al1 concen-

trations of carbon dioxide (Badour et aL. , 1973). The

toxic effect of carbon dioxide of more than 1? COz on

plants has been reported (Rabinowitch, 1951; Steemann

Nielsen, 1955). However, recently it was observed in

the unicellular hot spring acidophillic alga

Cyanidium caLdaz,ium that during the 25 days of growth,

the growth rate in 100? CO, was very much greater than

that grown in air, although initially (¡ days adaptation),

the former growth rate was less than the latter
(Seckbach and Baker, I970) "

C. Synchronization of Algae

Senger (1961 , 1962) usj-ns 1.5U COz showed that CO,

enrichment is an essential requirement for obtaining

complete synchrony of autotrophic cultures of ChLoz.eLLa.

He showed that ce1ls of ChLoreLLa pynenoddosa coul-d not

be synchronized in continuous light by 16+CO 2212-CO2 hour

changes" The del-eterious effect of comparatively l-ow

concentrations of CO, have been detected in synchronous

cultures of ChLoreLLc¿ fusca (Soeder et aL. , 1964).

Flowever, synchronization of EugLena could be achieved in

air using the 12:12 hour light-dark regime (Edmunds,



1965; Codd and Merrett, 1971) and group synchrony in
air for the green alga ChLoneLLa pAz'enoidosa (Wanka,

1959). Recently, it was reported that synchronization

of ChLamydomonas reinhard.ii Dangeard WT* was achieved

in air (Cechacek and Hil]ova I Ig7 O) , Badour et; aL,

(1971a, l-973) observed ín ChLamydononas segni,g that
synchronization could be achieved in air, o.l? and 52 co,
using the I2:I2 hour light-dark regime. The syn-

chroni-zing effect of carbon dioxide, using air:50? co,
changesr orì ce11 dÌvisìon in the protozoan Tetrahymena

has been demonstrated (Hje1m, 1971).

D.

sorokin (r962a) reported a total inhibition of
cell division in the high temperature strain of
chLonelLa sorokiana in the dark by as l_ittle as rz co,
when the cells û/ere suspended in distilled water. This
inhibitory effect of carbon dioxide was counteracted by

resuspension of the cells in bicarbonate buffer (sorokin,
7962b' L964) - A permanent delay of 2 hours in the .;

liberation of autospores by high co, tension was detected
in some strains of chloreLLa suspended in nutrient media

(Soeder et dL. , 1964, 1966). However, Senger (1962)

could not find this effect. The delay in autospore

rerease at high co, tension was enhanced by right and was

counteracted by low coz concentration (soeder et aL.,

Cel] Division and Release of Dau hter Cel1s



1966). Badour and Waygood (197Ia) observed a 4 hour

delay in the generation time of ChLamyd.omona.s ser¡tti:i

(previously referred Lo as GLoeomonas) when the cells

were grown in 5å CO, as compared to 0.1? COr.

E. Ce11 Composition

During the synchronous growth of ChLamydono?les

segnis, Badour and Waygood (1971a) found that the

formation of protein and carbohydrate was greater with

5å CO, than with 0.1% COr" Formation and accumulation

of starch and sugars in tomato leaves was enhanced rvhen

the concentration of CO, provided during growth was

increased from 0.0352 to 0.15? (Madsen, 1968, l-971) .

Similar findings were shown in ChLoreLLa pyrenoidosa

(Steemann Nielsen and Willemoes, 1966) when the cell-s

were provided with 52 CO, instead of air during grolth.

fncreases in CO, concentration from 0eó to 0.03% to 3%

resulted in dramatic increases in both the total level

of protein and the incorporation of radíoactive Ieucine

into protein in the etiolated coleoptiles of Auena satiua

(Bown and Lampman, L972). Tota1 pigment in the blue-

green alga Anacystis niduLans constituted 20.5% of the

dry weight when gro\.dn in LZ CA, while with air grown

ceIls it was only l-].Ieu of the dry weight (EIey, I97l-) "

Ull-rich (L972) showcd that labelling of polyphosphates

by 3 2P was inhibited by the presence of Cor-enriched air
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in r4nkistnodesmus brauníi, while 32p labe1ling in
organic phosphates wàs enhanced. The reverse effect was

observed in oxygen (cor-free air). Labelling of nucreic
acids was indifferent to both oxygen and COr.

F" Dark Respiration and Related processes

Respiration rates of Chloz,eLLa pyz,enoidosa and

chLoz'eLLa uuLgaris culturecl in air were found to be twi.ce

as high in cor-bicarbonate buffer containing 0. o4 mM/l

free co, than at 1.68 and 3.96 rnM/I of free co, (steemann

Nielsen and tr{ill-emoes, 1966). rn cells gro\¡rn in 5z co,

no conclusive results were obtained. However, soeder et
aL. (1964) observed that respiration in chloreLLa sp.

was inhibited by high co, tension. The suppression of
respiration by high co, in numerous higher plants has

been shown (Kidd, 191_5; Thomas , IgZ5). In Rieínis sp.

mitochondria oxidation of succinate to fumarate was

retarded by cor-bicarbonate mixtures containing more

than 10? CO, (Bonner, 1950; BendalI et aL., 1958).

Recently, Shipway and Bramlage (I973) showed that in
mitochondrial preparations of l4alus pumila malahe

oxidation was stimulated, whil-e oxidations of citrate,
a-ketoglutarate, fumarate, pyruvate, succinate and NADH

\dere suppressed at cor-bicarbonate mixtures containing
IBZ CO, as compared to 3so COr. In addítion, high

concentration of co2 was found to inhibit NAD-cytochrome



c-reductase system, cytochrome c-oxidase system and

oxidative phosphorylation in many plant species

(Bendall et aL. , 1960; Miller and Evans, I956i Mil1er

and Hsu, 1965).

G. Photosynthesis and Photosynthetic Reactions

1" Photosynthetic COz Uptake and Oz-evolution

Photosynthesis in ChLoreLLa cel_ls was found to
increase rvith increasing concentrations of free CO,

reaching a saturation point of approximately 0.01

0.033 CO2 (Vühittingham, 1952; Steemann Nielsen, 1955;

Steemann Nielsen and. Jensen, 1958). Further increase

in the amount of free CO, above 1U resulted in the

decrease in photosynthesis (Steemann Nj_eIsen, 1955;

Steeman Nielsen and Willemoes, J-966). In addition,
the previous history of the cells also determines

the ability of the cells to photosynthesize.

ChloreLLa cells previously grown in air and allowed

t.o photosynthesize in either high or low CO, showed

a short induction phase (eriggs and Whittingham, 
,-

L952; Graham and Whittingham, 1968; Graham ¿ú aL.,
1971) " When grown in 4 or 5? CO2, the ce1ls showed

a short induction phase only when they photosynthesize

in buffer of higher CO, concentration, and a prolonged

induction phase in buffer of low CO2 concentration.

The inhibitory effect of oxygen on photosynthesis in
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chLoreLLa, chLamgdomonas and EugLi'ttct was shown to be

partially overcome by increasing the HCO; or CO,

concentratj-ons (Bowes and Berry, I97I; Fock ¿ú aL, ,

1971; Ellyard and Pietro, I969).

2. Hill-reaction

The dependency on CO, or HCO; for the HiII-
reaction has been reported by a number of investi-
gators (Warburg and Krippahl, I960a; Stern and

Vennesland, 1960; Abeles et aL. , Ig6l_; Stemler and

Govinjee, 1973). Heise and Gaffron (1963) stated
that this dependency should be viewed with caution
as CO, has a general catalytic effect.
3. Related Processes

Badour (1959, IgGl) found that aeration with
1"52 CO, in air enhanced the uptake of phosphate in
continuously ill-uminated cultures of ChLoreLLa

uulga,is as compared to aeration with COr-free air.
Cultures maintained for 4 - 12 hours in light and

bubbled with cor-free air, accumurated polyphosphat.es

but not if CO, was provided. Recentfy, it has been

shown that non-cyclic photophosphorylatj_on is
dependent on the presence of CO, ín Ankist:r,ocjesmus

and ChLor.eLLa species, while cyclic photophos-

phorylation is relat-iveJ-y impartial to the presence

or absence of CO, (Gimmler el; aL. , L97I; Glagoleva

et aL. , 1972; Ul1rich, LTTZ¡ KLob et; aL. , Lg73).



In short term experiments with ChLoreLLa fusca, ATP

level was shown Èo increase to a ,maximum within 20

seconds of deprival of CO, (Lewenstein and Bachofen,

1972). In several oscillations, the- ATP level

dropped back to the original level in approximately

3 minutes reflecting the simultaneous action of the

different control systems for ATP production,

consumption and translocation reactions located in

the different compartments of the eucaryote cel1.

A recent report showed that in ChLov.eLLa pArenoid.osa

the fluorescence yield is strongly affected by CO,

concentration; the yield being approximately two-fold

higher in the presence of CO, than in its absence

(Slovacek and Bannister, l-973).

Other Physiological and Biochemical- Responses

11

H.

I. Photosynthetic Pathways

Bassham and Calvin and their colleagues (1960)

have shown that in ChLoreLLa species girown and

allowed to photosynthesize in relatively high CO,

concentrations (1 5å), the major pathway of

photosynthesis occurs via the reductive pentose

phosphate cycle. Several observers (Rabson et aL.,

L962; Pritchard .et aL., 1962, L963; Whittingham and

Pritchard, 1963; Ahmed and Ries, L969) have shown

that the photosynthetic intermediary products at low
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CO, concentrations were quantitatively different from

that observed at high CO, concentration. Graham ancl

Whittingham (1968) observed that in ChLoneLLa

pArenoi.d.osa groh/n in 53 CO2 r the pathway of t uCo,

incorporation occurs via ß-carboxylation when

photosynthesis was carried out in comparatively low CO2

concentration but via the Calvin-cycle when allowed

to photosynthesize in high CO, concentration. In air
grown cells, the pathrvay was of the Calvin type

irrespective of the CO, concentrations used durinq

the photosynthetic experiments.

2. Glycollate Production and Excretion

Algal cells previously grown in air were unable

to excrete g1ycol1ate, while those grown in high CO,

(greater than air) exhibited glycollate excretion

(Pritchard et aL., 1962; Whittingham and Pritchard,

1963; Miller et aL.1963¡ Warburg and Krippahl, I960b).

Glycollate formation and excretion were induced at

relatively low CO2 concentration and reached

saturation at levels of 0"22 CO, in the gaseous

phase. Further increase in CO2 concentration

resul-ted in a dramatic decline in glycollate

production (Whittingham and Pritchard, 1963; Bo\,ves

and Berry, L971-) . Increased Iiqht intensity resulted

in an increase in glycollate production (Tolbert and

ZíLI, 1956i Whittinqham and Pritchard, I963; Merrett



and Lord, 1973). However, it has been reported that
in CîtLangd.omona.s \ segnís and ChLot,eLLa fusca,
glycollate excretj-on was not observed under

conditions known to favour glycollate biosynthesis
and excretion (Badour and Waygood, l_97la; Goulding

et qL", 1969).

3.

Badour and Waygood (I97la) observed in
chLanydomona.s segnis that excretion of ketomalonic

acid semialdehyde was enhanced in cells grown in 5z

COe as compared to cells grown in 0.1? COz. The

excretion occurred at high light intensity and was

limited to the phases of cell_ul_ar division and

zoospores release.

Enz)¡mes

1. Catal-ase

Excretion of Ketomalonic Acid Semialdehvde

r.
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Activity of catal_ase in microbodies was found

to be totally absent in acetate bleached cells and

during the process of greening of EugLena when the

medium was aerated with cor-free air j-nstead of air
(Brody and White, 1972).

2. Nitrate Reductase I

The activity of nitrate reductase in
chLamgdomones reinhandi in autotrophic cultures was

shown to decline when the curtures v/ere aerated with



COr-free air instead of air supplemented with 0.58

CO' (Thacker and Syrett, I972). Similar findings

were shown for the higher plant PeriLla when CO, was

deprived (Kannangara and Woolhouse, 1967).

3. Isocitrate Lyase

The presence of isocitrate lyase activity in
Chlamydomona.s segnis grown in 5? COz was demonstrated

by Badour and Waygood (1971b), whereas in 0.1? CO,

isocitrate lyase was totally absent.

4 " Glycollate Dehydrogenase

The specific activity of glycollate dehyCro-

genase was found to be regulated by the CO,

concentration in Chlamydomonas reinhaz.dtii.

Dangeard (- ) (No. 90) and EugLena graciLi.s Z Klebs

(Nelson and Tolbert, 1969¡ Codd et aL., 1969). Ce1l-s

grown in high CO, (1 5eo by vo1. ) exhibited
repressed enzyme activity, while growth in air
derepressed the enzyrne. In ChloreLLa fusea (previously

ChloreLLa pyrenoidosa 2II/8P) however, the activity

:centration ''

provided during growth (Codd et aL. , 1969). Cooksey

(1971) observed in Chlamydomonas reinhaxdti.i ..I37c
mt+ that the enzyme was synthesized Ínitial1y in 5Z

CO, in air at similar rate to that in air only" The

enzyme disappeared from the celI only under nitrogen

limitation. Lord and Merrett (1970a) showed that the

I4



derepression of glycollate dehydrogenase in

ChLanyd.omonas ^u)dono previously grown in acetate,

by transference to inorganic media occurs at equal

rates irrespective of the CO, concentration (5? or

air) used in the aerating gas.

5 " Cal-vin Cycle and ß-Carboxylation Enzymes

RuDP-carboxylase, glyceraldehyde-3-phosphate

dehydrogenase, fructose-1, 6-biphosphatase,

aldolase, phosphoriboisomerase, ribulose-5-phosphate

kinase and PEP-carboxyÌase of air and 5å COz gro\^rn

cells of ChLoreLLa, and during the period of

adaptation to low CO, showed little difference in

the activi-ties of these enz]¡mes or in the amount of

Fraction I protein (Reed and Graham, L96B) .

6" Carbonic Anhydrase

15

Growth in high CO, concentrations j-n Ce-plants

and in the algae ChLoreLLa, Chlamydomonas and EugLena

resulted in the repression of carbonic anh rdrase

activity, while growth in air derepress the activity
(Graham et aL, , I97L; Nelson et aL., L969; Cervigni

et aL., 197I)" In Cu-plants, the activity of

carbonic anhydrase was enhanced when higher

concentratj-ons of CO, than air vrere provided during

growth (Cervigni et aL., 197I).



The AIga

Chlanydomone.s segnis Ettl (Ettl , 1965; Badour et; aL.,
rg73) previously referred to as GLoeomozzas sp. (Badour and

Waygood, I971a) \,ras used as the experimentat; organism.

stock cul-tures of this arga were maintained on agar slants
composed of the mineral- nutrient medium with 2eo agar, ât
25" and in dim light.

The Nutrient Medium

MJ\TERTALS AND METHODS

The mineral nutríent medium of Kuhl and Lorenzen

(L964), after being enriched with phosphate, was used for
the curtivation of chlamyòlomonas segnís. rt consists of
the following.

mg/r

KNOa 1010.0

M9SO + .7HzO 246 .5

CaCl z 11.1

NaHzPO,+.lHzO 517.0

KzHPO + 7 80.0

FeSO '+.7HzO 3. B

EDTA (Trisodium) 9.3

HsBOe 0.093
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moles/1
_â1.0 x 10

1.0 x 10-3

-r.1.0 x 10

3.7 x ]O-3

4.5 x 10-3

L.4 x10 J

2.5 x I0 J

1.3 x l-0-6



o

10.

11.

12"

ZnSOq. THzO

MnSO4 .4H2O \

CuSO+

CoCl 2.6H2O

13. (NH,*)eMozOz,+.4HzO 0.006 4.9 x I0-s
The pH of the nutrient medium after autoclaving was 6.9.

Aeration of the Cu]tures

The aeration of the cul-tures with appropriate

volumes of co2 in air or air only was maintained by passing

compressed air and CO2 through a flowmeter (Matheson).

The outflowing gas mi:<ture or air only [1000 cc/min) tvas

then passed through 1? CuSO4 solution, sterile cottcjn

filter, sterile distill-ed water and through a sterile
four-arm manifol-d connected to low-form Fernbach culture
flasks. COz-free ai-r was obtained by passing tIIe out-
flowing air through 40e" KOH twice and 10U Ba(OH) z.

Preparation of Synchronous Cultures

0.100

0.020

0.005

0.008

3.5 x 10

I.2 x t0
-A4.5 x 10

-a3-4 x 10

T7

For the synchronization of the alga1 cultures, the

method of Pirson and Lorenzen (1966) was used, An inocurum

was aseptically introduced from the slants into 100-150 mts

each of the sterilized nutrient medium in 250 ml Erlenmyer

flasks. The flasks were placed in a controlled environment

chamber at 25". Illumination from the top of the chamber

by 'cool white' f luorescent lamps provided an int,ensi.ty of
1I,000 lux at approximately 3.0 cm from the bottom of the



f lasks. The inocula \dere t.hen allowed to grow and mul-tÍp1y

for 3 days in continuous'light and bubbled with the

appropriate volumes of COz. From these precultures, the

alga1 suspensions were diluted with fresh medium to a cell

concentration of I x 10 
6 cells per mJ-. One thousand mls

of each of the diluted algal suspension were transferred

into 2500 mI ]ow-form Fernbach culture flasks. The

cultures were then subjected to alternating periods of

12 hrs light and 12 hrs darkness combined with dilution of

the aì-gal suspension to a constant cel1 number of 106

cell-s per ml at the end of the dark period. Af ter 3 - 4

cycles of L2zL2 light-dark regimen foll-owed by dilution,

synchronized cultures Ì,vere obtained for the experiments.

CelI Number

Cell counts' v/ere obtained using an Haemocytometer

af ter f ixing the cel-l in íod.ine solution.

]B

Body Lenqth and Flagell-um Leng'th

After fixing the cells in 0.12

f1age1lum length were measured using a

micrometer.

Chlorophyll

Total chlorophyll per ml algal

determined according to the methocl of

the pellet obtained. by centrifugation

OsOu, the body and

calibrated occular

suspensaon was

tlolclen (1965). To

of ]0 mls of alga1



suspension \^/ere added 10 mg MgCOs and B mI of 95? methanol.

After heating the mixture in a water-bath at 70"C for 15

minutes, followed by centrifugation, the supernatant was

cooled, made up to 10 m1 with 952 methanol and measured at

650 nm and 665 nm against methanol- using a Zeiss

spectrophotometer. Total chlorophyll per mI algal
suspension was determined from the following equation.

Total Chlorophyll (m9/11 = 25.5 * ODrro + 4 x OD.r,

Carbohydrate

Total carbohydrate was determined by the anthrone

method (Roe, 1955). To 1 mI of cell suspension, twice

washed with Cistilled water, was added 4 mt of anthrone

reagent. 1 rnl of algal suspension and 4 ml of 752 HzSOr*

served as a blank. After heating at 100o in a water-bath

for 15 minutes, the blue-green color was measured against

the blank at 620 nm using r'r"r=" spectrophotometer.

The total carbohydrates were èxpressed as mj-crograms

glucose from a standard calibration curve made for glucose"

Protein

To 2 mI of twice washed with distilled water aIgal

suspension \,{as added 2 ml , of 2 N NaOH and heated for
30 minutes in a water-bath at 100o. 0.5 ml of the cooled

extract was used for the colorimetric determination of
protein according to Lowry et aL. (1951). Total protein in

I9



micrograms per ml of algal suspension was calculated from

graph prepared for Bovine serum albumin.

Dry Weight

50 mI of the a1gal suspension !ùere washed by

centrifugation, concentrated to about 2 - 5 ml- , quanti-

tatively transferred to an aluminum dish of known weight

and then dried overnight at l-00o.

Extraction and Determination of Nucleic Acids

150 mI of algal suspension were washed with distilled
water. The resultant pe11et after centrifugation was

extracted twj-ce with 7.0 ml. of 0.2 II perchloric acid in
50U ethanol at room temperature for 30 mttmes each. The

residue was extracted three times for 10 minutes each at

70" with 6.0 mI of ethanol:ether (3zI v/v) mixture and

washed with 6.0 ml of absolute ethanol. The resultant
residue was finally extracted \^rith 5.0 ml of 0.5 N

perchloric acid at 45o for 6 hours, thereafter centrifuged
and the resulting supernat..rt was used to determine total

:
nucleic acids and DNA according to Senger (1965) and Burton'

(1956) " For the determination of total nucleic acids,

3" 0 ml of the final extract was placed in a cuvette with a

I cm light path and read in the Zeiss spectrophotometer at

the indicated v¡avelengths.

20
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For DNA determination, 2.0

Acetaldehyde reagent rurà

extract and incubated for

blue color was read at 595

RNA was obtained

Acids" The data

suspensr_on usr_ng

ml-s of

added to

18 hours

nm and

Total DNA =

Diphenylamine

1.0 mI of the

at 30o. The

650 mn.

Determination of. Photosynthetic Oz Evolution by Warburq

Apparatus

B0 mls of alga1 suspension were washed with

distilled water, and then rewashed in Warburg No:9 buffer
(Stauffer, L957 ) which consisted of a mixture of 0.1 M

NarCOu and 0.1M tJaHCO, (15:85 v/v, respectively), pH 9.1.

After concentrating the alga1 suspension to a total vol-ume

of B mls, 2.0 mls each were used to measure the oxygen

evolution at 25" with a Gil-son Differential- Respirometer

using a light intensity of approximately 12,000 lux. Two

flasks were kept ín the light and one in the dark (wrapped

with aluminum foil). After equiJ-ibration for 15 minutes,

readings were taken every 10 minutes for 30 mÍnutes.

Oxygen evolved was l-inear with time and the respiratory
oxygen uptake was negJ-igible or absent in this buffer.

by subtracting

were expressed

the calibration

oD.ru - oDuro

final

resultant

2I

total Dl.lA from Total- Nucl-eic

as micrograms per mÌ algal

curve of Senger (1965).



Qgtermination of Photosynthetic oz Evolution, Respiration
and Benzo

I00 mls of a1gal cultures were centrifuged and

washed once with distill-ed water. After being rewashed and

resuspended in a total volume of 10 mls of 0.05 M phosphate

buffer, pH 7 "0, the oxygen evol_ved and uptake were

measured with a clark oxygen El-ectrode. Temperature was

maintained at 25o by a cooling jacket surrounding the
reactj-on vessel" A convex cone of light from a Koehrer

illuminator (Baker's, London, England) provided approximately
l-2,000 l-ux at the surface of the reaction vessel.

(i) Photosynthetic O, Evolution and Respiration

The reaction vesser- contained 4 mls of the ce]l
suspension and 10 ul of NaHco s (final concentration
5 x l-0-3 M) " After equilibration at room ligrht, the
illuminator was switched on and photosynthetic oxygen

evolution was measured f cr 3 ininutes. This was f ollov¿ed

by 3 minutes of darkness to measure respiration.
Photosynthetic evolution of oxygen \^/as corrected for the
respiratory uptake.

(ii) Benzoquinonc Hill Reaction

The reaction vesser contained 4 mls algar suspensíon

10 ul NaHCo3 (fina1 concentration 5 mM) and 10 ul- of
resubfimated benzoquinone (2 mg). After 3 minutes

equilibratj-on in darkness, the algal ce1ls were

illuminatcd and oxygen evorved was measured for 3

uinone Hill Reaction b Clark Ox en Electrode

22



minutes. This was followed by 3 minutes of darkness

to measure oxygen updake. No respiratory uptake of
oxygen was noticed either during the equilibraLion
period or during the period subsequent to the

measurement of oxygen evolved in the light.
The oxygen exchange was 1inear with time and

cal-culations were based on the sorubility of oxygen in
v¡ater (Hodgman et aL. , 1962, l_963).

Photos

Radioactivity

After washing the algal suspension, the cerls lvere

resuspended in 0.05 M phósphate bufÍer, pH 7.0 and made to
a 10 times concentrated suspension. 2.0 mls of the tatter
suspension was pipetted into the main compartrnent of the

manometer flasks, and equilibrated for 15 minutes on the

Gilson Differential Respirometer at 25" and 12,000 lux with
a constant shaking rate of 100 oscirlation per minute.

10 uci of NaIIl uco, (s.4. 59 mci/mM, Amersham/searle, Engrand)

were added to the contents of each flask. irfter incubation
for different time period, the cel-l-s were kir-led by the

addition of 0. 5 ml of gracial acetic acid. and quantitatively
transferred to l-5 ml- grass centrifuge tube. The cel_1s v¡ere

dried by aeration and then frozen for later analysis.
The frozen samples were extracted once with 5 mrs

portions of B0z, 503, 202 of ethanol and twice with water at

nthetic NaHl qCO Fixation and Extraction of

23



75o for 20 minutes each. A glass marble placed on top of

each test tube prevented'excessive evaporation. After each

alcoholic-rrrater extraction, the samples were cerrtrifuged

at 10,000 rpm for l-0 minutes, and the residue was

quantitatively transfer::ed to a scintillation via1. The

supernatants from each extraction were pooled t-ogether and

reduced in vol-ume by aeration at 40o and the lipid

substances were removed from this fractJ-on by extracting

4 times r^¡ith an equal volume of chl-oroforr¡r. The chloroform-

soluble fraction was washed trvice with 1 mI aliquots of

distil-led water, and was pooled together with the residue

fraction, dried down and.resuspendecl in 0.5 ml of 202

ethanol. Their radioactivity was determ.ined.

The ethanol-water sol-ubl-e fractions (fr-ee from lipids)

were pooled, dried clown by aeration at 40" an<l redissolved

in 1.0 ml of distilled water. 0.2 ml aliquot was taken

and determined for radioactivity. The rest cf the

ethanol-water fraction was then fractionated by ion exchange

chromatography -

Ion Bxchange Chromatography of Ethanol-Water Sol-uble f::action

24

main fr

and Cos

(i)

(ii)

This fraction was separated into the following three

actions as described by Canvin and Beevers (1961),

sins and Beevers (I963).

Basic compounds, largely

Acidic compounds, mainly

phosphates;

amino-acids;

organic acids and sugar
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(iii) Neutral compounds, mainly sugars.

The following two types of resins (Bio-Racl Labs.;

Richmond , Cal-if ornia ) were employed :

(i) Cation exchange resin, Dowex 5OW*B (hydrogen

form, 2OO - 400 mesh)

(ii) Anion exchange resin, A9 1-x10 (chloride form,

200 400 mesh)

Both types of resins were prepared in bulk according to

Atkins and Canvin (1971) " Each resin v¡as then slurried into
a large column plugged at the base r^¡ith glass wool. The

cation exchange resin, Dowex 5OW-B (H+; 200 - 400 mesh)

was treated with 10 ml of 2 N HCI per 5 m1 resin and then

washed with distilled v¡ater untit the effluent was close

to neutral-. The anion exchange resin, A9 1-x10 (C1- ¡ 200 -
400 mesh) was converted to the formate form by treatment

with l- M sodium formate until the effluent gave a negative

test for chlorides. The resin was washed with 0.1 N formic

acid (50 m1l5 mI resin), followed by distilled water until
the ef f l-uent was cl-ose to neutral.

6 x 1 cm ion exchange columns were prepared by

pouring a slurry of the above resins into 13 x I cm glass

columns plugged at the base with glass wool. The columns

were rinsed with 2 bed volumes of distilled water before

use.



Fractionation of the Ethanol-water Soluble Extract

The ethanol-water soluble extract was loaded on to

the Dowex SOW-XB-H+ mini columns and flushed with B0 rnls

of distil]ed water" The effluent was concentrated and

designated as the organic acid-sugar fraction. The amino-

acids were then el-uted with B0 mls of 2 N ammoniur,n hydroxide

followed by 20 mls of 3 N ammonium hydroxide. The effl-uent
h/as evaporated to dryness"

The organic acid-sugar fraction was quantítatively
transferred to the Ag l--x]O-Hcoo column and rinsed with
100 mls of distilled water. The effluent containing rnainly

sugars was collected and dried dov¡n. The organic acids and

sugar phosphates retained by this column were eluted with
B0 mls of 4 N formic acid, followed by 20 mls of 6 N formic

acid. The effluent was dried down.

All three main fractions were redissolved in 1.0 ml

distilled water for radioactivity determination and thin-
layer chromatography"

Measurement of Radioactivity
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All samples were determined for radioactivity by

means of the Picker Nuclear Liquimat scintillation counter"

Samples were corrected for quenching by using a quench

curve prepared with picric acid and r qc-toluene.

Aliquots of the aqueous samples obtained v/ere placed
j-n scintillation vi-als and made up to 0.5 mI with 2OZ



ethanol" 10 mls of scintillation cocktail

7.0 g PPO and

of I l-itre of

measured for

Thin- l-ayer Chromatography (TLC )

100 g naptdalene dissolved in

p-dioxane) was added to each

radioactivity.

The cellulose powder MN300 (Machery, Nagel and Co. )

was prepared as descrj-bed by Cook and Bieleski (1969).

15 gm of washed, dried cell-ul-ose was mixed with 90 ml- water

and homogenized at 20r000 rpm for I minute, left 30 seconds

and homogenized again for 1 minute. The slurry was then

allowed to sit for 1l minutes before spreading with a

Desaga spreader (Desaga, Heidelberg, llest Germany). 20 x

20 cm plates of 250 micro,ns thickness of cellul-ose were

prepa-red and allowed to age for one week after spreading to

ensure stabitity. InThere possibler än aliquot containing

approximately 5,000 - l-0,000 dpm was spotted in a 2.5 cm

band, 2"0 cm from the edges of the plate. To ensure

uniformity of run, plates were run in sets of five as they

were made, the first direction run being against the

direction of spreading. Prior to thin-layer chromatography

in the second direction, the bands on the plate were

condensed to spots by eluting them 6 times wiLh LZ acetic

acid for the amino-acid and organj-c acid plates. The sugar

plates were eluted with water. At least 4 sets of plates

vùere chromatographed f or each sample, two of which v/ere

(0,03 g POPOP,

a total volume

sample and

27
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determined for radioactivity, while the radioactive spots

were eluted from the other two plates and cochromatographed

with the authentic cold chem-.i ca.l-s usinq the same solvent

systems. A plate consisting of cold authentic compounds

only was always run together with the sample plates. The

plates \^/ere run for 15 cm from the origin in each direction.

To aid drying and evaporation of the sol-vents, the plates

were dried in an oven at 40" for 20 minutes after each

directi-on run.

Separation of Ami-no-acid and Organic Acid Fractions

Two dj-mensional TLC was used to separate the

various products using the solvent system described by

Bie1eski and Young (1963). The first direction run vras

achieved in 100 ml of n-propanol:ammonium hydroxide:water

(6:3:I v/v). The second solvent system consisted of I40 ml

of n-propyl acetate:formic acid:water (11:5:3 v/v). After
drying, the approximate glycollic acid area in the organic

acid plates were sprayed with 0.1 M NarCO, solution in 50U

ethanol to prevent sublimation"

Separation of Sugars

The sugars were separated by two dimensional TLC in
100 mI of n-propanol:water:n-propyl acetate:acetic acid:
pyridine (120:60220:4:I v/v) in the first direction and

I40 mI of n-butanol:acetic acid:water (12:5:3 v/v) for
the second direction as described by Cook and Bieleski



(196e).

\

Detection of Compounds and Measurement of Radioactivity

Radioautograms were made by e.xposing the dried plates

to "Kodak Medical X-ray Film, No-screen" from Eastman

Company, Rochester, New York. After an appropriate period

(1 to 2 weeks) of exposure, the films v/ere developed to

locate the radioactive spots" The spots were scrar¡ed off
as a ro11 and quantitatively transferred to scintillation

vials for radioactivity determination or to a pasteur

pipette plugged at the tip with cotton wool for elution and

subsequent cochromatography. Radioacti-vity determination

was carried out as previously_ described" After radio-

autographic exposure, 1 sample p1ate, cochromatographed

plates and the reference plates were sprayed with the

appropriate reagents (Smit.h, 1960; Mezzetti et aL. , 1972).

(i) Amino-acids were detected by a solution of 0"53

ninhydrin in acetonei

(ii) Organic acids by bromocresol green (0.4? solution

in 90? ethanol) or aniline-xylose (1 ml aniline,

I g xylose in 100 ml ethanol);

(iii) Sugar phosphates by ammonium molybdate (25 ml

4Z ammonium molybdate, 5 ml 603 perchloric acid

I0 ml 1 N HCl and 60 m1 water);

(iv) Sugars by a solution of nathoresorcinol (20 mg

napthoresorcinol, 10 mI ethanol and 0.5 mI
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concentrated H SO ).2 4'
t

Identification of fsocitrate Lactone

The radioactive spot thought .to be isocitrate lactone

was eluted and converted to isocitric acid by alkali

hydroJ-ysis and then to glyoxylate and s'uccinate by

isocitrate lyase. Isocitrate lactone (approximately 20,000

cpm) rú¡as hydrolyzed to isocitric acid in the presence of

0"2 ml 1N NaOH in a boil-ing bath for 15 minutes (Deutsch

and Phillips, l-957). The sample rvas cooled, adjusted to

pH 7.2 and reduced in volume. To this sample was added in

a total vol-ume of 3.0 mI the following in Umoles according

to Foo et aL. (1971): MES bu.ffer, pH 7.2, 100; I,IgCL,

7 "5¡ glutathione (reduced), 2; Dl-isocitrate (trisodium

salt), 2 and 0.2 mI of isocitrate lyase (EC 4"1.3.1)

purif ied from ChLamy domonas s egnis by I{r. S . K. I'oo. Af ter
90 minutes incubation at 30o, the glyoxylate produced from

'the authentic isocitrate and rad.ioactive sample was

determined as the 2,4-dinitrophenylhyclrazone derivatives.

The latter was extracted from the aqueous phase by ethyl

acetate. The resul-ting yellowish extract was then rinsed

twice with distilled-water, reduced in volume and

chromatographed on a cellulose thin layer plate using

tertiary amyl alcohol:ethanol:water (5:1:4 v/v) as solvent.

After exposure to X-ray film, the plate was sprayed with an

ethanolic NaOH solution to produce the characteristic brick-
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red color of glyoxylate dinitrophenylhyrazone derivative.
The location of the two colored spots of glyoxylate

perfectly superimposed the locations of the radioactivity
on the radioautogram. A control run using boiled enzyme

did not result in gyJ-oxylate formation nor radioactivity
in the radioautogram. This, toqether with the fact that the

product formed after alka1i hydrolysis of the suspected

radioactive isocitrate lactone was identical to the

positj-on of authentic isocitrate, providecl evidence that
the unknown acid was probably isocitrate lactone.

Enzr/me Preparation

After washing 500 ml .of algaI suspension with

distilled water, the cell- peIlet was resuspended in 10 ml

of 0.05 M Tris-HCI buffer, pH 8.0 containing l_ m¡4 EDTA and

5 mM 2-mercaptoethanol. The latter suspension was

sonicated in an ice bucket and then centrifuged. To the

resulting supernatant, crystalline ammonium sulphate was

added to give a 60? saturation and the mj-xture was alrowed

to preci-pitate overnight. After centrifugation, the

residue was redissolved in a total volume of 5 m1 of the

same buffer but without EDTA" The supernatant obtained

after centrifugation was used as the crude enzyme. AI1 the

above procedures were performed at 5o and the centrifugation
was carried out at 17r500 rpm for 30 minutes. protein was

determined by the method of Lowry et aL. (1951).
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Enz)¡me Assay

RibuLose 1, 5-diphosphate carboæyLase (8C4. 1. 1. f )

was assayed according to the method of paul-sen and Lane

(1966). The incubation mixture contained in Umol-es:

RuDP (tetrasodium salt) , 0.35; NaHl qCOr, 25 (known dpm,

>5 x 106 dpm); glutathione (reduced), 3r EDTA, 0.03;

MgC1r, 5; Tris-HCl, pH 7 .8, 100; and crude enzym.e (l0O Ug

of protein) in a total volume of 0.5 mf. The reaction
mixture v¿as preincubated at 30" for l-0 minutes. The reactj-on

\das initiated by the addition of RuDp. control- samples were

without RuDP" The reaction was terminated after 15 minutes

by the addition of 1 mr of 2 N Hct. The sample was then

centrifuged and 0.5 ml of the supernatant was taken into a

scintil-lation vial, dried down and redissorved in 0.5 ml

distilled water for determination of radioactivity as

previously described.

PhosphoenoLpgnuuate earboæyLase (EC4" L. j. " S1 )

The assay procedures l"d incubation mixture were essentiarly
the same as that used in the assay of ribulose diphosphate

carboxylase. rnstead of RuDp, the following were added in
Umoles: PEP (trisodium salt), 2¡ NADH, 0"8; and malate

dehydrogenase (8c1"1.1"37), 1 i.u. and crude enzyme (400 ug

of protein) 
"

For both RuDP and PEP carboxylases, the activities
were found to be dependent on protein concentration and

linear with time for at least 30 minutes (Figure I).
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Carbonic anhydz,ase (8C4. 2.1,. L ) was assayed

manometrically at 15o acJording to I{aygood (1955). The ¡nain

compartment of the Warburg flask contained 1..0 ml of

phosphate buf fer (0.I M NarHPOu: 0.I M KH2PO', 3:2 v/v) ,

pH 7.0¡ crude enz)¡me (300 pg of protein) and dist.illed water

to make up the volume to 1.7 mls. The side-arm contained

0.5 ml of 0.1 M NaHCOr. After equilibration for 10 minutes,

the reaction was started by tipping the NaHCO, into the main

compartment. The reaction was followed for IL minutes.

The control consisted of boiled enzyme. The activity was

found to be dependent on protein concentration and the

initial rate v¡as used in the determination of enzyme

activity (Figure 1). The act.ivity was expressed as Enzyme

Units (E. u. ¡ where

E.u._(x-y)
v

35

x=

y=

initial velocity of enzymic reaction

initial velocity of control

Partial Purification of Crude Enzyme

After 5 days growth, the cells were harvested and the

crude enzyme prepared as previously described. A known

vol-ume of the crude enzyme preparation was applied to a

Sephadex G-100 (coarse) column (2.5 cm x I6.5 cm) previously

equilibrated with 0.05 t4 Tris-IICl buffer, pH 8.0 containing
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1 mM EDTA and 5 mM 2-merca¡ttoethanol. The protein was

eluted wittr the same buf f er at a f low rate of 0.6 ml. per

minute. 70 tubes \^/ere collected, each containing 3.5 mls

of the eluate. RuDP-carboxylase, PEP-carboxylase and

carbonic anhyclrase were determined in the fractions collected
using the assay systems describecl bef ore.
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RESULTS

CHARACTERTZATION OF ZOOSPORES PRODUCED TN SYNCHRONOUS

CULTURES BUBBLED WITH ArR OR 5Z CO2-rt{ ArR

A. Number of Zoospores Produced

ï.

lVhen ChLamydomonas segnis was grown synchronously

in cultures bubbled with air using the programmed light-
dark regime (I2:I2 hours, LD change) combined with
dilution of a1ga1 suspension at the end of each dark

period to 106 cells per m1, each mother cel1 produced

two zoospores (Figure 2). This was indicated by the

doubling in the cell number at the 20th hour during the

dark period. Figure 3a shows the complete formation of
2 daughter cel-ls (diads) at the 13th hour but the zoo-

spores were not yet released" The onset of zoospore

release occurred usually at the 14 16th hour of the

cell cycle. The two-fold increase in cel_l volume* to

* This was computed by assuming that a zoospore which was 10 p in
length shoul-d have a volume of 100OUt. In order to produce two
identical daughter cerrs, it shourd undergo a two-fol-d increase in
volume, i,e., to acquire a volume of 2OOOU3. This volume corresponds
approximately to an increase of 26'-" ín the cel-l rength at the end. of
the growth period. To produce four daughter celrs, the zoospore
should quadruplicate its volume and correspondingry shourd show 60%
increase in length (Badour et aL., 1973).
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Figure 2. Synchronization of Chlamydomona,s
s egnis using the light-dark regime
(12:12 hour, LD change) followed
by dilution in either air (o,o)
or 5eo COz (A,A).
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Figure 3. Completed formation but unreleased
zoospores in the dark in
(a) air, or (b) 53 COz.
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Figure 4" Body and flagelIum lengths of
cells grown in air or 53 COz.

o Air
@ 5Z COz

Body length
F1agellum length
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produce 2 daughter ce1ls was approximatel-y indicated by

the increase in the average body tength from llU to I5p

during the L2 hour light period and was not associated

with any significant changes in fIagellum length

(Figure 4 ) .

On the other hand, cells growing and dividing in
cultures maintained under the same culture condition

but gassed with 5? CO, in air (v/v) instead of air,
quadruplicated their vol-ume during the 12 hour light
period showing 65å increase in the average celI length

(Figure 4). This increase should account for the

formation of 4 daughter cells in Seo CO, cultures.
Microscopic examinatíon of the algat suspension during

the dark period revealed (Figure 3b) that the formation

of 4 daughter cell-s in these cultures was achieved at

the 18th hour, but the formed zoospores !ùere not

released. Subsequentlyr no increase in the cell number

could be shown throughout the following 6 hours of

darkness (Figure 2). The zoospores remained within the

hyaline mother ce11 wall assuming a tetrad-stage, Bach

tetrad was counted as one cell and, hence, the unchanged

cell number observed during the 24 hours of the ceII
cyc1e. In order to maintain the synchronous growth

under the light-dark regime, the algal suspension was

routinely diluted at the end of the dark period by

adding 3 volumes of the fresh medium to one volume of

44



Figure 5. Diagrammatic representation of the
cel1 cycle of Chlamgdomona.s segnis
during the light-dark cycle"
fnner circle represents cul-tures
grown in air.
Outer circle represents cultures
grown in 5% COz.



46

/\

(

W
.ð

&ø
ær/

12 hr

/ 
þ

ì -ffi)
@
il

6
*¡*

'.M



47

alga1 suspension. when this diluted suspension of
tetrads was exposed to right in the following light-
dark cycle, the rerease of zoospores was accomplished

within the hour of illumination giving rise to the
initial ceIl number of 106 cells per mr. A diagrammatic

representation of the life cycle in air or 5å co, during
the light-dark regime is given in Figure 5.

B. fnitiation of Zoospore Release

The observed inhibitory effect of high co, tensj_on

(52 co, in air) on zoospore release in chlamyd.omonas

segnis during darkness and the release of zoospore on

subsequent illumination has arso been shown in other
species of chlamydomonq.s (Mihara and Hase, r97L¡ Kates

and Jones, 1964) and in chlorella fusca Bp (John et
aL- , 1973) - The latter a'thors interpreted the effect
of 1i9ht in terms of initiating the growth of the auto-
spores within the mother cell wall. The autospore
enlargement would exert pressure on the mother cetl wal_Ì

leading to its rupture and, hence, the release of
autospores. In Chlamydomonas segnis, however, the
release of zoospores coul-d be initiated when tetrads
at the 20th hour of the cell cycle were either
illuminated or bubbled with cor-free air for 2 hours
(Tabre 1). This may impry that the initiation of
zoospore rel-ease by right was due to the provision of



Table I" Effect of provision of light and CO2-free air
for 2 hours (20 22nd hour of cell cycle)
on the release of zoospores during the dark
period in cultures bubbled with 52 COz in air.

Treatment

Control-

Light

COz-free air

Light. + COz-free

4B

Increase in
(e rnitial ce11

a l-r

Ce]I Number
Number, Time:0)

100

2r2

148

400



energy which enabled the zoospores to penetrate the

mother cell envelope. This energy was unavailable in the

dark under high CO, tension (5? CO, in air). Removal of

the latter by bubbling with COr-free air for 2 hours

would provide the zoospores with the suitable envj ronment

to generate the energy required for their release. The

cumulative effect of light and aeration with COr-free

air was manifested by the enhancement of zoospore

release and its completion within 2 hours (20 22nd

hour of the cel1 cycle). Under such conditions, where

COz was almost lacking, most of the energy trapped by

the daughter cells would be available for the release

of zoospores. The initiation of autospore release by

light in ChLoreLLa pAï¿enoidosa during the dark period

of the cell cycle was also reported by Lorenzen and

Schleif (1966).

49

It is obvious, therefore, that darkness generally

exerts an inhibitory effect on the release of autospores

and zoospores. This inhibitory effect is profound in

cul-tures maintained at high CO, tension and can be

overcome by exposure to light.

C. Timing of the Onset and Completion of Zoospore

In this experiment, zoospores of ChLamydomones

segnís $Iere produced in darkness from synchronous

Release as Influenced by COz Concentration



Figure 6" Timing of the onset and completion
of zoospore release as influenced
by COz concentration"
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cultures gassed \^/ith various co, concentrations, namely

0.03% CO, (air), 0.lg CO2, tB CO, and 5?; CO, in air
(v/v). Af ter dilution of the cel_1 suspension to a

constant number of 106 cells pe:: ml, the zoospores from

each cul-ture were l-eft to grow and develop in their
respective co, concentrations. Figure 6 showed that a

delay of 4 hours in the timing of the onset of zoospore

release in 1.0U and 52 CO, cultures as compared to
cultures bubbfed with either air or 0.1? COz in air"
This delay appeared to be attributed to delayed mitoti-c
division and the subsequent formation of tetrads rather
than to a delay in the rel-ease of zoospores. obviousry,
the latter should coÍtmence in light even in 5Z CO,

(compare Tabl-e 1) if the two mitotic divisions necessary

for the formation of tetrads had been achieved earlier.
since the incipient cell division or the onset of
cytokinesi-s (Pirson and Lorenzen, 1966¡ Senger and Bishop,

1969) occurred in all cultures at the same time at
approximately the 12th hour of illumination, the delay
in the onset of zoospore release in light in 1? and sz

cor curtures was probably due to delay in the second

mitotic division. The latter appeared to be retarded
for 4 hours as compared to the si-tuation in cultures
provided with 0.ls Coz in air.

when ceIls grown in air cultures were suppried at
the 12th hour of the cell cycle with 58 CO, in air



(Figure 7), the timing of the onset of zoospore release

did not change. This was evident because the cer]s at
that time of the celI cycJ-e had already accomplished one

mitotic division and production of the 2 daughter cel-rs

characteristic of these cultures. on the other hand,

when the cel-ls grown in 5? CO, were bubbl_ed with air at
the 12th hour, the onset of zoospore release occurred

without delay and resul-ted in the four-fold increase in
cell- number at the 20th hour. obviously, this increase

would have not occurred unless the daughter cells from

the first mitosis had entered the second mitotic
division and completed it in some cerl-s of the population.

The onset of zoospore release, in cultures left in 5%

CO2r was evidenced at the 20th hour of the cell_ cyc1e,

although the cells had t.heir first mitotic division
ready by the 12 14th hour. This again may show that
the second mitotic division, a prerequisite for the

formation of tetrads and subsequent zoospore release was

hal-ted for B hours in cultures supplemented with 5z co,

in air. The latter seemed not to influence the first
mitotic division which occurred around the l2th hour

of the cell cycle

The period of time elapsed between the onset and

completion of zoospore rerease known as the "division
time" in the literature increased. with increasing the
CO, concentration provided to the cultures (Figure 6).
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Figure 7. Effect of ,air (o) or 5Z COz (A) on
the onset of zoospore refease in
cells previously grown in 5% COz
or air, respectively.
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It was found that B, L2 and t4 hours were required in
light. for the completion of zoospore release (i.e.,
four-fold increase in cel1 number) in 0.19, lB and 58 co,
curtures respectively. This observation, coupred with
the fact that 4 zoospores Ì,vere produced in each of these

cul-tures, provided indirect evidence that reJ-atively
high CO, concentration (12 and 5? CO, in air) acted to
delay the second mitotic division. The photomicrograph

of ChLamydomonas segnis during the phase of second

mitosis in light and in cultures aerated with 58 coz

in air (Figure 8) showed clearry that about 50a of the
cells were still in the diad stage indicating the

delayed second mitosis.

D. DNA

Contents of Zoospores Produced in Darkness

R}JA

The data presented in Table II v¡ere obtained
from zoospores (air curtures) and. tetrads (unreleased

zoospores j-n 53 co, curtures) at the end of the L2 hour

dark period. Although the DNA content of zoospores

from both cultures was armost the same, the RNA content
\Á/as three times greater in zoospores produced in 52 coz

than in air cultures. This resurted in a higher RNA/DNA

ratio of B.r for zoospores formed in 5å co, as compa::ed

to 3.2 for those produced in air. The former zoospores

Either Air or 53 COl Cul_tures

Protej-n, Carbohydrate and Chlorophvll_

an



Figure B " Delay of second mitotic division
Chlamydomonas segnis cultured in
58 COz.
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Table rI.

CeIl Composition

DNA, RNA, protein, carbohydrate and chlorophyll
content of zoospores produced in darkness in
either air or 5Z COz cultures.

DNA

RNA

Protein

Carbohydrate

Chlorophyll

Dry weight

59

ug per 106 zoospores

Air

0 .28

0" 90

lB. 00

4. 00

I. 20

26 .90

5U CO2

0.32

2.60

40.00

10.00

1.70

69.90
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with higher level- of RNA contained almost twice as much

protein and carbohydrate as their counterparts in air

cultures which had a lower RNA content. Furthermore,

a 402 increase in chlorophyll content was shown in
zoospores obtained from 5% COz cultures as compared to

those from air cuftures" The g'reater accumulation of

RNA, protein, carbohydrate and chlorophytl in zoospores

produced in 5? CO, vras indicated by the increased dry

weight of the zoospores. This was also reflected in

the increased width of the zoospore ceII as shown in
Figure 3b, but not in the cell length which remained

almost unchanged (11.0 11.4U) .

These results showed that aeration with 5A COz

favoured the accumul-ation of RNA, protein, carbohydrate

and chlorophyll but nct DNA. Obviously, the

accumulation of such ce11 materials took place in the

cytoplasm and cytoplasmic inclusions (chloroplasts,

etc. ) .

The question whether the increase in ceIl material

in zoospores produced in 58 CO, cultures were equally

distributed am.ong the individual zoospore population

as a result of equal cytoplasmic division could not be

answered satisfactorily because of the lack of cyto-

logical evidence. However, the number of daughter cells
produced by such a population after growth in cultures

with limited CO, concentration (air) may be taken as a



criterion for equal ce]I mass per zoospore. As shown in
Figure 9a, when zoospcires produced in darkness in sz co,

cultures were bubbled with air throughour the cell- cycJ-e,

growth and cerl- division resulted in three-fol-d increase

in the cell number. The concept of the criticar celr
mass (Mitchison, I97l-) suggests that there may be a
critical mass at which ce11s j.ni-tiate DNA synthesis and,

hence, the subsequent mitctic division (s) . If only one

doubling of rnass occurred in cur-tures bubbled with air
and the initial high ceIl mass was equally distributed
among the individuar zoospores (from 5% cor), then either
a two-ford or four-fol-d increase in the cerl number would

have been obtained. The three-ford increase in celr
number implied that the zoospore population from 5e. coz

cultures was heterogeneous" Half of the zoospores were

hj-gher in cell mass than the others. During their
growth in air, they behaved differently so that one-half
grew and subsequently underwent only one mj-totic division
whereas the other half divided twice and, hence, the

three-fold increase in cel1 number.

Zoospores produced in air cultures showing low

initial ce1l mass responded equally to the high CO,

concentration of 5? COz in air as shown in Figure 9b.

This culture gave rise to four-ford increase in the cel_l

number at the 28th hour indicating that aIr the zoospores

grevr and quadruplicated their mass in preparation for two

61



Figure 9. Onset of zoospore release and
increase in cell number as affected
by provision of air or 5? COz during
the cell- cycle to zoospores produced
in the dark in 53 COz or air,
respectively.
(a) Zoospores produced in the dark

in 5% COz and subsequently
cultured in air.

(b) Zoospores produced in the dark
in air and subsequently cultured
in 53 COz.
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mitotic divisions, Therefore, the zoospores produced in

darkness in air cultut'es represented a relatively

homogeneous population.

E. Characterization of the Cell Cyc1e in 58 CO¡ and Air

Cultures

Using zoospores wit.h high and low initial mass,

i.e., procluced in darkness in 58 CO, and air cultures

respectively, the cell- cycle in their respective CO,

concentration was characterized under continuous

ill-umination (Figure 10). Since the length of one celI

cycle is d.etermined. from the onset of illumination tilI

the time of attainment of 50U of the final percent

increase in cell number (Schmidt, l-969), the cell cycle

length could not be calculated in cul-tures subjected to

12 hour light followed by 12 hour darkness (Figure 11).

This is because in the dark period a delay or total

inhibition of zoospore release occurred.

As shown in Figure 10, the total cell- cycle l-asted

24 hours in 5Z CO, cultures and 13 hours in air cultures.

Although both cul-tures cornmenced their S-phase at the

9th hour (end of G,-phase), the difference could be

observed in the length of Gr and S-phases when expressed

as a fraction of one cel1 cycle. Thus, in air cultures

the G, and S period occupied approximately 0.7 and 0.3

of the ce1I cycle, whereas a shorter Gl (0.38) and longer
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Figure 10. Periodic,increases in RblA, DNA
and cell number of ChLamydomona.s
segnis cultured (a) in 5e COz,
or (b) in air in continuous 1íght.
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.67

S(0.62) phases were observed in 5? CO, cultures. This

observation may lead to the conclusion that high CO,

tension (i.e. r grêater than air) would result in a

relatively short G, phase and subsequently a tong S-

phase.

Comparing the accumulation of RNA in continuous

light and in tight-dark cultures (Figures 10 and 11)

it .was clear that regardless of the COz concentration

provided to the cul-tures, the imposition of darkness

at the 12th hour resulted in a lower rate of RNA

accumulation. DNA synthesis was stimulated in light

in 52 CO, but not in air cultures. Such stimulation

increased the DNA content of the zoospore (0.47Ug/J-06

cells) as compared to its dark counterpart (0.32V9/

105 cells) or to those formed in air (O.27Vg/LO6 cells).
It appeared, therefore, that Seo COz in air coupled with

light enhanced the accumulation of DNA. The latter,

however, did not trigger a third mitosis to produce

8 zoospores instead of 4 "

The results obtained from these experiments provide

evidence that aeration of cultures of ChLamydomonas

segnis with 5Z CO, in air exerted an j-nhibitory effect on

zoospore release in darkness" This was overcome by

exposing the culture to a light interval. Growth in

5E CO, resulted in the production of heterogeneous

zoospore population with an average cel1 mass higher



Figure 11, Periodic increases in RNA, DNA
and cell number in ChLamydomonas
segnís cultured (a) in 5% COz,
or (b) in air during one liqht-
dark (I2:TZ hour LD ) cycle .
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than that produced in air cuLtures. The cell cycle was

characterized by a shÖrter Gl and

5? CO, than in air cultures. The

the accumulation of DNA in light.

a longer S-phase in

former cul-ture favoured
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I I " LEVELS OF PHOTOSYNTHES I S , CARBONIC ANI{YDR.ASE ,

RIBULOSE-1, s-DIPHOSPHATE AND PHOSPHOENOLPYRUVATE

CARBOXYLASES ACTTVTTIES DURING THE CELL CYCLE OF

CHLAMYD)M)NAS SEGNTS rN ArR OR 5g COz

UnIess indicated, in this and the following

experiments, the zoospores produced from cultures obtained

by the alternating light-dark regime were left to grow and

compÌete their life cycle under continuous illumination in

their respective CO, concentration, i.e., air or 5? CO, in

air (v/v) " Continuous light was employed to avoid any

effects that may occur by the imposed long dark period

(Ìlitchison, 1971; John et'aL. , 1973). The results were

expressed per m1 algal suspension (Duynstee and Schmidt,

L967; Walther and Edmunds, 1973) and on protein basis

(Bishop and Senger, 1971). Horvever, the latter which

paralleled the increases in dry weight (Figure 12) when used

as the basis, might lead to erroneous or misleading inter-
pretation of the results because of the differential rates

in protein synthesis and other physiological or biochemical

parameters (Duynstee and Schmidt, L967).

A" Oxygen Evolution and the p-Benzoquinone Hill Reaction

7T

The photosynthetic capacity of Chlamydomona.s segnis

(per ml a1ga1 suspension) measured manometrically or by

the oxygen electrode during the life cycle in cultures

bubbled with air or 58 CO, in air under continuous



Figure 12" Periodic increases in dry weight
and protein during the cell cycle
in aj-r or 5Z COz cultures.
(a) 5A COz Culture

A-A Dry weight
A---Â Protein

(b) Air Culture
o-------o Dry weight
6---@ Protein
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illumination is shown in Figures 13 and J-4. Regardless

of the differences in the amount of oxygen evolved

between air and 5e CO, grown cells (compare Figure l_6) ,

the photosynthesis increased in both cultures during

the growth phase and declined during maturity and

division. This was followed by an increase in the

photosynthetic capacitlz during and after the rel-ease of
zoospores. This pattern is similar to that reported for
various unicellular green algae growing synchronously

in cultures subjected to light-dark periods (Gerhardt,

1964; Kates and Jones, 1966; Bishop and Senger, l_971)

or to continuous dim light (Wa1ther and Edmunds, 1-g73).

However, it was obvious that zoospores growing in 5% CO,

attained the peak of oxygen evolution 4 hours later
than those growing in air. Consequently, the decline of
oxygen evolved commenced 4 hours earl_ier in air than in
5? CO, cultures. Actually, this decline in photo-

synthesis represents a drop in the efficiency of
photosystem fI as indicated by the decline of
p-benzoquinone Hill reaction (Senger and Bishop , L967;

Senger, 1970) as shown in Figure 15. The drop in
photosystem II activity was greater (40%) in cells grown

in air rather than in 5? CO, (1S 20S). This

observation may suggest that cells grown at high CO,

were relatj-vely more capable of maintaining the activity
of photosystem IT.
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Figure 13. Photosynthetic oxygen evolution in
Warburg No: 9 buffer (pH 9.1) of
ChLamydomona.s segnis grown in either
air or 5% COz in synchronous
cultures and continuous 1ight.
o Air grown

^ 
5% COz grown

Nrnoles/mín/mI algal suspension
NmoIes/mi-n/mg protein
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Figure 14. Photosynthetic oxygen evolution of
ChLanydomona.s segnis grown either
in air or 52 COz in synchronous
cultures and continuous light
measured in phosphate buffer (pH 7"0)
with the oxygen electrode.
o Air grown
A 52 COz grown

Nmoles/rnín/m\ algaI suspension
Nmoles/min/mg protein
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Figure 15. Benzoquinone HilI reaction of
ChLamydomona,s segnis grown in
either air or 5* COz in synchronous
cul-tures and continuous light
measured in phosphate buffer
(pH 7.0) with the oxygen electrode.
o Air grown

^ 
5U COz grown

Nmoles/mín/mL algal suspension
Nmoles,/min/mg Protein
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Figure 16 Oxygen evolution expressed as
percentage of initial (time:0).
(a) Oxygen evol-ution in Vlarburg

No. 9 buffer plotted from
Figure 13.

(b) Oxygen evolution in phosphate
buffer plotted from Figure L4.

(c) Benzoquínone Hill reaction
plotted from Figure 15.

o-------€ Air grown

^--^ 
5? COz grown
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B. Carbonic Anhydrase Activity

As shown in Figure 17, carbonic anhydrase activity
was 4 - 25 times higher in zoospores produced and

developed in air than in 53 CO, cultures. In some

experiments, the carbonic anhydrase activity coul-d not

be detected in 5å CO, g'rown cel-ls. These results are

in agreement with the various reports (Reed and Graham,

1968; Nelson el; aL., l.969i Graham ¿ú GL., l-97l-) that
high CO, tension represses the synthesis of carbonic

anhydrase. The level-s of the enzl¡me activity per ml

algal suspension during the cell cycle formed a pattern

characteristic of a peak enz)¡me. Thus, the pctivity
increased during growth and reached the peak at the

8th and 12th hour in air and 5U CO, cultures

respectively. This was followed by a decline in enzyme

activity during cel-l division and zoospore rel_ease.

The changes in the levels of the enzyme activity
corresponded with the observed variations in the

photosynthetic oxygen evolution (Figures 13 and 14) and

the p-benzoquinone Hill reaction (Figure 15). Such a

correlation may suggest a regulatory relationship between

carbonic anhydrase and photosystem II activities.

B3

C" Ribulose-1,S-Diphosphate Carboxylase Activity
fn air and 58 CO, cultures, the

activity (Figure 1B) showed a single

RuDP-carboxylase

step increase



Figure 17 " Carbonic anhydrase activity in
synchronous cul-tures of
ChLamgdohonas segnis grown in
either air (o) or 5% COz (^)
in continuous light
The activity was expressed
(a) per m1 suspension, or
(b) per mg protein
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Figure 18. Ribul-ose-1, 5-diphosphate carboxylase
activity in synchronous cultures
of ChLamgdomona.s segnís grown in
air (o) or 5Z COz (A) in continuous
light.
The activity rvas expressed (a) per
ml suspension or (b) per mg protein.
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commencing at the Bth hour just prior to DNA synthesis

(compare Figure 10). Within 4 hours (Bth 12th hour),

the enzyme activity was doubled in air grown cells and

quadruplicated in 5Z CO, cultures in accordance with

the number of zoospores that will be produced, 2 and

4 respectively. The presence of the enzyme under

different growth conditions indicated that it is
constitutive, while the single step increase may

represent a direct relationship between gene trans-
cription and expression (Molloy and Schmidt, I970¡

Mitchison, 1969). This single step increase and

continued synthesis in the presence of light may be due

to a de novo synthesis or activation (1ight ind.uced or

removal of co-repressors) or both (Mo1loy and Schmidt,

1970; Walker, I973). .The effect of CO, concentration on

the enz]¡me activity was manifested by the higher specific
activity in zoospores grown and produced in air than in
5? CO, (Figure l8b). It seems that the lower substrate

Ievel (0" 03U ) in air provided during growth is compensated

by a higher specific activity of RuDP-carboxylase as

suggested by Grahann and Whittingham (1968) 
"

BB

D. Phosphoenolpyruvate Carboxylase Activity

PEP-carboxylase activity

undetectable in crude extracts

in air. On the other hand, 58

v¡as either very low or

prepared from ce1ls grown

COz grown ce]ls showed



89

substantial enzyme activity which was 40 B0 times

greater than that deÈ.ermined in air grown cells

during the ceIl cycle (Figure 19a). This represented

10 25 times increase Ín the specific activity when

compared to air grown cells (Figure 19b).

The variations in the levels of RuDP- and PEP-

carboxylases during the ceI1 cycle of ChLamydomona.s

segnis in air or 5? CO, cultures did not parallel

the characteristic changes in photosynthetic Or-evolution

and the p-benzóquinone Hill reaction (Figures 13, 14 and

ls).

E" Detection of Endogenous Inhibitor (s) and Repression

of Enzl¡me (s)

The low enzyme activity measured in crude extracts

prepared from cel1s grown in either air or 5% COz may

be attributed to the presence of endogenous inhibitor (s)

rather than repression of enzyme synthesis. In order

to test for inhibitors, the crude enzyme preparation

with high activities vrere mixed with those showing low

enz]¡me activities" A decrease or increase in the

specific activity of the combined extracts as compared

to the expected activity obtained by addition of

activities determined separately would indicate the

presence of inhibitor (s) or activator (s) respectively.

Table III showed that neither soluble endogenous



Figure 19. Pho sphoeno lpyruvate carboxylase
activity in synchronous cultures
of Chlamydomonas segni,s gro\^¡n
either in air (o) or 52 COz (A)
in continuous ligfit.
The activity was expressed (a) per ml
suspension, or (b) per mg protein.
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inhibitors nor activators were present in the crude

extracts

The presence of tightly bound inhibitors may be

revealed by passing the crude extracts with low enzyme

activity through Sephadex G-I00. Increases in the

specific activity of the enz)¡me in the eluates may

provide some evidence of such inhibitors. Figures 20

and 2I showed that in air as well as 53 CO, grorvn

cel1s the protein emerged as one major peak contaj-ning

RuDP- and PEP-carboxylases" Whereas carbonic

anhydrase activity was evident in the preparation from

air culture, it was completely absent in the preparation

from 5U CO, grown cells, even in fractions collected

before and after the first protein fraction. The data

in Tables IV and V showed that the relatively lower

activity of RuDP-carboxylase in both air and 5Z CO,

grov¡n cells d.uring this early phase of growth was not

due to the presence of inhibitors but rather the

synthesis may be repressed. On the other hand, the

increase in specific activity and purification of PEP-

carboxylase in both air and 5Z CO, grown cel-ls was

indicative of the presence of a tightly bound 
i

inhibitor (s). The higher increase in the purification

of PEP-carboxylase in air grown cells as compared to

53 CO, grown cell-s showed that a higher amount of

inhibitor (s) was produced as a resultant of growth in

93



Figure 20" Sephadex G-100 column
chromatography of crude extracts
prepared.from cells after 6 hours
growth in air and light"
@

A

H
fH

@

A

Protein concentration
RuDP-carboxylase activity
PEP-carboxylase activity
Carbonic anhyclrase activity
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Figure 2I. Sephadex c-100 column
chromatography of crude extracts
from cel-ls after 6 hours growth
in 52 COz and light.
o
A

H

o
A

Protein concentration
RuDP carboxylase activity
PEP-carboxylase activity

Carbonic anhydrase activity
was absent.
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100

air. The complete absence of carbonic anhydrase

activity in preparations from 5B COz grown cells even

after gel filtration suggested that the synthesis of

this enzyme was repressed by high CO, tension. This

was substantiated by the resul-ts presented in Tabre vr

which showed decreased carbonic anhydrase activity

with increased co, concentration provided during growth.

The results obtained thus showed that the

autotrophic growth of ChLanydomona.s segnis in air was

associated with re]atively high carbonic anhydrase and

RuDP-carboxylase activities. pEp-carboxylase activity

was relatively 1ow. Growth in 5? CO, appeared to be

also regulated by carbonic anhydrase although its

activity was comparatively l-ow. RuDp-carboxylase also

exhibited lesser activJ-ty. However, pBp-carboxylase

was relatively high. From this comparison, it is clear
that cells grown in 58 CO, require relatively 1ower

carbonic anhyd.rase activity than cells g,rown in air
(0.032 COz). In other words, ceIIs grown in low CO,

tension are compensated by a greater carbonic anhydrase

activity compared to those grown at higher coz tensions.



Tabl-e VI" The influence of COe concentration on the
activity of carbonic anhydrase in ChLamydomona.s
segnis.
Activity was determined in crude extracts after
6 hours growth in cells previously synchronized
and grown in various concentrations of carbon
dioxide.

Air

0.1% COz

I.0? coz

5" 0% COz

101

E.U. /min/mI

0.045

0. 020

0.004

0.000

E.U. /min/mq protein

4.s

1.6

0.4

0.0



IIÏ. REGULATION OF PHOTOSYNTHESIS BY CARBONTC ANHYDRASE

DURTNG TI{E GROWTi] PTIÀSE

If carbonic anhydrase is responsible for the

regulation of the photosynthetic capacity, and RuDp- and

PEP-carboxylases determine the path of carbon during

photosynthesis, then altering the activities of these enzymes

by transient changes of coz concentration during growth

should result j-n changes in the rate of the photosynthetic

capacity and the path of carbon (see part IV and V).

A. Enz

Zoospores obtained from aír cultures (Time:0)

and subjected to 5Z CO, during growth (Figure 22),

acquired a relatively high level of RuDp-carboxylase

(1.6 2.3 times the activity of the control) although

the specific activity remained unchanged. This

suggested that the enhanced synthesis of protein in
5? CO, might have contributed to the increase in the

level of the enzyme expressed per ml a1gal suspension.

PEP-carboxylase was initially undetectable and

aeration with 5? coz duri-ng growth did not activate the

enzyme indicating the inhibitor (s) already present in
zoospores secured from air cultures could not be

removed by growth at high CO, tension. The level and

specific activity of carbonic anhydrase were reduced

Concentration

Levels as Influenced b

I02

Çhanges in CO,



Figure 22" Effect of 5eo COz on RUDP-
carboxylase and PEP-carboxylase
activities provided during the
growth of zoospores produced
(Time: 0 ) in air "

The activities were determined
in crude extracts and expressed
(a) per ml suspension, or
(b) per mg protein.
RuDP-carboxyla se Activity
o-----o-o Air to air
o-^-A Air to 5Z COz

PEP-carboxylase Activity
Not detectable
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Figure 23. Effect of 5U COz on the carbonic
anhydrase activity provided
during the growth of zoospores
produced (Time: 0 ) in air.
The activity was determined in
crude extracts, and expressed
(a) per mI suspension, or
(b) per mg protein.
o-----o-o Air to aj_r
o-^-^ Air to 5Z CO z
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by L"2 t.B and 2.2 4"1 times, respectively as

conrpared to the control (Figure 23) -

When zoospores produced in 5s. CO, (Time:0) were

provided with air during growth and compared with the

control- left in 5? CO2, neither the level (per ml) nor

the specj-fic activity of RuDp-carboxylase changed

(Figure 24). On the other hand, both the l-evel and

specific activity of PEP-carboxylase (Figure 24)

decreased by 7 - 14 times and B - 12 ti-mes, respectivery.
Meanwhil-e, the acti-vity of carbonic anhydrase (Figure

25) increased 3 - 5 times as indicated by the enzyme

1evel and specific activity.
It is obvious from these results that carbonic

anhydrase was the enzyme which responded consistentllz
to the changes in CO2 concentration. Regardless of
the prehistory of the zoospores (i.e. produced in the

dark in air or 53 CO, cultures), the ce1ls responded

characteristically by acquiring the high and 1ow

levels of carbonic anhydrase activity when allowed to
grow in air and 5Z CO, respectively. RuDp- and pEp-

carboxylases did not respond in a similar manner. The

former remained unchanged when cultures were provided

with air instead of 5S COz and increased when 5? COz

replaced air. PEP-carboxylase decreased in activity
on departure from 58 CO, to air but did not change

when 53 coz \{as supplied to zoospores produced in air.
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Figure 24. Effect of air on the RuDP-
carboxylase and PEP-carboxylase
activities, provided during
the growth of zoospores
produced (Time:0) in 5% COz.

The activities vüere determined in
crude extracts, and expressed
(a) per mI suspension, or (b) per

mg protein.
RuDP-carboxylase Activity

^- ^ -A 
5Z COz to 5Z COz

^- 
o o 52 COz to air

PEP-carboxylase Activity
A---A---Â 5Z COz
A---e---ø 5U COz

to
to

5% COz
air
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Figure 25. Effect of air on the carbonic
anhydrase activity provided during
the grorvth of zoospores producecl
(Time:0) in 5Z COz.

The activity was determined in crude
extracts and expressed (a) per ml
suspension, or (b) per mg protein.
A_^_A 5? COz to 5? COz
A--o-.o 5U COz to air
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B. Photosynthetic Capacity and Carbonic Anhydrase

Activity \

In zoospores produced in air (Time:0 ; homogeneous

population), the oxygen evolved (Figure 26a) ,Jouhled

and quadruplicated when gror¡rn either in air or 52 CO z,

respectively in preparation for the production of one

or two mitotic divisions (Figure 9). Tn order to achieve

this, air grown ce11s increased their carbonic anhydrase

to account for the provision of the substrate (COz or

HCO;) and by this could cope with the low CO2 in air
(0.03%). On the other handr zoospores grown in 5Z COz,

which showed just a slow increase in carbonic anhydrase

activity (Figure 26b) , woul-d still require carbonic

anhydrase to adjust the amount of substrate presumably

essential for just the production of 4 daughter ce1ls.
This may suggest that carbonic anhydrase was working

in air cultures to drive in the substrate to the sites
of reactions, and in 5eó COz cultures to protect the

ce1ls from the high endogenous substrate concentration

that may extend growth, resulting in the production

of more than 4 zoospores. The higher concentration of
ênrlogs¡sns substrate in ce1ls grro\¡/n in 52 COz

compared to that of air grown cells could be seen from

the tuco2 fixation experiment. 58 Coz grown cells,
shown to be more photosynthetically active than air
grown cells (Figure 26a) fixed less t uCO, than the air

TI2



Figure 26. Photosynthetic capacity, carbonic
anhydrase activity and photosynthetic
I aCo2 fixation of zoospores produced
(Time:0) in air and during their
subsequent growth in air (o), or
5e. COz (^) .

(a) Photosynthetic oxygen
evolution in Warburg buffer
No. 9.

(b) Carbonic anhydrase activity
from Figure 23a.

(c) Photosynthetic t aCO2 fixation.
l-o uci NaHr aCo3 (59 mCi,/mM)
v/ere f ed. Calculations were
based on the specific activity
of NaHt uco..
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grown cells (Figure 26c). This could be attribr-rted Lo

a dilution effect exerted by the high cold endoqenous

substrate (COe or HCO; ). fn other words, celIs growll

in 5e; COz appeared to be saturated by the substrate and

if carbonic anhydrase activity increased during grovrth

in such ceIls, it must have been to control- the

substrate pool size" Therefore, it could be concl-uded

that carbonic anhydrase regulates photosynthesis

resuJ-ting in control-Ied growth. The latter would trigger
the S-phase in preparation of cel1 division.

ff the zocspores produced in 5% COz (Time:0;

heterogeneous population) were used, the photosynthetic

O2-evolution did not double nor quadruplicate (Figure

27a) within the B hours growth phase as observed in
homogeneous z.oospores (Figtire 26a) . When placed in air,
carbonic anhydrase agai n increased in air to support

the photosynthetic activity in air cultures to account

for growth in preparation for cell- division (Figure 27b).

In 5Z COz cultures, the slow increase in carbonic

anhydrase again supported the recluirement for carbonic

anhydrase to adjust the endogenous substrate level, and

to provide for the growth beyond B hours requireC to
produce higher number of zoospores. The results of
I uCO2 fixation (Figure 27c) coulcl again be attributable
to a high endogenous COz or HCO; pool in 5? COz grown

cellsrthus causing a dilution effect andrhence, l-ower

115



Figure 27. Photosynthetic capacity,
carbonic anhydrase activity,
and photosynlhetic I aco2 fixation
of zoospores produced (Time:0)
in 5eó COz and during their
subsequent growth in air (o)
or 53 COz (A) .
(a) Photosynthetic oxygen

evolution in ÞTarburg
buffer No" 9"

(b) Carbonic anhydrase activity
from Figure 25a.

(c) Photosynthetic t uCO,

fixation. 10 UCi Na Hr 4CO,
(59 mci/mlf ) were fed.
Calculations were based on
the specific activity of
NaIIl uðor.
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I qco2 fixation.

In addition toithe dilution effect, the high

specific activities of carbonic anhydrase and RuDP-

carboxylase in air grown cells could be responsible

for the higher t uCOz fj-xation which was conducted at

very low COz conC€ntration (160 nmoÌes,/2ml).
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rv. pRoDucrs oF pFIorosyNTHETrc I aco2 FrxATroN

\

Previous investigators have shown that the products of
rhCO, fixation varied during the ceII cycle (Smith et aL.,

1961; /\hmed and Ries, 1969¡ Walther and Edmunds, 1973). Using

asynchronous cultures, the products of fixation were shown

to be dependent on the previous history of the celI as well

as the photosynthesizing conditions (Graham and Whittingham

1968; Oöhler, 1973; Merrett and Lord, 1973). The products of

NaHtuco, fixation in air and 5Z CO, gro\,{n cel-ls were

subsequently investigated during the first .12 hours of

illumination to throw some light on the metabolism of

ChLamgdomonas segnis as influenced by CO, concentration during

growth and the S-phase.

A. Rate of Incorporation of I uCOo âs Influenced by

119

Figures 28 to 30 are sample results showing that
the total incorporation of I aCO2 was linear with

incubation time whether zoospores or grown cells were

used and regardless of the COz concentration used to

aerate the cultures. The rate of incorporation into

the ethanol-water solul:le fraction was linear for about

1 minute after which the rate slowed down. The

residue plus the chloroform-soluble fraction exhibited

an exponential increase with íncubation time. The

Growth in Either Air or 52 CO



Figure 28. rncorporation of t uco, into
the various ce11 fraction as
a function of incubation time.
Using
(a) Zoospores produced (Time:0)

in ai¡ cultures. Data are
obtained from Table I in
Appendix.

(b) Zoospores produceti (Time: 0 )
and grown in air for I hours.
Data are obtained from Table
II i-n Appendix.
T = Total- fixation
E = Ethanol--water soluble

f racti-on
R - Residue and chloroform

solub]e fraction
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Figure 29. rncorporation of I \co2 into the
various cell fractions as a
function of incubation time.
Using
(a ) Zoospores produced (Time : 0 )

in air but grown in 5Z COz
for I hours. Data are
obtained from Table III in
Append.ix.

(b) Zoospores produced (Time: 0 )
in Seo Coz but grown irr air
for B hours. Data are
obtained from Table IV in
Appendix.
T = Total fixation
E = Ethanol-water soluble

fraction
R-Residue+chloroform

soluble fractions
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Figure 30. Incorporation of t uCoz into
the various cel1 fraction as
a function of incubation time
using
(a) Zoospores produced (Time:0)

in 5U COz cultures.
Data are obtained from Tabl-e V
in Appendix.

(b) Zoospores produced (Time: 0 )
and grown in 5Z COz for
I hours.
Data are obtained from Table VI
in Appendix"

T = Total fixation
E = Ethanol-water sol-uble fraction
R = Resi-due + chloroform soluble fractions
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amount incorporated at any one time interval- into the

residue plus chloroform-soluble fraction was lower

than the ethanol-water solubÌe fraction. The rate of
f low of I aC into the residue plus chl-oroform-soluble

fraction was faster in cell-s grown in air (Tabres rf rr,
IV in Appendix) than in 5Z COz (Tabtes ffI, V and VI in
Appendix) regardl-ess of whether in zoospores \^/ere

produced in air or 5å COz. The products of I minute

fixation of the ethanol-water soluble fraction at
different stages of the ceI1 cycle \^rere further
investigated.

B. Distribution of l ac in the Ethanol-water Solub]e

Figure 31 summarizes the distribution of I aC

into the various fractions after 1 minute fixation
during the phases of growth and DNA synthesis.

Figure 31 (a, b, and c) showed that in zoospores

produced and grown in air, the organic acid fraction
exhibited a l-inear increase. Meanwhile, the sugar

fraction showed a continued decrease. The amino-acid

fraction increased during the growth phase (0 Bth

hour) and then declined. Provision of 5Z COz to'these
zoospores instead of air did not alter the general

pattern observed in zoospores left to grow in air.
However, the percentagedistributionof 1aC between the

Fraction

126



Figure 31. Distribution of t uc in the
various fractions of the ethanol-
water soluble fraction during
the phases of growth and DNA
synthesis after one minute
l uco2 f ixation.
aî b, and c: Zoospores produced

in air cultures (Time : 0 ) ancl
during their growth in air
(o), or 5eo COz (A)

d, e, and f: Zoospores produced
in 5å COz cultures (Time:0) and
during their growth in either
5e COz (A), or air (o).
Data are obtained from Table VII
in Appendix.
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I29

various fractions was affected. Both the sugar and

organic acid fractions showed a lower percentage of
t uC, while the amino-acid fraction showed a higher

percentage when compared to cells growing in air. The

bulk of rac (5S 7OZ) was in the organic acid fraction
while the rest was distributed between the aniino-acid

and sugar fractions"

r On the other hand, in zoospores produced and

grown in 5% COz (Figure 31d, e and f), the incorporation

of t aC into the organic acid fraction initially
decreased after 4 hours growth and then increased. The

sugar fraction showed a continuous decrease while the

amino-acid fraction exhibited an increase during the

first 4 hours of growth, follov¡ed by a decrease. When

the zoospores produced in 52 COz (Time:0) were

provided with air during the growth instead of 5U CO2,

the pattern of t uc distribution in the various fractions
was not al-tered very much during the L2 hour period.

The percentage incorporatj-on of 1 oC into the organic

acid fraction was virtually unaltered. However r

incorporation into the amino-acid fraction was greatly

reduced with a concomitant increase ín the sugar

fraction. The bulk of t ac (50 7Oz) was found in the

organic acid fraction while the rest was distributed
between the amino-acid ancl the sugar fractions.

GeneralIy speaking, the incorporation of I aC into
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the various fractions varied according to whether the

zoospores were produced in air or 5? CO, and the

difference between them can be manifested in their
abitity to incorporate I uC into amino-acids or sugars

during growth as summarized in the following:
(i) Organic acid fraction > sugar fraction ,> amino-

acid fraction in zoospores produced and

r grown in air.
(ii)organicacidfraction>amino-acidfraction>

sugar fraction in zoospores produced and

grolrn in 5Z CO r.
(iii) Organic acid fraction > amino acid fraction >

sugar fraction in zoospores produced in
either air or 5A CO, and then grown in 5% CO,

or air respectively.

The higher incorporation of amino-acids in cell_s grown

in 52 COr, may explain why zoospores produced in 5% COz

cultures contain a higher protein content (Tab1e II) "

As the pcol size of the various products becomes

saturated, the ability to incorporate r aC into it
diminishes. The abitity to direct the flow of carbon

into any cell constituents would therefore be dependent

on the rate at which that particular pool becomes

saturated under different growth conditions. This v¡as

probably the case when the zoospores rich in protein
(i.e., produced in 5% CO2) were grown in air, their



ability to incorporate I ''C into amino-acid declined

(Figure 31f) and, hence, the production of zoospores

with relatively lower protein content in air cultures
(Tab1e II ) .

C. Distribution of I uC of One Minute Fixation in the

Various Products of the Organic Acid, Sugar and

Chromatography and radioautography of the organic

acid, sugar and amino-acid fractions showed no quali-
tative difference but a quantitative difference was

observed during growth and S-phase in air and 52 CO,

cul-tures. The results given in Tables VIII to XIII
(in the Appendix) are summarized in Figures 32 to 35.

1. Effect of 5Z COz Provided During Growth of
Zoospores Previously Produced in Air

Figure 32 gives the results of zoospores

produced and grown in air" The effect of

imposition of 5Z CO, on the distribution of the

products is given in Figure 33. In zoospores

produced and grown in air, sugar monophosphates

decreased slightly after 4 hours growth, after v¡hich

the level increased to its origínal l-evel and

remained constant. The imposition of sso COz

decreased the cellsr ability to j-ncorporate tuC into
the sugar monophosphates which exhibited a declining

Amino-acid Fracti-ons

131



Figure 32. Photosynthetic products of one minute- | uco, iixation äuring growth and
S-phases of zoospores produced and
grown in air. The data presented
are obtained from Tables VIII, IX,
and X in Appendix.

Abbreviations Products

G3P
ISL
MAL
PGA
SDP
SMP

orsanic acid fraction
Glycera ldehycl e- 3 -pho sphat e
Isocitric lactone
Malic acid
3-phosphoglirgs¡ js acid
Sugar diphosphates
Sugar monophosphates

Sugar fraction
DHA
GLY
POL
SUC

ALA
GLY
SEP.

Dihyclroxyacetone
Glyceraldehyde
Polysaccharides
Sucrose

Amino acid Fraction
Alanine
Glycine
Serine
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Figure 33. Photosynthetic products of one
minute I aco2 fixation of
zoospores produced in air (Time:0)
but grown in 5Z COz during growth

. and S-phases.
The data are obtained from Tables
VIII, IX and X in Appendix.

Abbreviations Products

G3P
ÏSL
MAL
PGA
SDP
SMP

Organic acid fraction
Glycera ldehyde- 3 -Pho sphate
Isocitric lactone
Malic acid
3-phosphoglyceric acid
Sugar diphosphates
Sugar monophosphates

Sugar fraction

Dihydroxyacetone
Glyceraldehyde
Polysaccharides
Sucrose

Amino acid fraction

DHA
GLY
POL
SUC

ALA
GLY
SER

Alanine
Glycine
Serine
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trend during the cel-l- development. The amount and

trend of sugar dipirosphates, glyceraldehyde-3-

phosphate and 3-phosphoglycerate remained virtually

unaltered as a resultant of increased CO, tension

during growth. Al-l- exhibited an increase after

4 hours growth, decl-ined and then increased

slightly f rom the Bth to the l-2th hour. l'Ial-ate and

isocj-trate. lactone in air grown cel1s exhibited

continued increase during the cell cycle. The

amount of malate was very much greater than

isocitrate lactone. The imposition of 5Z CO, during

growth, resulted in a decrease in the amount of

malate and an increase in the amount of isocitrate

lactone. The pattern was also aftered. Both mal-ate

and isocitrate lactone exhibited an increase after

4 hours growth, declined and then increased between

8th and l-2t.h hour. The amount of malate was higher

than isocitrate lactone during growth phase ( 0

8th hour, light), after which isocitrate lactone

level surpassed. that of malate"

Of the sugar fraction, the major incorporation

of laC occurred in polysaccharides and sucrose, the

former being greater than the latter in both air and

136

58 CO, growing cells. In air grown cells, the

amount of polysaccharides and sucrose were

respect.ively greater than the polysaccharides and



sucrose

trend during cellular development in both types of

cul-ture.

Al-anine, serine and glyc.ine contributed to the

major amino-acids formed. Tn air grotdn cel1s,,

alanine and serine increased after 4 hours growth and

then declined, whereas this decl-ine was not observed

for glycJ-ne until- after the Bth hour, the amount

present being alanine > serine > g1ycJ_ne. provision

of 5? CO, altered the pattern as welf as the amount

incorporated into al-anine, serine and glycine.

Alani-ne showed an increase during the growth phase

(0 8th hour) before declining. Both serine and

glycine increased at the 4th hour, declined at the

Bth and then increased. The amount present being

al-anine > serine = glycine. The amount of alanine

present in air grown cells was less than that present

in 5% CO, cells. Serine and gÌycine were almost the

same in both type of cultures.
2. Effect of Aj-r Provided During Growth of Zoospores

Previously Produced in 5Z COz

The t aC products frorn zoospores produced and

grown in 5? CO, are represented in Figure 34. The

products from those zoospores when grown in air are

shown in Fígure 35. The amount of sugar mono-

phosphates in 5E CO, grown cells was lower than that

IN 5% CO cells. Both exhibited a declining
2
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Figure 34. Photosynthetic products of one minute- r uco, iixation ãuring growth and
S-phases of zoospores produced and
grown in 5? COz.
the data are obtained from Tables
XI, XII, and XIII in Appendix.

Abbreviations Products

G3P
TSL
i{AL
PGA
SDP
SMP

Organic acid fraction

Glycera ldehyde- 3 -pho sphate
Isocitric lactone
Malic acid
3-phosphoglyceric acid
Sugar diphosphates
Sugar monophosphates

Sugar fraction

DHA
GLY
POL
SUC

ALA
ASP
GLY
SER

Dihydroxyacetone
Glyceraldehyd.e
Polysaccharides
Sucrose

Amino-acid fraction

Alanine
Aspartic acid
Glycine
Serine



O
R

G
A

N
IC

 A
C

ID
 F

R
A

C
T

IO
N

P
R

O
D

U
C

T
S

 O
F

 !
 M

IN
 F

IX
A

T
IO

N

S
M

P

rs
L

M
A

L

Ê ttl E
,

Lr
.J ()
r

C
)

bJ E
,

C
)

{' J ã Ë O F
- IL o òe

T
ril

ftr
 f

¡{
Ë

qì



Figure 35. Photosynthetic products of one
minute t ucoz fixation of zoospores
produced in 52 COz (Time:0) but
grown in air during growth and
S-phases "
The data are obtained from Tables
XI, XII and XITI in Appendix.

Abbreviations Products

G3P
ÏSL
MAL
PGA
SDP
SMP

Organic acid fraction

Glycera ldehyde- 3 -pho sphate
Isocitric lactone
Malic acid
3-phosphoglyceric acid
Sugar diphosphates
Sugar monophosphates

Sugar fraction

DHA
GLY
POL
SUC

AI"A
ASP
GLY
SER

Dihydroxyacetone
Glyceraldehyde
Polysaccharides
Sucrose

A¡nino-acid fraction

Alanine
Aspartic acid
Glycine
Serine
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shown in air grown cel1s as well as those previously

observed in zoospores producecl and grown in air
(Figure 32) " Regardless of the aeration with 5E CO,

or air, the sugar monophosphates exhibited an

increasing trend. The sugar diphosphates increased

in both 5å CO, and air cell-s at the 4th hour and

then declined" The amount present in 5% CO, gro\,vn

cel-l-s was higher than that of air grov¡n ceIls.
In 5? CO, cultures, malate declined up to the Bth

hour and then increased, whereas isocitrate lactone

decreased at the 4th hour and then increased. The

amount of malate was initially (0 4th hour) higher

than isocitrate l-actone after which this rel-ation

was reversed. Provision of air instead of 5Z CO,

did not alter the pattern of malate and isocitrate
lactone with the exception that the decline at the

8th hour was not observed. Instead an increase was

evident.. Furthermore, the amount of malate at any

one stage of the ce1I development was higher than

isocitrate l-actone" In Seo CO, grown cel1s, both

glyceraJ-dehyde-3-phosphate and 3-phosphoglycerate

increased at the 4th hour and then declined, the

amount present in the former being greater than the

latter" In airo this pattern did not change.

However, the amount of glyceraldehyde-3-phosphate

was greatly reduced while only a slight increase in
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3-phosphoglycerate was observed.

. Polysaccharides, dihydroxyacetone and sucrose

constituted the major sugars in 53 CO, grown cells
and were present in decreasing amount in the order

given. Both polysaccharides and dihydroxyacetone

exhibit an increase at the 4th hour and then

declined. Sucrose showed a continuous decline from

the onset of illumination. Provision of air to

zoospores previously produced in 5% COz resulted in
a vast increase in the amount of polysaccharides and

sucrose, and a decrease in dìhydroxyacetone and were

present in decreasing amount in the order given.

The pattern was also altered. Polysaccharides

increased up to the Bth hour and then declined,

whereas sucrose showed a decrease at the Bth hour.

Dihydroxyacetone exhibited a continuous d.ecrease

during the 12 hour period.

Major incorporation of I ac into the amino-acids

occurred in alanine, glycine, serine and aspartate.

They were present in decreasing amount in the order

given in 52 CO, growing cells and all exhibited an

increase at the 4th hour followed by a decline"

Cells growì-ng in air showed a slight increase in
the amount of serine and a decrease in the amount of

alanine and glycine. The amount of aspartate

remained unchanged, The trend of alanine, serine



and aspartate remained unaltered as compared to

5? CO, cultures whereas glycine decl_ined from the

onset of growth. The amount prescnt in air grown

cells being alanine : serine > glycine > aspartate.

In al-l four types of cul_tures, glycerate and

glycollate were detected in low amounts (Tables

VTII and XI in Àppendix). The amount of glycerate

at any particular stage during growth and S-phase

was higher than glycollate.

If the pathway of formation of products in

either zoospores produced and grown in air (AA) or

zoospores produced and grown in 52 CO, (CC) were

basically the same, then the difference in the

average percent of the products between them would

be equal to the dj-fference between (AÄ-AC) and (CC-

CA) where AÀ = average percent of products in zoo-

Spores producerl and grown in air r AC = average

percent of products in zoospores produced in air but
grown in 58 CO2r CC = average percent of products in

zoospores produced and grown in SZ CO2, and CA =

average percent of products in zoospores produced in

53 CO, but grown in air. Table VII showed that this was

the case. It is obvious that malate plus isocitrate

l-actone in al-l 4 types of cultures rrrere almost

identical" This indicated that they were probably

formed from the same oxaloacetate pool and the

744



Tabl-e VII. Dif f erence
compounds
during the

Compounds

SMP + SDP

between the average
formed either in air
12 hours of gr:owth.

(1)

9o

Malate * AA
Isocitrate-

lactone cc

Difference

Sucrose * AA
Polysaccharides

(POL) u\-

Difference

Difference +6.12

AÄ

cc

23.52

r1 .40

percent of various
or 5e¡ gro\^/n cell-s

(2)

z

Amino-acids AA 16.56

cc 26.64

Difference -lO. Og

13.53

13. 68

AC

CA

20.89

L9.75

-0.15

12.81

5. 45

r45

+f. 14

72.89

12.95

¿l\-

UÁ\

(t - 2)

z

+2.63

-2.35

Data are obtained from Tabl_es VffI to X]II in

AA, air to air
CC, 5% CO2 to 5% CO2
AC, air to 5Z CO2
CA, 5e" CO2 to air
POL = polysaccharides

SMP, SDP = mainì_y sugar monophosphates and

+7 .36

-0. 06

AC 9.30

cA 10.57

+4. 98

+0. 64

+0.73

-L.27

23. 08

2I.47

+1.61

AC

CA

-0.09

+3. 51

-5.12

+8. 63

-6.52
+5.17

-11.69

Appendix.

sugar diphosphates



difference between the amount of malate and

isocj.trate lactone in all 4 types of cultures were

dependent upon whether mal-ate or isocitrate lactone

f ormation was f avoured. In A-4, and CA cetls, malate

accumulation was favoured (and hence less protein),

while isocitrate lactone formation was favoured in
CC and AC cells (and hence probably greater protein

synthesis) "
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V. KrNBTrcs oF t uco, rNCoRpoRATroN usrNc zoospoREs GRowN

FoR 4 HOURS IN EITHER AIR OR 5å COz

The variations in the amounts of different products at

different stages of cellular development suggest that differ-

ent path\days are operative at different rates according to

the stage of the cell- cycle. Subsequently, the kinetics of
l "C incorporation into the various products were investigated

using zoospores produced and grovrn for 4 hours in cultures

bubbled with air or 5U COz. Theresults would indicatewhether

the path of carbon during the growth phase of ChLamydomonq.s

segnis varied in response to changes in CO2 concentration.

A" Distribution of I aC in the Ethanol-water Soluble

Figure 36a, b and c showed that in zoospores

produced and grown in air the organic acid fraction

decreased with incubation time. This was associated

with simultaneous increases in sugars and amino-acids

The former accumulated in relatively greater quantity

than the latter. This pattern of iaC incorporation did

not. change when the zoospores \^/ere provided with 5eo CO,

instead of air at the beginning of the growth phase.

However, a significant increase in the level of amino-

acids at the expense of sugars was evident.

On the other hand, in zoospores produced and grown

in 5s Co, (Figure 36d, e and f ) a greater increase in

Fraction as a Function of Incubation Time

L47



Figure 36 " Distribution of 'uc into the
various fractions of the ethanol-
water soluble fraction as a
function of incubation time.
The data presented are obtained
from Tabl-e XIV in Appendix.

a, b and c: IaCo2 fixation after
4 hours growth in air (o) or
5? COz (^) of zoospores
produced (Time:0) in air.

d, e and f : t acoz f ixat j-on af ter
4 hours growth in air (o) or
52 COz (^) of zoospores
produced (Time:0) in 5Z COz.
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amino-acids for 90 seconds was associated with a dramatic

decrease in organic acid fraction. Thereafter, the

drop in amino-acids accumul-ation was not accompanied by

an equivalent increase in percentage of the organic acid

fraction. Meantime, the sugars fl-uctuated and shòwed a

much lower level as compared to amino-acids. Provision

of air instead of 5? CO, during growth stimulated the

flow of r aC into sugars and amino-acids at the expense

of the organic acid fraction, It was obvious that
provision of air lessened the amino-acids formation and

increased the synthesis of sugars

In all cultures, the diversion of 1aC from the

organj-c acid fraction to amino-acids was favoured in

52 CO, cultures and to sugars in air cultures.

B. Distribution of I aC in the Products of the Orqanic

150

Acid, Sugar and Amino-acid Fractions as a Function

In order to determine the primary path of carbon,

chromatographic and radioautographic identification of

individual products from the various fractions lr-ere

carried out. The results are given in Tables XV to XVIII

(in Appendix) and are summarj-zed in Figures 37 to 40.

1" Effect of 52 CO, Provided During Growth of

Zoospores Previously Produced in Air

In zoospores procluced and grovln in air, the

of Tncubation Time
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incorporation of 'uCO2 occurred mainly via the Calvin

cycle (Figure 37): This was shown by the fact that

the major t uC after 5 seconds was found in the suqar

phosphates and 3-phosphoglycer:ate, both of which

decreased with time. This \^/as accompanied by an

increase in malate up to 60 seconds after which the

leve1 remained unchanged. Meantime, isocitrate

l-actone shov¡ed a linear increase. The amoullt of

malate was higher than isocitrate lactone which may

suggest that the oxaloactetate formed by ß-carboxylation
was not actively used for amino-acids as shown by

the very low leve1 of aspartate (Table X\/ in Appendix) .

Of the amino-acids, high labelling of alanine was

detected after 5 seconds which increased up to

30 seconds and then declined. This suggested that

al-anine was probably formed from the early products

of photosynthesis via 3-phosphoglycerate. Serine

appeared to occur via glycine which decreased after

30 seconds, while serine showed an increasing trend

attaining a level hiqher than gtycine only after

60 seconCs photosynthesis.

Provision of 5? COz during the growth of zoo-

spores produced in air (Figure 38) did not alter the

pathway of I uC incorporation which was sti11 predomin-

antly the Ca1vin-ty.pe exemplified by the decrease in

sugar monophosphates and 3-phosphoglycerate, and an



Figure 37. Distribution of t qc in the
photosynthetic products as a
function of incubation time.
Zoospores \{ere produced (Time: 0 )
and grown in air for 4 hours"
Data are from Table XV in ApPendix.

Abbreviations

G3P
TSL
MAL
PGA
SDP
SMP

organic acid fraction

Glycera 1d ehyde- 3 -pho sphate
fsocitric lactone
Malic acid
3-phosphoglyceric acid
Sugar diphosphates
Sugar monophosphates

Sugar fraction

Products

DHA
POL
suc

ALA
GLY
SER

Dihydroxyacetone
Polysaccharides
Sucrose

Amino-acid fraction

Alanine
Glycine
Serine
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Figure 38. Distribution of laC in the photo-
synthetic products as a function
of incubation time. Zoospores were
produced (Time:0) in air but grown
for 4 hours in 52 COz.
Data are from Table XVI in Appendix.

Abbreviations Products

G3P
rSL
MAL
PGA
SDP
SMP

Organic acid fraction

Glycera ldehyde- 3-pho sphate
Isocitric lactone
Malic acid
3-phosphoglyceric acid
sugar ãipñoépfrates
Sugar monophosphates

Sugar fraction

Dihydroxyacetone
Polysaccharides
Sucrose

Amino-acid fraction

DHA
POL
SUC

ALA
GLY
SBR

Alanine
Glycine
Serine
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increase inmalate and isocitrate lactone. The general

pattern of I aC incorporation into sugars was

unaltered by provision of 52 CO, to zoospores

produced in air. However, the effect of 5U CO,

during growth was manifested by less t aC incorporation
into polysaccharides and sucrose, and an increased

rate of incorporation into alanine, glycine and

serine as compared to growth in air.
2" Effect of Air Provided During Growth of Zoospores

Previously Produced in 5Z CO,

In zoospores produced and grown in 5å CO,

(Figure 39), the major carboxylation pathway was

again via the Calvin cycle as indicated by the high

labelling Ín sugar phosphates plus 3-phosphoglycerate

after 5 seconds photosynthesis and their continuous

decline with incubation time. In addition t uC

incorporation via ß-carboxylation was relatively
stimulated as indicated by the appearance of
aspartate associated with the decline in mal-ate and

j-socitrate lactone. Furthermore, the decrease in
mal-ate and isocitrate lactone during 30 90

seconds period corresponded. with increases in
glycine and serine, both of which showed accumulatíon

for 90 seconds. The pattern also indicated that
glycine and serine formation occur via different
pathways in 5Z CO, grown cells. H:'-gh and early



Figure 39" Distribution of tuC in the
photosynthetic products as a
function of incubation time.
Zoospores were produced (Time:0)
and grolvn in 5? COz for 4 hours.
Data are from Table XVII in Appendix.

Abbreviations Products

G3P
ÏSL
I,IAL
PGA
SDP
SMP

Organic acid Fraction

Glyceraldehyde- 3 -pho sphate
Isocitric lactone
Malic Acicl
3-phosphoglyceric acid
Sugar diphosphates
Sugar monophosphates

Sugar fraction

DHA
POL
SUC

ALA
ASP
GLY
SER

Dihydroxyacetone
Polysaccharides
Sucrose

Amino-acid fraction

Alanine
Aspartate
Glycine
Serine
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labelling of alanine which declined after 30 second.s

indicated that it'was formed from early products

of photosynthesis and then directed to synthesis of

ceIl proteins 
"

When the zoospores produced in 5å COz r^rere

provided with air du::ing growth (Figure 40), the

path of carbon showed a preference towards the

Calvin-type as indicated again by the decline in
sugar phosphates and an increase in malate, sugars

and amino-acids. The early high 1abe1ling in
alanine was againdetected. Serine exhibited a major

increase after 30 seconds, while glycine exhibited

a slight decrease v¡ith time. The decrease in glycine

could not account for the increase in serine showing

that serine was formed not only from glycine.

The results provided evidence that provision

of the growing cells with 53 CO, stimulated the

incorporation of taCO, via ß-carboxylation,
presumably towards amino-acids formation and hence

protein and sugars (Wang and Waygood, L962),

resulting in the increase in cel-l mass of zoospores

produced in cultures bubbled with 5eo COr.



Figure 40. Distribution of t uC in the photo-
synthetic products as a function
of incubation time. Zoospores
were produced (Time:0) in 53 COz
but grown in air for 4 hours.
Data are from Table XVfII in
Appendix

Abbreviations Products

G3P
ÏSL
MAL
PGA
SDP
SMP

Organic acid fraction

Glycera ldehyde- 3 -pho sphate
Isocitric lactone
Malic acid
3-phosphoglyceric acid
Sugar diphosphates
Sugar monophosphates

Sugar fraction

DHA
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ALA
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SER

Dihydroxyacetone
Polysaccharides
Sucrose

Amino-acid fraction

Alanine
Aspartate
Glycine
Serine
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DISCUSSION

Although the effect of CO, concentration on the pH

of nutrient medium was studied in detail by Galloway and

Krauss (I961) and Sorokin (1971), no significant changes

due to CO, concentrations used were observed in our case"

The enriched phosphate nutrient medium maintained the pH

almost around 6.7 throughout the cell cycle. fn this
respect Sorokin (1964) suggested that the delay in ce1l

division might be due to the pH shifts caused by high CO,

tension. This was discounted in our experiments because air
grown cell-s when bubbled with 5Z CO, during the division
(i"e., ât 12th hour light, Figure 7) did not delay the

onset of zoospore rerease nor its completion. Soeder et aL.

(1966) also concluded that the delayed autospore release

in ChLoz,eLLa sp. was not due to pH differences. However,

changies in the pH occurring wi.thin the cell and whi.ch_ can

be induced by varying the co, concentration of the med.ium

(Neumann and Levine, r97L) cannot be ruled out. The possible

role of carboníc anhydrase acting as a permease (Enns , Lg67)

and thereby regulating pH shifts in the cell (Atkins and

Graham, I97L) is beyond the scope of this present work.

It is known that the ass j-milation of CO z or I.ICO;

during the photoautotrophic growth of unicellurar green algae

r62
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is coupled with utilization of assimilatory power (NADPH

and ATP) derived from Iight.. On the other hand, dark

respiration resurts in the production of carbon dioxide and

ATP, and is shown to be inhibit.ed by high co, tension (Kidd,

t915; soeder et aL., t964)" Therefore, if the profound

inhibitory effect of aeration with 5? co, in darkness on

zoospore release (Figure 2) was attributable to a rack of
energy then this energy could be provided by exposing the
cultures to an interval- of light (Figure 11 and Table r).
The light effect in initíating the onset of zoospore release
was substantially enhanced when co, was removed by bubbring

the zoospores (unreleased) with cor-free air (Table r). The

l-atter effect indicated that co, was probably competing for
some of the energy reguired for zoospore release. This
energy might be necessary to activate the kinetic apparatus
for flagellum movement (Ettlf 1970) or to activate the

"hatching enzyme" (Schlösser, I966).

Although the onset and completion of zoospores

release occurred in light (Figure 6) in 5u co, cultures,
the high co, tension was still effective in delaying the
onset of zoospores rerease from the tetrads for 4 hours as

compared to 0.lu co, curtures. This delay, however, could be

overcome when the dividing cel-1s were bubbled with air
-instead of 5z co, (Figure 7). considering the fact that the
incipient cell division (first mitotic division) did occur

J-rrespective of coz concentration at the r2th hour of light,
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then the observed. delay in 5? co, cultures maintained in
continuous light ought to be due to an inhibitory effect on

the second mitosis leading to the production of 4 daughter:

cel-Is. since the second. mitotic division depends on the
compreLion of the appropriate amount of DNA synthesized, the
latter appeared to be derayed in 5% co, than in 0.rå co, or
air culture. This was obvious when the length of the s-
phase was calculated in 5? co, cultures (Figure r0) which
occupi-ed a relative period of 0.62 of the celf cycle while
that in air was 0.3. This delay could be exptained by a

competition that might have existed between COz assimilation
and DNA synthesis for the light energy. High co, concen-

tration might have imposed the continuation of carbon
assimilation and related processes as indicated by the
extended (beyond Bth hour) photosynthesis and a l-orver drop
in photosystem rr activity (Figures 13 and 15) as compared

to the situation in air cultures. rn the latter, photo-
synthesis appeared to be endogrenously regulated when the
low exogenous coz concentration allowed the cells to do so.

The greater accumul-ation of macromol_ecules ,

(Table rr) i.e., RNAr protein and starch (starch granures

observed in electron micrographs and not shown in this
work) in zoospores produced in 5? co, cultures as compared

to air cultures seemed Lo be responsible for unequal

cytoprasmic division in the former curtures resulting in the
heterogeneity of the zoospores population. This was



indicated by the unequal response of the zoospore population

to limited concentration of CO, (trigure 9). Therefore,

aeration of cultures with relatively high CO, concentration

may result in a more or less random culture rather than a

synchronous one. Ilence, "selection synchrony" (Mitchison,

7g7L; Molloy and Schmidt, IgTO) usj-ng differential

centrifugation followed by the provision of the appropriate

CO concentration in air to the culture would furnish the
2

basis for a true synchronous culture for studies on the

ce11 cycle"

Using the homogeneous zoospores with low initial
mass formed in air cultures (Tab1e II) to conìmence the

celI cycle under low CO2avail-able in air, the growth phase

(Gr) could be sharply distinguished by the j-ncreased

photosynthetic Or-evolution, photosystem fI and carboníc

anhydrase activities (Figures 13, l-5 and 17). These

activities showed a sharp decline at the end of G, and thus

its termination. If active photosynthetic Or-evolution is a

concomitant event of growth, which declines by the end of GI

then 5Z CO, must have forced the cel1s to maintain their
photosynthetic capacity even during the S-phase (compare

Figures 10 and 13). This appeared to be extra photosynthesis

which was not required for the production of 4 zoospores

because the latter could be produced in 0.lU CO, cultures
(Figure 6). Therefore, the prolonqed phase of Or-evclution

seemed to be imposed upon the cell by the unnatural high CO,
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concentration (52 COr) and not endogenously regulated.

Under the appropriate or limited CO, concentration (air
cultures), the cel-1s managed to regulate photosynthesis by

virtue of carbonic anhydrase which became repressed when

the cells were provided with 5% CO, (Figure 23).

The pattern of photosynthetic Or-evolution.in air
and 5? CO, cultures followed the general trend observeC

in other algae (Edmunds, 1965¡ Senger and Bishop , L969¡

Bishop and Senger , ].97l-¡ Wal-ther and Edmunds , \g73) and is
believed to be an inherent charact,eristic of the cerl cycle

Thus, growth in different CO, concentration did not alter
this inherent characteristic.

The observations concerning the decline in the photo-

synthetic capacity (as well as p-benzoquinone Hill reaction)

duri.ng the mature and division phase of the cel_I cycle

confirms the findings that this decline is due to the

decrease in the amount of photosystem rr activity (senger and

Bishop, L967; Senger, 1970),

Examination of the trend of activities of RuDp- and

PEP-carboxylases (Figures l-B and 19) showed no correration
between them and the observed pattern characteristj-c of the

photosynthetic capacity. On the other hand, carbonic

anhydrase, an enzyme implicated in photosynthesis

(Graham et aL., I97L) showed similar pattern (compare

Figures 13 and L7) as the photosynthetic or-evolution during

the cell cycre indicating a possible regulatory relationship
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between the latter and carbonic.anhydrase. This may be

supported by the observation that an alteration in the

amount of enzyme synthesized (by transient changes of CO,

concentrations ) resulted in an alteration of the photo-

synthetic capacity (Figures 2 6 and 27 ) .

Carbonic anhydrase may be responsible for provision

of substrate to the carboxylating enzymes and therefore its
high activity found in air grown cells may be responsible for

the enhanced t ucoà fixation as also observed by other investi-
gators (Graham and Whittingham, L96B¡ Grahâm eú aL., I97L).

However, in Chlamydomonas segnis the activity of carbonic

anhydrase in air cultures was also associated with a higher

specific activity of RuDP-carboxylase as compared to 5eo CO,

cultures. Therefore, it is not clear whether the enhanced
t aCO, fixation would be primarily attributable to the high

activity of carbonic anhydrase or rather to RuDP-carboxylase

activity.

Besides its role as substrate for the carboxylating

enzymes, HCO; or CO, is required for the Hill reaction
(Stemler and Govindjee, 1973; Abeles et aL. , 1961; Stern and

Vennesland, 1960). If carbonic anhydrase regulates the

delivery of substrate (uCOl or CO2) to both the electron

transport system (photosystem II) and the site of CO,

fixation, then changes in carbonic anhydrase activity would

result in the corresponding alteration of photosynthesis as

demonstrated in Figures 26 and 27.
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The data obtained from the analysis of luCO, fixation

products during the celI dycle showed that the incorporation

of I 4c into various fractions of the cell varied according to

the stage of the cell cycle (Smit.h et aL., 1961; Ahmed and

Ries, L969; Kanazawa et aL. , L970; Codd and Merrett, 1971)

and reflected the periodic synthesis of cellular constituents

(ulIrich, 1972; Hare and Schmidt, L970; Tamiya , l..966) . The

nature and quantities of the products were also dependent

upon the CO, concentration in which the zoospores were

produced and/or grown" Zoospores produced and grown in air

incorporated i aC preferentially into sugars and sugar

phosphates, whereas their counterparts in 53 CO, favoured the
I qc incorporation into amino-acids (Figure 31) . This

confirmed the observation that growth in high CO, concentration

stimulated protein synthesis (Table II) in agreement with

other investigators (Hil-ler, I970; Graham and Whittingham'

1968) . The increase in the incorporation of I 4C into sugiars

and sugar phosphates by air grown ceIls suggested a possible

relationship between carbonic anhydrase and RuDP-carboxylase.

Both enzymes indicated high activities in cells girown in air

cultures which also indicated very low activity of PEP-

carboxylase (Figures 17 and 18). Repression or inactivation

of carbonic anhydrase by growth in 5? CO, coupled with higher

activity of PEP-carboxylase seemed to be responsible for the

enhanced amino-acids synthesis. The kinetics of tuCo,

fixation at the 4th hour of the cell cycle (Figures 37 to 39)



revealed that the path of I aCO, incorporation in air grown

cells was essentially viatthe Calvin cyc1e. Growth in

5B CO, stimulated ß-carboxylation besides the existing

carboxylation by RuDP-carboxylase via the reductive pentose

phosplrate cycle. This v¡as also shown in ChLoreLLa

pArenoidosa by Graham and Whittingham (1968). The operation

of both pathways simultaneously in 5å CO, may be a

compensatory mechanism of the cells in that repression or

inactivation of carbonic anhydrase resulted in a lower

incorporation via the Calvin cyc1e. This again reflected
the close association of carbonic anhydrase and RuDP-

carboxylase as well as thl dif.ferential affinity of the

enzymes RuDP-carboxylase and PEP-carboxylase to the

substrate HCOI or CO, (Cooper et. o-L. , 1969; Waygood et qL. ,

1969; Cooper and Wood, l-}Ti-; Pocker and Ng, 1973).

Several- investigators have shown that glycollate was

a major product of lqCO, fixation (see l4errett and. Lord,

1973). The ability to excrete glycollate in cells glro\¡rn in
high CO, but not in air g:rown cells has been attributed to

Iack of or low activity of glycollate dehydrogenase in cells
grown in high carbon dioxide (Nelson and Tolbert, L969¡

Merrett and Lord , i-g73). The resul-ts presented in this
investigation showed (Tables Vfff and XI in Appendix) that
glycollate was formed in low amounts in both air and 5Z CO,

grown cells" Coupled to this was the inability to demonstrate

excretj-on of glycollate in the same species of alga (Badour
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and waygood, 197ra). rn addition, the findings that grycine
and serine (Figures 32 to 35) were two of the major amino-
acids formed suggested that a rapid turnover of glycor_r-ate
occurred in crzLamydomonas segnis. The slightly higher
amount of glycolrate in 5å co, cerr-s may reflect slight
differences in the activity of glycorrate dehydrogenase
Although this enzyme was not investigated in this present study
the observations that Elycollate was not excreted in the
absence of inhibitors in chLoz,ella fusca (Goulding et aL., 1969;
Merrett and Lord, r973) may suggest that glycollate metabolism
in chlamydomonas segnis is similar to that of ch\orella fusca.

of interest was the finding that isocitrate ractone,
first identified by chang and Tolbert (rg7o) in Anki.st,odesmus,
was one of the earJ-y products of luco. fixation in
chlamydomonas segnis whether grorvn in air or 5eo co, cultures.
The average percent of malate plus isocitrate lactone
(Table 7) were identical in both 5z co, and air grown ce1ls
indicating that they \^rere formed via a co,nmon poo1, probably
oxaloacetate. This observation may support the opinion that
the low activity of pEp-carboxylase in air grown cells was

the resul-t of its inactivation in the cell free extract
preparation. Undoubtedfy, ß-carboxylation must be operative
in both air and 52 co, grown cerls to replenish the cu-acids
for the formation of grutamate. The greater accumulation of
isocitrate lactone (dehydrated ring form of isocitrate) was

associated in chLanydomonas segni,s with ísocitrate lyase
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activity (Badour and waygood, 197lb; Foo et aL. , 197r) .

This may suggest that isoòitrate could be metabolized via
the glyoxyrate cycle and glycerate or glycine-serine pathways

(Rabson et aL., 1962; Kornberg and Gotto, 196I; Reeves et aL.

1967) " In addition, the accumulation of isocitrate l-actone
(isocitrate) may protect the enz]¡mes, isocitrate lyase and

dehydrogenase., from being digested (Thurston er; aL. , 1923) "

The high and early laberl-ing of malate together with
the findings that the activity of malate synthase was very
low in chlamydomona.s segnis (Badour and waygood, r97lb) may

lend support to the view that malate was formed by malate
dehydrogenase rather than via the glyoxylate cycIe. The

activity of NAD-rinked malate dehydrogenase in this
organism was found to be exceptionally high (about 7 pmoles/

min/mg protein) in 5å CO2 grown cells (Foo et aL.,
unpublished resulLs from this l_aboratory).

rn air grown cells, the higher amount of serine than
glycine (Fi-gure 32) indicated that serine was probably the
end product of glycine as have been shown by many authors
(Rabson et aL. , 1962; Lord and Merrett, l_970b). This was

confirmed by the observations that the loss in Iabelling of
glycj-ne resulted in an increase in the labelling of serine
(Figure 37) " Howevero in 5å co, grown cells glycine formed

was higher than serine (F igure 34 ) suggesting more than one

pathway of serine formation, probably via 3-phosphogrycerate
in addition to the glycotlate pathway (smith et aL., 196r;



Hess and Tolbert, L967). This was confirmed by the kinetics
experiments in which both glycine and serine showed increasing

labelling with time (Figure 39).

Afanine appeared to be formed in cells grown in air
and 5% co, cultures from an earJ-y product of photosynthesis

probably via 3-phosphoglycerate in accord.ance with .the

observations of many workers (Stange et aL., 1960; Hiller
and Whi.ttingham, 1964; Kanazawa et aL. , 1970).

The metabolic pathways which were stimul-ated by

growth in 52 CO, cultures as compared to growth in air
cultures were summarized in Figure 41.

The present work provided evidence that the

appropriate co, concentration provided to the algal culture
has to be considered as a major factor influencing the degree

of synchrony of the culture and, hence, the characterizatj-on

of the cell cycle. Mitchison (1971) pointed out that the

early G, region is empty of information sínce most

of the studies have been concentrated on the later parts of
the cycle concerned vrith ceIl division. rf the critical
mass at which cel]s initiate DNA synthesis is determined by

growth which is influenced by CO, concentration, then the

latter should not be overlooked. Although Myers e96z) and

steemann-Niefsen (1955) concluded that 0.5u co, or ress in
air is more than adequate to support growth and development

of unicellular green algae of the ChLoy,eLLa type, higher

concentration have been used because of familiarity. Again
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Figure 4I. Schematic diagram of I aCO2 fixation
by air grown cells of ChLamgdomona.s
s egnis .

(+) Indicates activation of
pathway by srowth in 5? COz.

(-) Indicates inhibition of
pathway by growth in 5% COz.
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Ivlitchison (1971) pointed out that ChLoreLLa and some other

algae raise a problem about the relation of their ceIl cycles

to those of most other celIs. The Inormalt ceII cycle has

a two-fo1d increase followed by division into two daughters.

However, in ChLoz'eLLa an eight-fotd increase followed by

three rapid divisions into eight daughter cel-Is is the

conventional- division number" There are two ways of

regardi-ng the ChLoreLLa interphase. One of them is to look

at it as equivalent to a single I normal' cel-l cycle but

with the difference that every synthetic event involves

an eight-fold rather than a two-fold increase. Alternatively,

it may be regarded as equivalent to three successive

'normal-' cycles with their division dissociated and occurring

at the end of the third cycle" This distinction is important

for discontinuous events like synthesis of DNA and a step

enzyme which may occur once in the normal cycle" Looking at

the ChLoneLLa cycle in the first wây, it would be expected

there to be a single period of synthesis but with more

material being synthesized" Looking at it the second wây,

we would expect three separate periods of synthesis each

with two-fold increase. Which of these ways is correct is at

present unknown. Ho\,vever, using ChLoz,eLLa fusea with four

daughter cel-l-s produced simplified the situation and allowed

more accurate studies of the ceII cycle (John et aL.,1973)"

Chlarnydomonas segnis grown and synchronized in air undergoes

a normal- ceII cycle (as defined by Mitchison, I97L) and
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formed onry two daughter cells. Thus, it courd prove to be

a valuabre tool in cell cycle studies rather than

chlanqri.ornonas reinhardLi which produces 1.6 zoospores (Lien

and Knutsen , L97 3) . The latter authors found that in
phosphorous deficiency, the cerls produced 4 daughter cerls
after one cell cycle. perhaps growth in air of this
chlamydomona.s would resul-t in the production of 2 zoospores

and al-low more refined studies to be carried out on the
normal cell cycle.

The cel1 cycle of a homogeneous zoospore suspension

of ChLamydomona,s segnis bubbled with air could be

characterized in the present work. The growth phase were

marked by maximal carbonic anhydrase activi_ty and photo-
synthetic capacity (Figures 15 and r7). carbonic anhydrase

was difficult to detect in seo co, curtures and, hence,

appeared to be an essentj-al enzyme in the normal ce1I cycle.
The drop in photosystem rr most likery terminated the growth
phase. rn conjunction with this was the observation that
(Figure 32)sugar diphosphates and isocitrate lactone increased
sharpty from the Bth to 12t.h hour and, hence, provide
another marker for the termination of Gr-phase. rt may be

specurated that the precursor of isocitrate lactone or its
products (e.g", succinate) may replace Hro as the electron
donor and, hence, cause a drop in photosystem rr (Ilealy , L970¡

stuart, L97 r; Gaffron, rg72) " During the Gr-period, a phase

coul-d be distinguished by the accumulation of RNA, amino-acids
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and intermediates of the reductive pentose phosphate cycle
(Figures I0, 11, 31 and 32). The step-wise increase in
RUDP-carboxylase activity occurred after the termination
of G, but prior to the onset of S-phase.

The use of a normal cel-l cycre in which growth is
reguJ-ated towards the initiation of one mitotic division
and production of two daughter cel-fs may provide an

invaluabl-e tool for. further studies on the sequence of events
as regulated endogenously.
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Figure 1. Sample radioautogram of the products
of the organic acid fraction.
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Figure 2- sample radioautogram of the products ofthe sug:ar fraction.
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Figure 3. Representative radioautogram of
the amino-acid fraction.
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Tabl.e r. Distri.but-.ion of radioactivjty in extracts from zoospores
produced (Tirne:0) in cultures bubblcd with air.
tO UCi NaH'+CO¡ (59 mCi/rnM) were fed. Calculations \{cre
based on the specific activity of Nalltucnr. The resr_rlts
ar-e given as nmoles/2O m1s suspension.

t uco, Fixation
(Time in seconds)

5-to

Fraction

Ethanol--water

Residue + chl-oroform

Total

Ethanol-water

Residue * chloroform

Total

Ethanol-water

Resid.ue * chloroform

Total

Ethanol--water

Residue + chloroform

Total-

Ethanol--water

Residue * chloroform

Total

30

60

I98

nmofes/2O mls
Suspension

o.492

0. 034

o.526

1.658

0.280

1. 938

90

120

Percent

93"5

6.5

100. 0

85. 5

14. 5

100.0

75.9

24.I

100.0

63 .1_

36. 9

100. 0

57.0

43. 0

100. 0

3. 400

1. 080

4.480

4. 100

2. 400

6. 500

5. 300

4. 000

9. 300



llablc II. Distribut.ic>n of radioactivity i,n extracl-s fr:our r:.oospolres
produced (Time:0) and grown jn air for B hours.

1O ìJCi Nalll4CO3 (59 mcirzmM) were fecl . Calculatio¡rs
were based on the spec-ific activity of NaIII'*cor. The
results are given as nmoles/20 ml-s suspension.

t uco, FixatÍon
(Time in seconds)

5-t0

Fraction

Bthanol--water

Residue * chloroform

TotaI

Ethanol--water

Residue + chloroform

Total-

Ethanol-water

Residue * chloroform

Total-

Ethanol-water

Residue * chl-oroform

Total

Ethanol-v¡ater

Residue 'f chloroform

Total-

30

60

t99

nmoles/20 mls
Suspension

o.192

0. 046

0. 838

2 -610

o.4r2

3.082

90

120

Perce¡rt

oÀ tr

5.5

5. 710

l_.858

7.568

6. 800

3. 520

10.32

8.446

5. 516

86.8

13.4

75.4

24.6

65.9

34.r

13.962

60. 5

39. 5



Tablc III. Distribution of radioactivity in ext-racts from zoospores
produced (Time:O) in air l>ut grown in 5% CO2 for: B hours

IO UCi NaHlqco3 (59 mCi/mII) were fed. Cafculations
were based on the specific activity of NaHtucor-. The
results are given as nmol-es/20 m1s suspension.

r qcoz Fixation
(Time in seconds)

5-10

Fraction

Ethanol-water
Residue * chloroform

Total-

Ethanol-water

Residue * chLoroform

Total-

Ethanol-water

Residue + chloroform

Total

Ethanol-water

Residue + chloroform

Totaf

Ethanol-water

Residue * chl-oroform

Total

30

60

200

nmoles/20 mls

90

Suspension

o.286

0.012

0. 298

1. 500

0.120

I.620

3. 140

o. 420

3. 560

4.l-40

0. 800

4.940

5. 780

1. 540

7.320

120

Percent

96.0

4"0

92 "6
7 "4

88.2

rl.8

83.8

16.2

79.O

2I.O



Table IV. Distribution of r:aclioactivity in ext::acts from zoospores
produced (Time:O) in 5* CO2 but gro\^/¡ì in air: for B hours.

1O UCj. NaHlqCO¡ (5 mCi/rnlr) were fecl . Calcufatioris rvere
based on the specific activity of NalIttCOr. The resuJ-ts
are given as nmol-es/20 mJ-s suspension.

t uco, Fixation
(Time in seconds)

5-10

Fraction

Ethanol-water
Residue * chloroform

Total-

Ethanol-water

Residue + chloroform

Total

Ethanol--water

Residue * chloroform

Total-

Ethanol-water

Residue l- chl-oroform

Total-

Ethanol--water

Residue * chloroform

Total

30

60

?.01,

nmoles,/20 mls
Suspension

o.613

o.o74

o.7 47

2.328

0. 312

2.640

4.r57

1. 200

5. 357

90

120

Percent

90. l
Õô

öó. ¿

11.8

5.315

2.942

8.251

6.564

4.883

Lr.447

77 .6

22.4

64.4

35. 6

51 .3

42.7



Tal¡lc v. Disl-ribut.ion of raAioactivity in exl,racts l-roln zoospores
procìuced (Tirne:0) in cull_ures bubbled rr,ith 5e; CO2.
lo uci Narilqco3 (59 mci/ur"t) were fed- car-cur-ations \{ere
based on the specific activity of NaHtu"or. The resur.ts
are given as nmoles/20 mls suspe¡rsion.

I 4coz Fixation
(Time in seconds)

5-to

30

Fraction

Ethanol--water

Residue * chforoform

Total-

Ethanol-water

Residue * chloroform

Total

Ethanol-water

Residue * chloroform

Total-

Ethanol--water

Residue * chl-oroform

Total-

Ethanol-water

Residue + chl-oroform

Total-

60

202

nmol-es/20 mLs
Suspension

0.0230

0.0015

o. 0245

90

120

Percent

93. 9

6.1

0. 0760

0.0066

0.0826

0. 1600

o.0263

0. 1863

0. 2360

o . 0477

o.2a3l

0. 2950

0. 0810

0.3760

92.O

8.0

85. 9

14.I

83. 2

16.8

75.6

24.4



T¿¡blc vl. Distribution of radioactivity in extracts of zoosl:ores
produced (Time:O) and growtr in 5e¿ CO2 for B hours.
lO UCi NaHl 

qCO3 (59 mcirzmM) were fed. Cal-culations
were based on the specific activity of NaHluCOr.
The results are given as nmoles/20 ml_s suspension.

t 4^ÛU^ !']-xatfon
(Time in seconds)

5-10

FLaction

Ethanol--water

Residue * chloroform

Total-

Ethanol--water

Residue * chl-oroform

Total-

Ethanol-water

Residue * chl-oroform

TotaI

Ethanol-water

Residue * chloroform

Total-

Bthanol-water

Residue * chloroform

TotaI

30

60

203

nmoles/20 mls
Suspension

0.1260

0.0070

90

l-20

0. 1330

o.4400

0. 0650

0.5050

0.9500

0.1756

1. 1250

1.4000

0. 3030

1. 7030

I.7500

o.5495

2.2995

Percent

94.7

5"3

87. I
12"9

84.4

15.6

82.2

r7.8

76.I
23.9
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