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Although the f\mctions of the essential major elements in plant metabolism 

have been studied for many years, little work has been done concerning the effect 

of these elements during short .. term incorporation of racU.oaetive carbon dioXide. 

This may be of some importance as it has been the _general custom during photo· 

synthesis studies 1n this laboratory to suspend algae in various dilute buffer 

solutions (Bassham, Shibata,. Steenberg, Bourdon, and Calvin, 1956; Barker; BaashaiD., 

Calvin and Quarck, 1956) or in distilled water alone (Lynch and Calv1n,l953; Norris, 

Norris and Calvin, 1953), asswning that the .salts remaining within the cells from 

the time of growth 1n nutrient solution are sufficient 1n quantity for the cells 

not to become deficient in one or more of the essential elements during the course 

of the experiment. There are some indications, however, that the addition of salts 

to algae suspended in distilled water mB.)' have a rapid, pronounced effect on some 

metabolic system within the plant. Thus, Clendenning, Brown and. Eyster(l956) have 

reported that Nos toe mu.scorum, if rinsed and resuspended 1n distilled water, loses 

most of its photosynthetic capacity, which can, however, be completely restored by 

the addition of potassium ion in concentrations no greater than a few parts per 

\€•' million. Also, Ka Baalerwi (personal communication) found that the photosynthetic 

(t~~ • rate of a marine diatom, when suspended in synthetic magnesium-free water, can be 

(~ 

~·· 
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greatly increased by the addition of magnesium salts •. }n View of these ob

servations it appeared worthwhile to investigate the effects of the addition 
elements - · 

of the ~ssentta.'lJ 1n those photosynthesis experiments in which the cella are kept 

in distilled water for varying periods of time. 

In much· of the work dealing with the path of carbon during photosynthesis 

(Benson, Kawaguchi, Hayes and Calvin, 1952; Moses and Calvin, 1958!; Bassham, 

Benson, Kay, Harris, Wilson and Calvin, 1953), the cells were suspended 1n distilled 

water and kept under constant conditions of temperature, lighting and aeration for 

periods of up to 30 minutes or more before the radioactive carbon dioxide was 1ntra

duced in order to a.chd{eve a "steady internal. metabolic state." In experiments ,, 
1n .which the adaptation tim.e and the exposure time to 14c ere short, the possibility 

14 
of a defd!eiency of one or more mineral elements affecting the pattern of . C in• 

corporation is slight, but in longer term experiments· extending for an hour or more, 

the probability increases of such a. deficiency occuring when cells are s\l.spended 

solely in distilled water. This possibility of such a mineral. deficiency would be 

of particular interest in those studies which purport to show same of the metabolic 

pathways of carbon not involved in the carbon cycle 1 taelf, such as the incorpora

tion of carbon into pigment systems (Blass, 1957), or the interaction between the 

respiratory and photosynthetic pathways (Benson and Calvin, 1950; Calvin and. Massini, 

1952). This paper reports the effects of the effects of the l'.llajor mineral. elements, 

both singly and in combination, on the incorporation of radiocarbon in both light 

and dark in Chlorella. The effect of the ammonium ion, though not a const1 tuent o~ 

the nutrient solution, has also been studied and its effects described. 

METHODS 

The alga Chlorella pyrenoidosa was grow. in bacteria-free culture in steady-. 

growth tubes under conditions previously described (Holm•Bansen, Hayes and Smith, 

1956). The composition of the nutrient medium was as follows: KN03, 1.2 x 10-1M.; 
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Mgso4, 1.0 x 10-2 1-t.; KH2P04, 8 X 10•3:.4.; Ca(N0

3
) 2, 1 X 10 M.; Fe (as the ferric-

EDTA complex), 5 p.p.m.; B (as H
3
B0

3
) and Mn (as MnC12), 0.5 ,p.p.m. each; Zn (as 

ZnSo4), 0.05 pjpj m.; Cu (as euso4), 0.02 p.p.m.j Mo (as Moo
3

) and Co (as CoC12), 

1 • 0.01 p.p.m. each. Samples were drained from the tubes a.rul either pipetted into 

the small vessels used 1n the actual photosynthesis test, or centrU'uged., rinsed, 

and resuspended 1n a variety of solutions prior to being pipetted into the small 

vessels. The construction and functioning of the apparatus which was used for the 

exposure of the algal cells to radiocarbon has been described elsewhere (Moses, 

1957; Moses and Calvin, 19~). The algal suspension (1.0 ml.) was .contained 1n 

a cylindrical vessel which had a :f'1a.t, optical-glass bottom and which was equipped 

with a glass top containing aeration and venting tubes; these £lasks, which were 

partially submerged in a water bath, were mechanically shaken over a bank. of fluor-

escent lights which illuminated the algal suspension with an. intensity of approx

ime.tely 21 000 t .c. The shaker held 12 such flasks, which enabled many parts of any 

one experiment to be performed simultaneously. .Atter a certain period of adapta

tion of the shaker, during which time 1 per cent (v/v)C02 in air was flushed 

through the vessels, any desired additions were pipetted directly into the algal 

J4 suspension, following which 50 jJ.l. of 0.026 N.•Na.ll co
3 

(400 JoLC/ml.) were added. 

After varying periods of photosynthesis with the labelled· carbon, 4 ml. of boiling 

absolute ethanol were added to kill the cells. After extraction With 80 percent 

and 20 per cent ethanol, the total insoluble cell material was centrifuged and 

discarded. The alcohol-soluble fractions were combined and concentrated by vacuum· 

distillation at room temperature. Small samples of the extracts were then chrolnat• 
Bassham, Calvin, Goodale, Haas and Stepka 

ographed as described by Benson(1950) using phenol•water as the first solvent and 
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~-butanol-propionic ac1d•water 1n the second direction. The locations on the 

paper of spots containing ra.dioaeti v1 ty were detected by autoradiography. The 

activity tni:,ea.ch spot was colmted by means of a Scott till)e Geiger-MID.ler tube 

With a. thin (1 mg./em. 2) "Mylar:' Window. In experiments deeJ.ina; With respiration 

or w1 t~ the incorporation of 
14co2 in the dark, the a.lgal. suspe:rision~' ~re cori:.. 

ta.ined either in Warburg vessels or in 10 ml.. Erlenmeyer ·flasks and were ahakeri 1n 

the Warburg respirometer while in complete darkness.· The killing procedure and 

~ubsequent manipulations of the extracts were the seme a.s With samples in .the light. 

RESULTS 

Nutrient solution and distilled water. The results from one t~ical experiment com~ 

pa.r1zlg the effect of distilled water and nutrient solution are shown in Table I. 

(Please insert Table I near here.) 
The total fixation of l4co2 by the algae in nutrient solutio~ was increased by-

89 ~r cent over that in the controls w1 th distilled water. The pa.tterru{ ·of' in• 

14 
corporation of C seen on the developed cl~togrsm differed mainly in a de• 

creased activity in the sugar phOsphates in the nutrient solution sample. ( 50 per 

14 
cent of the total soluble C in the nutrient solution compared. with 57 per cent 

in distilled wate4 e.nd. a large increal!'.e in the act! vi ty incorporated into the amino · 

. 14 
aeids. It should be borne 1n :m1tld that the figures f0r the incorporation of · C in. 

the 1ndiv1dw.u compounds ~ 1n terms of the percentage of the total soluble ~4c 

1n the extract which is present in that e01ttp0und.· Thus, when the total fi·c:m.t1on 

is different in two samples, the per cent of activity ill any one compound may ~e 
·\ -

equal in both the samples, though the absolute amounts may vary considerably. ~~ 
I'• 

the sugar phosphates decreased in percentage of the total activity fixed,; but t~ 
\ 

absolute amount increased from 5 x 10
6 

dis./Xllin. 1 to 7.2 x 106 dis.jmin. \ 

\ 

To determine which of the salts in the nutrient mediwn was having an enbancuk 

effect on the fixation, and also which were affecting the distribution patterns 
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~ of the carbon, the same type of experiment was carried out "With the individual 

salts of the nu.trient solution. The nii.cro-elenmnts boron, manganese, molybdenum, 

zinc, copper, cobalt, and also iron and calcium, were not further exa.mined as· it 

was considered extremely unlikely that a deficiency for any one of.these elements 

could be elicited by the procedures used. The 1·esults are shown in Table II. It 

(Please insert Table II near here) 

is aeen/ that the fixation in nutrient solution was significDntly higher ths.n that 

in distilled water (increased by 45 per cent), and that the separate additions of 

potassium nitrate, ;potassium dillydrogen phosphate, and magnesium sulphate all in• 

creased the fixation, the latter two causing approximately. the same fixation as the 

complete nutrient solution. The figures shoWing the per cent of the activity in-

corporated into the sugar phosphates and into the amino acids are interesting in 

that, conrpared with the controls,tl\te addition of potassium nitrate increased the 

activity in the amino acids and decreased it in the sugar phosphates, while the 
phosphate · · · 

addition of potassium dihydrogeWllWi just the reverse effect, i.e., the activity 

1n the sugar phosphates wa.s high while the activity in the amino acids Wa$ de

creased. Other experiments using potassium chloride, sodium nitrate, and sodium 

dihj'drogen phosphate indicated that the potassium ion was without effect, and that 
were 

the nitrate and phosphate groups/responsible for the observed effects. It is not 

surprising that responses were elicited by the addition of nitrogen ~ phosphOrous 

salts, as these are usually the first elements which apparently become limiting 

for algal growth both in tb.e laboratory and in their natural habitat of lakes e.nd 

streems (Gerloff and Skoog, 1954). If the cells are short 1n their supply of nitro-

gen and phosphorous, the effects noticed are just those which would be expected to 

occur. As in the first experiment, the nutrient solution caused a shift in the 

radioactivity from the sugar phosphates to the amino acids. 



... 

\,;' 

-6-

Effect o.f' ammonia. If a deficiency of nitrogen is limiting the conversion of 

sugar phosphates to amino acids, etc., then it might be expected that wmnonium 

ion would have a much greater effect in these short-term eXperiments than ni tra~, 

due both to its more rapid penetration into the alg~ cells and to the fact that 

it already is reduced and can be utilized directly in amination reactions (Syrett, 

1956). Many preliminary experiments bore out the suggestion ths.t ammonium nitrate 

might have a marked effect on the fixation of carbon. In Table III is shown the 

(Please ins~rt Table III near here) 

· effect of ammonium nitrate {0.001 M.) on the total fixation of carbon after the 

cells have been exposed to the ammonium nitrate for· varying periods of time before 
14 

the addition of the radioactive bicarbonate. The time of e~sure to. the C was 

the same in all cases, namely 30 seconds. The longer.the'period of contact with 

14 ammonium nitrate before the addit1on'of· the C, the greater was the am.ount of. 

carbon dioXide which was fixed; ~nlum nitrate still ·had a noticeable effect 

on the tot~ fixation and pattern of 
14c distribution even when added simultan-

eously with the biQarbonate. 

To separate out the effects of nitrate and ammonium ions, the effect of 

potassium nitrate and ammonium chloride were studied individually. The data 

presented in Table IV and Fig. 1 show the effects of nitrate and ammonium ions 

·· (Please insert Table IV and Fig. 1 near here) · 
14 

on the total fixation and distribution of the C compared with algae in distilled 

\later. Ammoni\llll ion increased the total fixation almost threefold, while nitrate 

did not increase it significantly. The distribution of the carbon (Fig• 1) was 

markedly affected in the cells supplied w1 tb ammonium ion, as can be eeeri from 

the percentage of the total fixed a.eti vi ty incorporated into the sugar phosphates 

and into the amino acids. The per cent of the total activity found in the early 

photosynthetic intermediates (sugar phosphates) decreased from G4 per cent in 



. -
distilled water to 7 per cent when ammonia was present, While the activity in 

the amino acids increased from to per cent to 57 per cent •. Nitrate had a similar, 

though ~wch less marked effect. 

Data showing the incorporation of carbon dioxide ~th varying times of ex-
14 

posure to the C from five seconds to three minutes are presented in Table V. 

(Please insert Table V near here) 

In this experiment the presence of ammonium ion aga.in increased the total fixation 

of 14c (by ~-10 per cent ), but not to the same extent as in previous experiments. 

There Was no significant difference in the total fixation between the controls in 

distU~ed water and the cells suspended in nitrate. The distribution patterns of' 

the incorporated 14c were similar to those reported in previous experiments in 

thett the add.itio~n of ammonium ion caused a greater percentage of the activity to 
~ . . 

be incorpora:ted into the amino acids _at the expense of the sugar phosphatee~ The 

14 
patterns of C in the presence of nitrate ion seemed to be intermediate bet~reen 

the controls and ammonium sample.s as they too showed some shift of activity from 

the sugar pb$~pha.tes into the amino acids, but not nearly to the same extent 

as in the presence of ammonium ion. The 14c content of the organic acids w~s 

also increased in the presence ot added ammonium. 

In order t<J determine whether the effect of ammonia on cells suspended 1l{

d1st1lled water was due to tbe degree of nitrogen starvation, or to a ~'spe~\fic 
I 

14 \ 
effect of rumnonium ions ~r ~, the incorporation patterns of co2 in the \ 

•. 

presence of ammonium chloride were e.xami.ned. in cells still suspended 1n the orig~al 
\ 

nutrient solution, as well as ill those in distilled water. Cells were removed \ 

from the culturing vessel and as rapidly as possible were placed in the photo-

\ 
\ 

\ 
' \ 

\ 

synthesis vessels w1 thout any intervening centrif'ugation. Ammonium chloride was 

14 
added to half the samples, and the cells photosynthesized in the presence of co

2 

\ 
t 

' \ 
\ 
\ 

\ 
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for two minutes. Further aliquot a of the cells from the culture vess.el wre 

centrifuged, wa~hed, and ~eauspended in distilled water at the same concentration 

as those still in nutrient solution. After seven minutes of pre-adaptation, these 

14 
cells were also exposed to' co for two minutes in the light in the presence and 

2 

absence of ammonium chloride. Table VI shows that the cells remaining in nutrient 
(Please insert Table VI near here) 

medium demonstrated 11 ttle change when ammonia was added, while those in distilled · 

water e~ibited contrasting patterns 1n the presence and absence of ammonium chloride 

typical for this situation (Table V). The effect of ammonia on the photosynthetic 

14 . 
incorporation patterns of co2 is thus primarily iilllresul t of nitrogen deficiency 

of 
in the cella, and not/a specific effect of the ammonia itself. 

Dark fixation of carbon dioxide. There exists the possibility that the enhancement 

of the fixation of 14co
2 

by the addition of mineral salts may not reflect a photo

synthetic uptake of carbon dioxide, but may merely be brought about by one or more 

dark reactions. To test this possibility, the effects of the various salts hither-

to mentioned were examined for their effect on the dark fixation of radioactive 

bicarbonate. The results are shown in Table VII. It ia seen that ammonium chloride 

(Please insert Table VII here) 

increased t~ fixation about fourfold, whUe potassium dihj'drogen phosphate, magnesium 

sulfate and nutrient solution also increased it by varying amounts. Even though 

ammonium chloride increased the fixation four times the amount fixed was still 

relatively small compared with the usual light fixation value ( 5 x 106 die. /min./ 

min. of incubation /ml cells :tn the dark versus 900 x 10 
6 

dis. /min. /min. of photo

synt~esis/ml. cells). The quantitative aspects of this dark fiDtion invalidate 

the hypothesis that it is dark fixation reactions alone which account for the en-

hanced uptake of carbon dioxide in the light upon addition of the various salts. 

14 
As the patterns of C discussed hitherto reflect the interactions of the photo-

synthetic cycle and the respiratory mechanisms 1 it was also of intPortance to 
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• ascertain if the salta under consideration had any e~ct on the respiration rate 

'• of Chl.orella. This was tested by the usual manometric methods (Umbreit, Burrls 

and Stauffer, 1949) ~d it was found that the addition of ammonium chloride did 

increase the dark respiration rate by about 80 per cent. ,.(cf. (Syrett, 1953), while 

nutrient solution increased it by about 40 per cent. Addition of potassium di-

hydrogen phosphate and magnesium sulfate apparently had no effect on respiration. 

DISCUSSION 

The results presented in thdi:s paper demonstrate that the total fixation of 
14 . 

radioactive carbon dioxide, as well as the patterns of C incorporation, by a 

f 

suspension of Chlorella. cells in distilled· wa. ter may be a1 tered by the addition 

of various mineral salts. When a readily assimilable nitrogen source such as 

ammonium chloride is added to the photosynthesizing cells, there is a greater 

incorporation of the labelled carbon into amino acids, especially aspartate, 
I 

· gl.utamate, alanine, glutamine, and ci trull1ne, and to a lesser degree, into the 

organic acids such as citric, fumaric, malic, etc. There is concomitarit~y a de-

14 
crease in the C usually found 1n the sugar phosphates and. in sucrose. The inter-

relationships of some of the metabolic pat~wa.ys involved here may be 11111strated 

by Fig. 2. The addition of ammonium ion, and, to a lesser exte~t, nitrate ion, 

(Please insert Fig. 2 near here) 
accelerated. :the conversion of photosynthetic intermediates into·other products as 

14 .. 
witness.ed by the increase in the C content of many of .the organic acids and amino 

all 
acids which are 1nvol ved. in, or formed by 1 action of' the Krebs cycle. Although/the 

experiments that have been performed on this problem have consistently shown- that 

14 
addition of' a nitrogen source increases the C incorporated into many amino acids, 
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the quantitative re6ults have not always been consistent With regard to an 

increase in totcl fixation, or even a.t times, in increasing significantly the 

activity is same of the organic acids. The causes of these fluctuations are not 

lJ.tl.d.cU'.otood, but may reflect some unsuspected variation in the groWing cond.i tiona 

of the algal cUltures or in 13ubsequent manipulation. 

The possibility eXists tl1at the addition of these salts such as ammonium 

chloride will cause an alteration in the pi! of the medium which may pa.rtiall.y, 

at least, be responsible for both the apparent increased fixation erui changes 

in the pattern of carbon dioxide incorporation. According to Ouellet and· Benson 

(1952), the pH region for maximum photosynthetic activity in Scenedesmus (and it 

can reasonably be assumed that the eame will. hol~ approximately true for Chlorella) 

was between 6.0 and 9.0.; with decreased ·activity in either more e.eidic or more 

alkaline conditions. Further, at lower pHis (2.0-3.0), the ~n change in the 
14 . . . .. 

distribution pattern of' the c was an increase in the aetivity 1n sucrose, poly-
' •. 

sa.ccha.ra1de material, al.anine, and serine. At high ·pH's (10.), ·incorporation into 

aspartic acid was favoured. The effects of :salta. discussed 1n this paper thus do 

not fit- into the predictions of a pH effect, either With regard to the total fix.; 

ation or to the distribution of the radiocarbon. In the experiment described in 

Table II the pH of all the added aalt solu.tions had been adjueted to pl:t 5.3. 

After flushing the algal suspension with 1 per cent co2-tn~air for ten minutes,the 

pH values ranged from 5·3 in the nutrient solution to 5·9 in the magnesium sulphate 

sample and in the distilled water control. Some elevation 1n the pH can be expected 

from the addition of the bicarbonate (pH about 8.8), but this should be small con-

sider1ng the volumes and molarities involved. Another point that WB.l.mllts ·further 

mention is tne possibility that the total. f'ixation of' 14c is not indicative of the 

absolute rate upon different treatments within any one experiment. It may stmply 



reflect differences in the size of the reservoir of unlabelled carbon dioxide 

due to changes 1n pH, ionic strength, etc. This will undoubtedly have some effect 

in the samples with ammonium chloride, but it cannot be of much importance in ex· 

periments such as shovn in Table III, where the pH values are all quite similar. 

~t bas been regularly noticed 1n other experiments.that when Chlorella or-

Scenedesmus were suspended in distilled_water and the rate of photosynthesis 

continually measul-ed 1n the steady•state apparatus (Wilson and Calvin, 1953; 

Bassham, Shibata and Calvin, 1955) 1 the rate of photosynthesis decreased about 

5·10 per cent per hour (personal communication from J .A. Bassham). This may mean 

that the cells were limited by a deficiency of one or more nutrient elements which 

resulted. in a decreased rate of carbon dioxide uptake. · The term "steady•sta.te", 

as employed in this laboratory (Calvin and Massini, 1952) means that the concan-

trations ·Of the intermediates and enzymes involved in the carbon reduction cycle 
.• 

remain constant and rlo not change during the course of the. exper1Jnent. There is 

thus no assumption inherent in this definition that all the other tnetabolic.processes 

are in a "steady-staten during the experiment.· :i:t is possible· to eonc~i've of 

changes occurring in some of the other metabolic pathways_ while the photosynthetic 
. . ., ' 

cycle itself is not materially · incrluenced.. Thus, the results presented. in this 

paper show that some metabolic pathVays ma.y be inf!luenced by the addition of sa].ts, 

without greatly affecting others, particularly the pattern of compounds of the 

photosynthetic cycle. It is obvious that in time eJ.l p:twtosynthetie activity will 

ultimately cease after the cella are placed in distilled water, but the time at 

which the first effect would be noticeable in the photosynthetic intermediates 

cannot easily be predicted.from ·these results. It appears that there is no major 

change in the photosynthetic pattern 1n as long as an hour or more. 



.. 

(• 

-12-

Thus, if one wished to obtain the best reproducibility from experiment to 

experiment, it would be advisable to eliJD.inate this possibility of mineral salt 

deficiency by suspending the cella in dilute nutrient medium of some sort. The 

addition of salts to the suspension complicates the subsequent chromatography, but 

we have found that, using the standard nutrient solution, one can place on the chro• 

matogram origin at least 100 ..U.. of the nutrient medium. Using the amount of 14co2 

commonly employed, the limitation caused by this volume of extract is not serious 

with photosynthesis times or half a minute or more, as them is enough fixed activity 

in samples .of this size to give good radioautograms in a few days, or possibly a 

week. or two. For short exposure times of a. few seconds or less, the whole problem 

of mineral deficinecy is not so serious, so that in these cases it might be aJi .. 

visable to use a medium of cUstilled water alone, as large aliquots of the extract 

must often be chromatographed. 

If one were concerned about maintaining as steady a state as possible in 

the cells during a photosynthesis experiment, one of the. best ways to minimize 

a change of condi tiona for the cells following their removal from the culture 

ves~.els would be to take them directly out of the growth tubes or flasks, p1pe'tte 

samples immediately into the small shaking vessels described previously, flush with 

the same aerating mixture as is used in all the growth vessels, alii inject the lab

elled bicarbonate in the usual fashion •. This technique S?uld avoid the production 
tttansient 

of unkno~/phenomena which can be expected to occur if the suspension is flushed 

with air, nitrogen, etc., immediately before addition of the bicarbonate. ·This 

procedure woUld also eliminate. the intervening centrifugations and other manip• 

ula.tione Vhich are liable to have unlmo-wn effects on the metabolic activities. 



,, 

The expertments described 1n this·paper provide some insight into the 

capa.ci ty of Chlorella cells for the storage of such basic raw materials as 

nitrogen and phosphorous compounds. This capacity appears to be quite small, 

for within a short time (about 30 minutes) folloWing the removal of the &lgal 

cells from the complete culture medium, signs bf' n1trogen(n1tra.te)a.nd phosphor

ous (phosphate) deficiency can be observed 'When the cells are placed in cond.i tiona 

suitable for the rapid photosynthetic a.eaimilation Qf carbon di0xid.e. · Under 

optimal cond.i tions newly assimilated ca1•bon is ·presumably imm.ediately converted 

to storage materials (polyea.ccharihde) and to general cellular consti tuente, partie

ularlr protein, and the intracellular concentrations of soluble metabolic inter-

mediates remains a.t a fairly low level. A deftciency of phOsphorous, and especially 

of nitrogen, which a.re macro .. consti tuents of cells, would limit many of the bio

synthetic activities ·and lead to an accumulation of intermediates on the synthetic 

pathways, unless the assim1lation of carbon dioxide were curtailed.o ~riments 

have shoWn that both these effects can be demonstrated: when cells are auapended 

1n media containing ammoilium or nitrate iom~ there is a.n enhanced total. fixation 
14 

of co2 and a relative increase in amino acids with a corresponding fall in the 

per cent of t}le activity in the sugar phosphates, compared with cells in distilled 

water. 

i 



Ef'fE1ct of nutrient solution. on total~te.ke and distribution Of 
c!rbon-1.4 2l\1Riig photosp,thesis fii mi , reTia . · ·. . 

l.O ml.. ot l per cent Cltlorella. suspension in. diatllled 
water. After 10 min. adaptation, 50 J;U. of co~centrated · 
nutrient solution (final concentration equal to the usual 
grot.rth medium) were added to the apprt;)priate flasks and 
50 j.ll. of water added t.o the controls. After another 
additional 10 Jnin., the re.dioa.ct1...e bicarbonate ,(20 ,£.) 
was added and photosynthesis allowed to continue' tor 2 min. 
before addition of 4 ml.. Of balling ethanol. 

Cells .1n 
Diat~ed Wate.r 

Cells in 
Nutrient Solution 

Total F.i.Xa tiOn (dis ./mill• ) 
~Otel SOlUble Activity (dis./min.) 

Radioactivity in the :tol.l..Owing coJU,pOund.s 
as per cent of total soluble activity: 

Diphosphe.tes 
Uridine diphosphogl.ucose 
Hexose monophOsphatee 
Phosphoglyceric acid 
Glucose cyclic phosphate 

Sucrose 
Al.an1ne 
Aspartic acid 
S$7;1ne and gl.teine 
Citrulline 

'! Glutamic acid 
Malic acid 
~1q. acid. 
Unknown 1, probably amino acid 

f1 2, n· orsam.o acid 
It }, It It " 
" 4, f1 at1l:l.ao acid 
II 5, " sugar phosphate 
·II 6, fi n " 

1. s 9.e x o 

9·0 J( loS 

15.2 
2.1 

3().1 
6.5 
a.l, 

27.2 
4.6 
2.2 
'·1 

.3·5 
0.1 
0.5 
o.B 

._ ....... 
............... 

l.l 
o . .; 

Sugar phOsphates ea per cent .of total soluble 
radl.oactivity 57·4 

Amino acids es per cent of total. soluble 
radioact.ivity ll.O 

17.4 X loS 

14.4 lC loB 

3·3 
3·5 

35.6 
4.3 

2.0 
19.8 
15.1 
5.0 
2.7 
o.ol 
o.o7 
---
o.$5 
0.88 
2.3 

2.8 
0-95 
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~n 

E:ffect of the individual salts of the nutrient solution on the total uptake and distribution of 
carbon-1~- during photo<>ynthesis in Chlorella. 

1.0 ml. of 1 per cent Chlorella suspension in distilled -wate.l·. .A:fter 10 m:1n. adaptation 
time on the shaker, 50 J.ll. aliquots of the appropriate solutiOnG ilere added and the e.dapta:tion 
continued for another 10 min. The radioactive bicarbOnate; (~0 11C.) vas then added, followed 
by 4 rnl. of boiling ethanol after 2 min. Tl1e pH of the added salt solutions was 5. 3 in all 
cases. 

Cell sus.peusion medium 

., 

Distille(l 
water 

0.012 M. o.ooEM. 0.012 M. o·~ol M. Nutrient 

6 Total fixation (dis./min. x 10- } 
Total soluble radioactivity . 

(dis./min.· x 10-6 ) 

5·15 

4.07 

KNOs 

5·70 

4.50 

Total radioactivity (as per 

Diphospl:.tates 

ce.nt of' total soluble radioactivi-ty) 

Uridine diphosphoglucose 
Hexose mouophospha,te 
Phosphoglyceric o.cid 
Glucose cyclic phosphate 
Sucrose 
Alanine 
Serine 
Azpartic acid 
Glycine 
Malic acid 
Glycolic acid 
\f&Umar1c acid 
Glutam:i c OO...d 
UK 1, pt-obably sugar phosphate 
UK 2, pl"Obobly sugar phosphate 

Sugar phosphates (as per cent of total 

22.4 23·3 
2-4 1.8 
~f.l 28.6 
9·3 9·5 
2.0 

9 .:; 9·6 
2-9 7.0 
1·3 2.1 
0.56 2.6 
0-59 1.1 
2.4 7·5 
0.52 1.6 
3·9 ~-5 

0·.23 
4.2 

2.5 
0.26 

soluble radioactivity) 77.6 
Amio.o acids (as per cent of total 

66.0 

12.8 soluble radioactivity) ).h 

~04 KNOs + Ms$04 solution 

7.40 

6.28 

14.5 
2.5 

48.6 
14.5 
1.2 

l2.3 
2.; 
1.0 
0.24 
0.3J. 
1.2 
0-35 

0.18 
0.69 

ee·.2 

3-9 

o.oo8 M. 
KHeP04 

8.13 

7-03 

15·3 
1.7 

40.) 
14.3 
0.91~ 

ll+.O 
5·~ 
1.3 
1.6 
o.y.~ 

2.9 
0.16 
0.50 
0.68 
0.34 
0.60 

73·5 

9·1 

7-62 

6-55 

16.5 
2.6 

)6.6 
14,.0 
0.96 

13-7 
5-7 
1.2 
1.6 
o.6o 

. ~i .• l 
o.:;t~ 
0.7} 
o.61 
0-23 
o.~o 

'(1.4 

9·7 

7·47 

6.10 

22-7 
2,0 

21.0 
15·5 
Lo 

17-9 
6.9 
1.8 
1.9 

;.6 
0·55 
0·59 
0.88 
2.7 
0.67 

65}8 

11.5 



A. 

c. 

D. 

T.Jl..BLE Ill 

Effect of v-:arying the length of the adaptation period >dth B:llJlllOnium 
nitrate on total uptake of carbon-14 during photosynthesis in Chlorella 

3.0 ml. of 1 per cent ale,ra.l suspension. Photosynthesis 
time in the presence of U·co2, 30 sec. Adaptation period 
befo1·e inject.ion of Hco2, 30 min. Final concentration 
of ammonium ni t:rote, 0. 001 M. 50 J..l.]... Nalil.4 C03 edded 

.: (20 ~·). Total time elapsed between harvesting aud killing, 
2 hrs. 

Control (algae in 

Total fixation 
(d1E./min. X 1.0-S) 

distilled water) 2,800 

l.4C~ plus Nfi4N03 
injected simultaneously 3,540 

~N03 adaptation 
period of 50 min. 1~ J 070 

Cells in ~NOs during 
all rinsings, etc. 4, 710 

Soluble activity 
(per cent of t0tel 

fixed) 

90 

90 

91 

88 



•· 

'• 

Effect of potasaium nitrate .and an:monium chloride on total uptake 
and distribution of carbon-14 dUJ:ing photosynthesis in Chloreila 

LO ml.. of 1 per cent Chlorel.l.a suspensiOn. Photo
synth~sis time :1.n presence of "'"~>C, 2 min. Cells ori
ginally in distilled water and adApted on the shaker 
for 10 min. a·t; i-Thich t1me 50 IJ.] •• of distilled water 
{as control), NJ:4Cl solution (final concentration in 
algiu suspension, 0.002 M.), or KN03 aoiut16n (final 
concentration in al.geJ. suspension, 0.002 M.) were 
pipetted 1nto the separate vessels . . After a further 
period of 10 min. adaptation, the radioactive bicar
bonate (20 tJ.C. ) 'W'as added. The cells were killed by 
the addition of 4 ml. .of bOiling ethanol. 

Distilled 0.002 M. 0.002 M. 
wat.er 'it.Nt>i NJ4Cl 

Tot~ fixation (d1s./min. x 10-3 ) -6,700 7,000 18,500 

Total soluble radioactivity 
· (dis ./min. x 10""3 ) 5,~0 5,250 14,500 

Sugar phosphates (as per cent of 
total soluble fixation) 64.4 58.6 7·1 

.Amino acids (as per cent of 
total soluble fixation) 9·9 16.2 56.8 



TA»LE v 

ut>ect of potassium nitrate and ammonium chl.oride on total uptake and distribution of carbon-14 after v. 
'times of hotos thesis with lab-elled carbon dioxide .. 

l.O ml. of' 2 per cent Chlore a suspension o.o67 M. phosphate buffer, pH 7.0. Mt.er 10 m:l.n. 
adaptation, 50 fAl. of: the appropriate solution (water, ammonium chloride. or potassiUm nitrate; 
final conc~ntrations, 0.001 M.) were added, followed by another l2 min. of adaptation before 
the addition of' the labelled biearbonate (20 ~. ) . Photosynthesis times .with the carbon-14 were as 
indicated below. The cells were killed by the addi ti.on of 4 ml.. o:r boUing ethanol. 

I 

Incubation periods Total 

A) Controls 
5 sec. 

10 sec. 
30 sec. 
60 sec. 

120 sec. 
l8o sec. 

B) With ~Cl 
5 sec. 

10 sec. 
30 sec. 
60 sec .. 

120 sec. 
18o sec. 

C) With KD03 
5 sec. 

10 sec. 
30 sec. 
60 sec. 

120 sec. 
l8o sec. 

fixation 
(dis./min. 
X 10-3 ) 

Per cent of the total soluble radioactivity found in the more important compounds, 
together vith the total activities in the various groups of substances. 

Totals in 
( sugar-P e:miiio orge.ni.C\ 

acids acids PGA BMP 

84 
195 
908 

1.,8oo 
2,920 
3,900 

79 
2J.4 
970 

1,920 
3,330 
4,6oo 

92 
94 
92 
90 
84 
79 

8J.. 
74 
74 
60 
50 

42 

126 97 
246 92 
870 92 

1,530 88 
. 2,920 8o 

3,900 76 

3·0 
5·0 
7.0 
9·0 

7·0 
l2 
24 
33 
44 

4.0 
7-0 

13 
14 

1·0 
1·0 
4.0 
4.0 
4.0 
5.0 

18 
19 
l2 
13 
13 
14 

3·5 
3·7 
:;.o 
4.0 
5-0 
5·0 

73 
54 
30 
24 
17 
14 

l2 
29 
47 
50 
53 
47 

46 29 
35 31 
22 41 
18 32 
10 29 
7.0 24 

68 21 
51 .28 
29. 47 
22 48 
17 45 
14 42 

Di-P 
Ala

UDPG Sucrose Dine 

7·0 
ll 
1.5 
14 1.1 
ll 2.8 
14 ,.a 

6.0 
8.0 
ll 
9·0 

10 
9.0 

8.0 . 
13 
16 

1.2 
15 
2.0 

17 0.9 
16 3-0 
17 3-0 

o.:; 
2·5 
4.7 

l.O 
2.9 
2·3 
0.7 

o .. 4 
2.2 
4.8 

1.7 
3-6 
3-3 
4.3 

2.0 
6.0 

l2 
17 
22 

2.2 
4.0 
7.6 
8.0 

Aspar..: Glut- Ser.+ Citru
tate mate Qlyc. * lline 

O.l. 
0.2 
0.6 
1.2 

1.9 
;.2 
6.0 
5·0 

0.5 
1.0 
2.6 
:;.o 

0.2 

:;.o 
4.0 

o.6 
l.O 

.1.1 
0-9 
2.6 
2.8 

1.6 

:;.o 

1.2 
1.0 
1.6 
2.0 

2.9 
4.2 
4.0 
6.0 
4.-o 

* Not separated chromatograriically. 
Key: Sugar-P,. sugar phosphates; PGA, phosphoglyceric acid; liMP, sugar monophosphates; Di-P., sugar diphosphates; UDPG, 

uri dine diphosphogl.ucose; Ser. , serine;· Glyc. , glycine. 
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';CABLE VI 

Effect of ammonium ion on total take and -distribution of carbon .. ll.~ .· 
Chlorella ae suspended. in dis:tUled water and nutrient solution 

1.0 ml. 0.8 per cent Chlor~lle suspension. Suspension in nutrient. 
solution wae .pipetted directly fro.m the vessels in which the· algae 
were grown, '"hUe the cells in distilled water were centrifuged.· 
and rinsed tinee 1n distilled water bef'ore finAl resus;pension 1n 
dis tilled vrater. After 7 min. adaptation; 50 f.\l. Of 0. 042 M. N'J4Cl 
(final concentration, 0.002 M.) were ·added to the appropriate flesk.s 
and 50 j.d. of water e.dded to the controls • After 5 more min. , the 
radioa,cti ve bicarbonate (20 J,LC.) was added and photosynthesis Elllowed 
to continue for 2 min. before addition of 4 ml. Cif boiling alcohol. 

;t: Cells 1n Pistilled Water 

Controls NB4Cl 

Total fixation (dis./min. 
X 10-6 ) 

..,~- ... 

Total soluble ect1v1ty 
(d1s./m1n. x lo-~) 

Radioactivity in the tollowi.ng 
compounds as per cent ot total 
solUbie activity: 

5.11 

,.48 

Phos~hoglyceric acid 15.8 
Diphosphates 8.5 
Hexose monophosphates 53·5 
Uridine diphosphoglucose 2.2 
Malic acid 1.5 
Citri~ acid o.o 
Sucrose 12.7 
Aspartic acid 0.6 
Glutamic acid 0.1 
Serine and glycine 2.8 
Alanine 2.5 

Sugar phosphates (as per cent 
of total soluble activity) 

-,.a 
Amino acids (as per cent of 

total soluble ecti vi ty) 6. 0 
<!' 

6.95 

5·49 

13.2 
13.0 
28.6 
.2.6 

12.5 
o.7 
3·5 
5·0 
1.9 
5·9 

13.2 

Cells in Nutrient.Solution 

Controls 

3·85 

2-97 

9~1 
4.1 

45.8 
2.; 
6.1 
0·3 

ll.O 
5.2 
1.4 
6.2 
8.2 

21.0 

l~Cl 

3·99 

2.92 

10.9 
4.6 

4}.2 
2.4 
5·0 
1.1 
5·7 ,.a 
1.4 
5·3 

16.6 

61.1 
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TABLE VII 

Effect of mineral salts ~on the de.rk :fixation of ca~bon diexide 
in Cluorelia 

5. 0 ml.. of 2 per cent Cbl()rella. suspension in distilled 
-water in 25 nl.l6 Erlenmeyer :flasks. Shaken in complete 
derkness et 25 in air. After 15 min. the ap:proprie.te 
additions vrere made (250 fA· of each ~JOlution}, follow-
ed by 30 min. ef further edaptat1on 1 after which the 
ra010act1ve bicarbonate (100 ~·) was added. .Ai'ter 4 min. 
exposure to the labelled. carbon, the cells were kilLed by 
addition of 20 ml. of alcohol. 

Total activity 
fixed (dis·./min. 
X 10-3 ) 

Control N'IL.!,C;l. ~04 ~04 Nutrient Solution 
{0.002 M.) (0.008 M.) (0.01 M.) 

286 553 240 



Figure 1 

Effect of potassium nitrate and Bll'Il\1()nium chloride on the <Ustribution of 
carbon-ll~ during photosynthesis in Chlorells. 

For eJ..-perimental details, see Table IV. Key to abbreviations: UDPG 
ur1d1ne <llphosphoglucose; Di-P, sugar diphosphates; liMP, sugar mono
phosphates.i PEP, phosphoenolpyruvic acid; :PGA, phosphoglyceric acid. 
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Figure ~ 

Interrelationshipl3 between the cal:'Don reduction cycle and other metabolic pathways. 
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Footnotes _to p~e 1. 

. . * The work described in this paper was sponsored in part by the U. S. Atomic 

Energy Commission and in part by the Department of Chemistry, University of 

California, B'erlteley, California. 

** Present address; 

*** Rockefeller Foundation Fellow, 1957·58· Present address: Botanical Institute, 

Faculty of Science, Kanaza.wa. University, Kanazawa, Japen. 

**** Present address: 
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