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_EETECTS OF MINERAL SALTS ON.SHORT~TERM IRCORPORATION OF CARBON DIOXIDE IN CHLORELLA®*
0. Holm-Hansen®**, K. Nichida®**, V, Moses®*#** and M. Calvin

Radiation Laboratory and Department of Chemistry, University of Californié, Berkeley,

California

_ July 1958
Although the functions of the essential méjor elements in plant metabolism

have been studied for many years, little work has been done concerning the effect
of theée elements during short-term incorporation of radicactive carbon di@xide,‘
This mey be of some importence as it has been the general custom during ph@to-. .
synthesis studies in ihis laboratorylto suspend algee in various dilute buffer
solutions (Bassham, Shibata, Steenberg, Bourdoh, and Calvin, 1956; Barker, Bassham,
Calvin and Quarck, 1956) or in distilled water alone (Lynch and Calvin,l953; Norris,
Norris and Calvin, 1953), assuming that the salts remaining within the cells from
the time of growth in nutrient solution are sufficient in quantity for the cells
not to become defieient in one or more of the essential eiemﬁnts during the course
of the experiment. There are some indications, however, that the gddition of salts
to algee suspended in distilled water mﬁy have a rapid, pronounced effect on some

metabolic system within the plant. Thus, Clendenning, Brown and Eyster(1956) have

reported that Hostoe muscorum, if rinsed and resuspended in digtilled water, loses
most of 1ts photosynthetic éapacity,'which can, however, ie completely restored by
the addition of potassium ion in concentrations no greater than a few parté per

million. Also, K. Baalsrud (personal communicetion) found that the photosynthetic

rate of a marine diatom, when suspended in synthetic magnesium-free water, can be
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greatly inereésed by the sddition of magnesium salts.  In view of these ob-
servations it appeéred worthwhile to investigate the effects‘of the addition

of the esseatiai??i#zgzle photosynthesis experiments in uhich_thé cells 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 apd Calvin, 1958a; Bassham,
Beneon, Kay, Harris, Wilson and Calvin, 1953), the cells were suﬁpendéd in distilled
water and kept under constaent conditions of temperature, lightiﬁg and serstion for
periods of up to 30 minutes or more before the radioactive carbon dioxide was intro-
duced in order to ach%éve a'"stea&y internal metabolic state.” In experiments

1% pre short, the possibility

in which the adaptation time and the exposure time to
of a deficeiency of one 6r more mineral elements affecting the pattern of.lhc in-
corporation is slight, bui in longer term experiments-extending for an hou: or more,
the probability increases of such a deficiency occuring when cells are suspended

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 theé metabolie

pathways of cerbon not involved in the carbon eycle itself, such as the incorpore-
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 major mineral elements,
both singly and in combination, on the incorporation of radiocarbon in both iight
and dark in Chlorella. The effect of the ammonium 1on; though not a constituent éf

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

METHODS

The algé Chlorella pyrenoidosa was grown in bactefia-free culture in steady~.

growth tubes under conditions previously described (Holme-Hansen, Hayes"and Smith,

1956). The composition of the nutrient medium was as follows: KNO3, l.2x IO‘QM.;
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Mgs0y, 1.0 x 1072 u.; KH PO, 8 x 10™3u. ; Ca(NO3)2, 1x 1o-hm._'_';.x‘e (as the ferric-
EDTA eomplex), 5 P-peB.; B (as H3303) and Mn (as MnCly), 0.5 p.p.m. each; Zﬁ (as
ZnSOh), 0.05 pfpf m.; Cu (as CusSO,), 0.02 p.p.m.; Mo (as MOOB) and Co (a8 CoCly),
0.0l p.p.m. eech. Samples were drained from the tubes and either pipetted into
the small vessels used in the actual photosynthesis test, or centrifuged, rinsed,
and resuspended in a variety of solutions prior to being pipetted into the small
vessels., The construction and functioning of the spparatus which was used for the
exposure of the algal cells to radiocarbon has been described elsewhere (Moses,
1957; Moses and Calvin, 1956b). The algal suspension (1.0 ml.) wes.contained in
a cylindrical vessel which had a flat, optical-glass bottom and which was equipped
with a glass top containing aseration and venting tubes; these flasks, which were
- partially submerged #n a‘water bath, vere mechanically shaken over a benk of fluor-
escent lights which 1lluminated the algal suspension with an intensity of approx-
imately 2,000 f.c. The shaker held 12 such flasks, which enabled many parts of any
one ex@erimenf to be performed simultaneously. After a certaln period of adapta-
tion of the shaker, during which time 1 per cent (v/v)CO2 in air was flushed
through the vessels, any desired additions were pipetted directly into the.algal
suspension, following which 50 ul. of 0.026 N.*NaﬁthQB (400 ue/ml.) were added.
After varying periods of photosynthesis with the 1abelled'carb9n, 4 mi. of boiling
absolute ethanol were added to kill the cells. After extraction with 80 percent
end 20 per cent ethanol, the total insoluble cell material was centrifuged and
discarded. The alcoholegoluble fractions were coﬁbined and concentrated by'vacuqm"
distillation at room temperature. Small samples of the extracts were then chromat-

Bassham, Calvin, Goodale, Haas and Stepka
ographed as described by Benson(1950) using phenol-water as the first solvent and
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gfbutanol-propionic acid-water in the second direction. The locations on the"
paper of spots containing radioactivity were detected by autorédibgraphy. Thé
activity inreach spot was eounted.by'means of a Becott type Geiger-Mﬂller tube

with a thin (1 mg./em.?) "Myler” window. In experiments desling with respiration
or with the incérporation of l“coz in the dark, the algal suspensions were cona
tained either in Werburg vessels or in 10 ml. Erlemmeyer flgsks and gere shaken-inﬁ
the Warburg respirometer vhile in complete darknesaf- Tﬁe killing prbceau#é and

subsequent manipulations of the extracts were the seme as with'saﬁples'ih,fhe 1ight.
RESULTS

Nutrient solution and distilled water. The results from one typical experiment com-

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

1k (Please insert Table I near here.) .
The total firation of CO by the algae in nutrient solution was incIEased by

89 per cent over that in the controls with 4istilled water. The patterns of ine
corporation of lhC geen on the developed chromatogran differed mainly in a de-
creased activity in the cugar phosphates in the nutrient solution sample ( 50 per
cent of the total soluble lhC in the nutrient solution compared with‘57 per ce#t
in distilled vater) end a large increase in the activity 1nco£porated {nto the amino -
aelds., It should be borne in mind that the figures for the 1ncorpora£ion of‘lhc in.
the individual compounds sre in terms of the percentage of the totaIIBOLuble %hc |
in the extract which is present in that compound. Thus, when the totel fization
is different in two samples, the per cent of activity in any one ccmpound may be
equal in both the samples, though the absolute emounts may vary considerably. T&us,
the sugar phosphates decreased in percentage of the total activity fixed; but tﬁg
absolute amount increased from 5 x 106 ais./min., to 7.2 x 10° ais./min. X
To determine which of the saits in thé nutrient medium was having an enhanciﬁg

effect on the fixation, and also which were affecting the distribution patte?ns
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of the carbon, the same type of experiment was carried out with the individual
galts of the nutrienf solution., The micro-elemmnts boron, manganese, molybdenum,
zinc, copper, cobelt, and also iron and calcium, were not further examined as it
wag considered extremely uwalikely that a deficiency for any one offthese elements
could be elicited by the procedures used. The results are shown in Table II. It

A (Plesse insert Table II near here)
is seen+that the fixafion in ﬁutrient‘solution'was significantly higher than that
in distilled water (increased by 45 per cent), and that the separate additidéns of
potassium nitrate, potassium dihjdrogen phosphate, and magnesium sulphate all ine
creased the fixation, the latter two causing approximately the same fixation as the
complete nutrient solution. The figures showing.the per ¢ent of the sctivity in-‘
corporated inte the sugar phosphatesrand into the amino acids are interesting in
that, compared with the controls,the addition of potassium nitrate increased the
activity in the amino acids and decreased it in the sugar phosphates, while the

phosphate

addition of potassium dihydrogen/had Just the reverse eifect, i.e., the activity
in the sugar phosphates was high while the activity in the amino acids vas de-
craased. Other experiments using potassium clhiloride, sodium nitrate, and sodium‘
dihydfogen phosphate indicated that the potessium ion wes without effect, and that
the nitrate and phosphate groups/:Z:;onsible for the observed effects. It is not
surprising that responees were elicited by the addition of nitrogen and phosphorous
salts, s these are usually the first elements which apparently become limiting
for algal growth both in the laboratory and in their natural habitat of lakes and
streems (Gerloff and Skoog, 1954). If the cells are short in their supply of nitro-
gen end phosphorous, the effects noticed are just those which would be expected to

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

radioactivity from the sugar phosphates to the amino acids.



)

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

sugar phosphates to amino acids, ete., then it might be expected that ammonium

ion would have a much greater effect in these short-term experiments than nitrate,
due both %o its more rapid penetration into the algal cellé and to the fact that
it ‘alreedy is reduced and can be utilized directly in smination reactions (Syrétt,
1956). Meny preliminary experimeﬁts bore out the suggestion ihat ammoﬁium nitrate
might have & marked effect 6n the fixation of carbon. In Teble III is shown thg

(Pleaselinsért Table IIT neéar here)

- effect of emmonium 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
the addition of the raedioactive bicarbonate. The time of exposure pq,ihe lhC Was
the same in all cases, namely 30 sécoﬁds, The l&hger;tﬁe‘period of contac£ with
ammonium nitrate before the addition of the lhc, the greater waé the amount of.
carbon aioxide which was fixed; ammqnium nitrate still had a noticeablé'effect

on the total fixastion and pattern of 1hC distributipn even when added simultan«
eously with the bicarbonate.

To separate out the effects of nitrate and ammonium. ions, fﬁe effect of
potessium nitrate and ammonium chloride were studied individually. The data
presented in Table IV and Fig. 1 show the effects of nitrate and ammonium ions

i : (Plegse insert Table IV and Fig. 1 near here)
on the total fixatlon and distribution of the lhc compared with alghe in distilled
water, Ammonium ion increased the total fixastion almost ihreefold,'while nitrate
did not increase 1t significantly. The distribution of the carboni(Fig; 1) was
markedly affected in the cells suppliéd with ammonium ion, as can be seen from
the percentage of the total fixed activity incorporated into the sugar p&osphateé

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

photosynthetic intermediates (sugar phosphates) decreased from 64 per cenﬁiinl
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distilled water to 7 per cent when ammonis was present, ﬁhile‘thé activity in
the amino acids 1ncreased from 10 per cent to 57 per cent. . Nitraté hed a similar,
though much less marked effect..

Data showing the incorporation of carbon dioxide with varying times of ex-
posure to the lhc from five seconds to three minutes are presented in Table V.,

(Please insert Taﬁle V near here)

In this:experiment the presence of ammonium fon agsin 1ncreésed the total fixation
of Lhg (by 5~10 per cent ), but not to the same extent as in previous experiments.
There was no significant différence in the total fixation between the controls in
distilded water and the cells suspended in nitrate. The distribution patterns of
the incorporated lhc were similar to those reported in previous experiments in

that the additiosn of ammonium ion caused a greater percentagé of the activity to

be ifcorporated into the amino acids at the expense of the sugar phosPhateé, The

14
patterns of C in the presence ¢f pitrate ion seemed to be intermediate between
the controls and ammonium-sgmples as they too showed some shift of amctivity from

the sugar phogphates into the emino agids, dbut not nearly to the same extent
1k

eg in the presence of ammonium ion. The ~ € content of the organic acide w&s

also inereased in the presence of sdded ammonium. \
In order to determine vwhether the effect of ammonia on cells suspended in

distilled water wns due to the degree of nitrogen starvation, or to a mmNPSpeckfic

effect of ammonium ions per se, the incorporation patterns of lucoa in the .

presence of ammonium chloride were éxsmined in cells still suspended in the origfpal

3
\
\

nutrient solution, as well as in those in distilled water. Cells were removed
from the culturing vessel and a& rapidly as possible were placed in the photo- 3
synthesis vessels ﬁithout any intervening centrifugation. Ammonium chloride was \

. ik
added to half the samples, and the cells photosynthesized in the presence of CO

i L
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for two minutes. PFurther aliquots of the cells from the culture vessel were
centrifuged, washed, and resuspended in distilled water at the same coﬁcentration
as those s8till in nutrient solution. After seven minutes of pre-adaptation, these
cells were also exposed to . hCO for two minutes in the light in the presence and
sbsence of ammonium chloride. Table VI shows that the cells remaining in nutrient

(Please insert Teble VI near here)
medium demonstrated little change when ammonia was added, vhile those in distilled
water exhibited contrasting patterns in the presence and absence of ammonium_chloride
typicael for this situation (Table V). The effect of ammonia on the photosynthetic
incorporation patterns of ltha is thus primarily éhresult of nitrogen deficiency
in the cells, and not/zfspecific effect of the ammonta itself. |
Dark fixation of carbon dioxide. There exists the possibility that the enbancement

of the fixation of +YCO

o by the addition of mineral salts may not reflect a photo-
synthetic uptake of carbon dioxide, but may merely be brought sbout by one or more
dark reections. To test this possibility, the effects of the various salts hither-
to mentioned were examined for their effect on the dark fixation of radiocactive
bicarbonate. The results are shown in Table VII. It is seen that ammonium chloride
(Please insert Table VII hefe) |
increased thé'fixation about fourfold, while potassium dihydrogen phosphate, magnesium
éulfate and nutrient éolution also increased it by varying emounts. Even though
ammonium chloride increased the fixation foﬁi times the amount fixed was still
relatively small compsred with the usual light fixation value (5 x 10% dis./min./
min. of incubation /ml cells iﬁ the dark versus 900 x 106 dis./min./min. of photo-
syntpesis/ml. cells). The gquantitative aspécts of this dark fixation invalidate
the hypothesis'that it is dark fixation reactions alone which account for the en-
hanced uptske of carbon dioxide in the light upon addition of the wvarious salté.'

As the petterns of th discussed hitherto reflect the interactions of the photo-

synthetic cycle and the respiratory mechsnisms, it was also of importance to
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ascertain if the salts under consideration had any ef®ct on the respiration rate
of Chlorella. This was tested by the ususl menometric methods (Umbreit, Burris
and Stauffer, 1949) and 1t was found that the addition of ammonium chloride did
increase the dark respiration rate by about 80 per cent {cf.(Syrett, 1353), 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 this paper demonstrate that the total fixation of
radiocactive carbon dioxide, as well as the pstterns of lhc incorporation, by a
suspension of Chlorella cells in distilled water may be altered by the ‘addition

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

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

1dcorporation of the labelled carbon into amino acids, esPecially aspartate,

‘glutamate, alanine, glutamine, snd citrulline, and to a lessér degree, in#o the

organic acids such as citric, fumafic, melic, etc. There is cthomitant;y a de-

crease in the lhc usually found in the sugar phosphateé and.in'sucrose.‘ The inter-

relationships of some of the metabolic pathways invo;#ed hefe may be 1liustrated

by Fig. 2. The addition of emmonium ior'{, ;nd, to & lesser éxﬁegi; nitrate ion,."
{Please insert Fig. 2 near heré) - kR

accelerated the conversion of photosynthetic intermediafes‘intO'other'producﬂs as

witnessed by the increase in the ll‘c content of many of the organic acids and amino

o all
acids which are involved in, or formed by, action of the Krebs eycle. Although/the

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

ik :
edditlon of a nitrogen source increases the C incorporated into many amino acids,
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the quantitative results have not always been consistent ﬁiﬁh reéard:to an
" increase in totel fixation, or even at times, in increasing significantly thé
activity 1s some of the organic acids. The causes of these fluctuations are nof’l
undarstood, but may reflect some unsuspected variation in the growing conditions
of the algal cultures or in subsequent manipulation. |

The possibility exists that the addition pf these salts such as ammonium
chloride will cause an alteration in the pH of the medium which may pertislly,
et least, be responsible for beth the apparent increased fixation and cnanges
in the pattern of carbon dioxide incorporation. According to Ouellet and Benson
(1952), the pH reglon for meximum photosynthetic activity in Scenedesmue (and 1t
can reasonebly be assumed that the eaﬁe.wili'hclq aﬁproximapely true for Cﬁlorella)
was between 6.0 and 9.0, with decressed .~act1v1t5} in either more meidic or more -
alkaline conditions. Further, at lower pH's (2¢Qf3.b),;thé:ma4n change in the
distribution patiern of the lhc was an iﬁcrease inAihe gétivif& in sucfose,'poly-
saccharaide material, alanine, and serine. At hign'pH*si(lo),”incofﬁoration into
aspartic acid was favoured. The effects of saltévdiscﬁésed in this paper thus do
not f£i% into the predictions of a pH effect, either mtﬁ regard to the total fix- -
atiﬁn or to the distributipn of the raiiocarbon. In the experiment désc&ibe& in -
Table II the pH of.all the added salt solutions had been adjusted to pH 5.3.
After flushing the slgal suspension with 1 pér cent COo-in-alr 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 in the pH can be expected
from the addition of the bicarbonate (pH about 8.8), but this should be small cone
eidering the volumes and molarities involved. Another point that wanmmnts further

1k

mention is the possibility that the total fixation of ~'C is not indicative of the

absolute rate upon different treatments within any one experiment. It may simply
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reflect differences in the size of the reservoir of unlabelled carbon dioxide

due to changes in pH, ionic strength, etc. This will undoubiedly have some effect
in the samples with smmonium chloride, but it cannot be of much importance in ex-
periments such as shown in Table III, where the pH values ere all quite similer.

It has been regularly noticed in other experiments that when Chlorella or-
Scenedesmus were suspended in distilled water and the rate of photosynthesis
continually measured in the steady-state apparatus (Wilson end Calvin, 1953;
Bassham, Sﬁibata and Calvin, 1955), the rate of photosynthesis decreased about
5«10 per cent per hour (personal communication from J.A. Baseham). 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—state"
as employed in this laboratory (Calvin and Massini, 1952) means that the concenw
trations of the intermediates and enzymes involved in the carbon reduction cyecle
remain‘constant and édo not change during the course of the experiment. There is
thus no assumption inherent in this definition that all the other metabolic processes:
are in a "steady-state” during the experiment.' It is possible to eonceive of
changes occurring -in some of the other metabolic pathwaya.while the phd@qsynthetic |
cycle itself fs not materially 1nE1uencéd._ Thus, thé{results'préséntediin this
peper show that some metabolic pathways mey be influenced by'the aeddition of sa;ts,‘
without greatly affecting others, particularly the pattern of compounds of the
photosynthetic cycle. It is obvious that in time all photosynthetic activity will
Witimately cease after the cells are placed in distilled water, but the time at
which the first effect would be noticeable in the phbtosynthétic intermediates
cannot easily be predicted.from these results. It appears that there is no major

change in the photosynthetic pattern in as long as en hour or more.
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Thus, if one wished to obtain the best reproducibility from experiment to

experiment, it would be advisable to eliminate this possibility of mineral salt

deficiency by sdspending the cells in dilute nutrient medium of some sort. The

sddition of sslts to the suspension complicaetes the subseqﬁent chromatography, but
we have found that, using the standard nutrient solution, one csn place on the chro-
matogram origin at least 100 ul. of the nutrient medium. Using the amount of 1%CO,
commonly employed, the limitation caused by this volume of‘extract is not serious
with photosynthesis times of half a minute or more, as them is enough fixgd acﬁivity
in saﬁples_of this size to give goéd redicautograms 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 ad-

visable to use a mgdium of distilled water elone, 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 conditions for the cellé following their removal from the culture
vesEls would be to take them directly out of the gro&th tubes or flasks, pipette
samples 1m@ediately into the small éhaking vassels described previousiy, flush with
the same eerating mixture ss is used in all the grovth vessels, a@.inject the labe
elled bicarbonste in the usual fashion. This technique qpﬁld'avoid the production

tPansient ’ :

of unknown/phenomena which can be expected to occur {f the suspension is flushed
Vith air, nitrogen, etc., immediatelyﬂbefore addition of the bicarbonate. ' This

procedure would also eliminate the intervening centrifugations and other manip-

ulations which are liable to have unknown effects on the metabolic activities.
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The experiments described in this paper provide some insight into the
capacity of Chlorella cells for the storﬁge of such basic raw materials as
nitrogen and phosphorous compoundé. Thie capacity aﬁpears to be gmitéAsmall,
for within a short time {ebout 30 ﬁinutes) following the réﬁovél of ‘the élgal
cells from the complete culture meéium, éigﬁs of nitrogen(nitrate)and phosphor-
ous (phosphate) deficiency can be observed when the cells are placed in conditions
suitable for the rapid photosynthetic assimilat;on of carbon dioxide.  Uhder .
optimal conditions newly assimilated carbon 15’presumabli-immeaiately éonyerted
to storage materials (polysacchariide) and to general cellular constituents, pertic-
uiarly protein, and the intraceilular concentrations of soluble metabdlic intgf;_
mediates remains at a fairly low level. A deficiency of phosphorous, and espeémny
of nitrogen, vhich are macro-constituents of cells, would limit msny of the bio~
synthetic activities and lead to an accumulatiOn'of'intermediates on the synthét@c
pathways, unless the assimilation of carbon dioxide were curtaiied,- Experiments |
have shown that both these effects can be demonstrated: when cells a?e suspended
in media contain;ng ommonium or nitrate ions there is an enhanced total fixation
of lucozland a relative increasse in amino acids with a corresponding fall in the
§er cent of the activity in the suger phosphateés, compared with cells in disfilled .

water.



TABLE I

Effgect of nutrient solution on total uptake and distribution of
carbon-i4 during photosynthesis in Tella

1.0 xl. of 1 per cent Chlorells suspension in distilled

water. After 10 min. E@aptation, 50 pl. of concentrated

nutrient solution (finel concentration equal to the usual

growth medium) were sdded to the appropriate flasks and

50 pl. of water added to the controls. After enother

. additional 10 min., the radicactive bicarbonste (20 u.)
was added end photosynthesis allowed to continue for 2 win.
before addition of L ml. of boiling ethsnol.

Cells in | Cells in

Distilled Water Nutrient Solution
Total Pixation (dis./min.) 9.2 x 108 17.5% x 10°
Total Soluble Activity (dis./min.) T 9.0 %108 Cakh x 108

Radiocactivity in the following compounds
ag per cent of total scluble activity:

Diphosphates 15.2 3.3

Utridine diphosphoglucose 2.1 . 3.5

Hexose monophosphates 30.1 3.6
Phosphoglycexric acid. 6.5 k.3

Glucose cyelic phosphate 2.1 2.0

guerose 27.2 19.8

Alanine 4.6 15.1
Aspartic acid 2.2 5.0

Serine and glycine 3.7 2.7
Citrulline e 0.01
< Glutemic acid ' — 0.07
Malic 801(1 %.5 -
L 0.1 0.8
0.5 0.68

2, erganic acid 0.8 2.3

- T - —

° I, " amino acid - 2.8

" 5, " sugar phosphate 1.1 0.95

" 6, 1 n 1] 0.3 —

Sugsr phosphates as per cent of total scluble
radiocectivity 57.4 -49.8
Amino acids as per cent of total s¢luble

radioactivity 11.0 26.5




TABLE II ' . .,

Effect of the individual selts of the nutrient salution on the total uptake and distribution of
carbon-l4 during photosynthesis in Chlorella

1.0 ml. of 1 per cent Chlorella suspension in distilled water. After 10 min. adaptation

time on Uthwe shaker, 50 wl. sliquots of the appropriaste solutions were added and the edaptation
contlnued for another 10 min. The radieactivg bicarbonate (20 pC.) was then added, followed
by 4 ml. of boiling ethanol after 2 min. The pH of the added salt solutions was 5.3 in all

cases
- Cell suspension medium
Dictilled T0.012 M. 0.008 H. 0.012 N. 0.01 B. utrient
water KOs KHoPO, KNO3 + = NMgS0y4 solution
0.008 M. e
KB-PO,
Total fixetvion {dis./min. x 10-°) 5.15 5.70  _  T.hO 8.13 7.62 7.47
Total soluble radicactivity ) ’
(le./min x 10’8) 4.07 k.50 6.28 7.03 6.55 6.10

Totel radicactivity (as per cent of total soiuble radioamctivity)

Diphosphates 22.4 23.3 1.5 15.% 15.5 22.7
Uridine diphosphoglucose 2.4 1.8 2.5 1.7 2.6 2.0
Hexose monophosphate 7.1 28.6 48.6 40.3% 36.6 21.0
Phosphoglyceric acild 9.3 9.5 1.5 .3 14.0 15.5
Glucose cyclic phosphate 2.0 - 1.2 G.94 0.96 1.0
Sucrose 9 .3 9.6 12.3 1h.0 13.7 17.9
Alanine 2.9 7.0 2.3 5.2 5.7 6.9
Serine 1.3 2.1 1.0 1.3 1.2 1.8
Aspartic aecid 0.56 2.6 0.24 1.6 1.6 1.9
Glyeine 0.59 1.1 0.31 G. 5 0.60 -
Malic acid 2.4 7.5 1.2 2.9 Thad 3.6
Glycolic acid 0.52 1.6 0.%5 0.16 0.3k 0.5%
Bumaric secid 3.9 1.5 .- 0.5¢ 0.75 0.59
Glutamic =d — . - 0.68 0.61 0.88
UK 1, probsably sugar phosphate 0.23 2.5 c.18 0.3 0.23 2.7
UK 2, probably sugar phosphate 4.2 0.26 0.69 0.60 0.50 G.67
Sugar phosphates (as per cent of total )
soluble radiocactivity) 77.6 66.0 & .2 73.5 71.h4 6538
Mmine acids {as per cent of total :
soluble radlosctivity) 5 12.8 3.9 9.1 9.7 11.5




TABLE IIX

Effect of verying the length of the adaptqiﬁion period with ammonium
nitrate on total uptake of carbon-1h during photesynthesis in Chlorella

3.0 ml. of 1 per cent algal suspension. Photosynthesis
time in the presence of 14C0,, 30 sec. Adaptation period
before injection of *%C0z, %0 min. Finel concentration
of emmonium nitrate, 0.COL M. 50 ul. NeR*™COs edded
! (20 uC.). Totel time elapsed between harvesting and killing,

2 hrs.
Total fixation Soluble activity
(dix./min. x 10°%) (per cent of totel
fixed)

Control (algee in

distilled water) 2,800 90

3400, plus NH KO,

injected simultaneously 3,540 90

NH,NO5 edeptation : :

period of 30 min. 4,070 . 91

Cells in NH,NOg during A :
all rinsings, etc. L, 770 . _ &8




TABLE IV

Effect of potessium nitrate and emmonium chloride on total uptake
and distribution of carbon-li during photosynthesis in Chlorella

1.0 ml. of 1 per cent Chlorella suspension. FPhoto-
synthesis time in presence of *2¢, 2 min. Cells ori-
ginally in distilled water and adapted on the shaker
for 10 min., at which time S50 wl. of distilled water
(as‘controls, NH4Cl soclution (final concentration in
algael cuspension, 0.002 M.), or KNOs solution (final
concentration in elgal suspension, 0.002 M.) were
pipetted into the separaté vessels. After & further

© period of 10 min. sdeptation, the radiovactive bicer-
bonate (20 pe€.) was added. The cells were killed by
the addition of 4 ml. of boiling éthanol.

3

Distilled  0.002 M.  0.002 M.

. water £10z NEC1
Total fixation (dis./min. x 107%) = 6,700 7,000 18,500
Total soluble radloactivity
» (d1s./min. x 107%) 5,320 5,250 14,500
. Suger phosphates (as per cent of
totel soluble fixation) 6.k 58.6 7.1

Anino acids (as per cent of | :
total soluble fixation) 9.9 16.2 56.8




TABLE V

Effect of potassium nitrate and ammonium chloride om total uptake and distribution of carbon-li after varying
times of ghotosynthesis with labelled carbon dioxide.
1.0 ml. of 2 per cent Chloreila suspension in 0.067 M. phosphate buffer, pH 7.0. After 10 min.
adaptation, 50 ul. of the spproprieste solution (weter, smmonium chloride or potassium nitrate;
final conrcentrations, 0.001 M.) were added, followed by another 12 min. of adaptation before
the addition of the labelled bicarbonate (20 pC.). Photosynthesis times with the carbon-lk were as
indicated below. The cells were killed by the addition of L ml. of boiling ethapol.
]

Incubation periods Total

fixation Per cent of the total soluble radiocasctivity found in the more importent compounds,
(ais./min.  together with the total activities in the various groups of substances.
x 107%) Totels in
[ sugar-¥ amino 3?&;552\ » Ala- Aspar- Glut- Ser.+ Citru-
acids acids PGA HMP Di-P UDPG Sucrose nine tate mete CGlyc.* lline
4A) Controls s
5 gec. 84 o2 7.0 73 12 7.0
10 sec. 195 9h 7.0 5k 29 11
30 sec. 908 - 92 3.0 4.0 30 &7 15 1.7 0.1 1.1
60 sec. 1,800 90 5.0 4.0 24 50 14 1.1 0.3 3.6 0.2 0.9
120 see. ,920 8y 7.0 4.0 17 53 1 2.8 2.5 3.3 0.6 2.6
180 sec. 3,900 79 9.0 3.0 14 W7 1k 3.8 h.7 b.3 1.2 0.2 2.8
B) With NH,C1
5 sec. 79 & 18 46 29 6.0 '
10 sec. 21k (e 7.0 19 3» 31 8.0 2.0 2.9
30 sec. 970 Th 12 12 22 42 11 1.0 6.0 1.9 L2
60 sec. . 1,920 60 2k 13 18 3R 9.0 1.2 2.9 12 3.2 1.6 4.0
120 sec. 3,330 50 33 13 10 29 10 15 2.3 i7 6.0 3.0 6.0
180 sec. 4,600 42 by 1h 7.0 24 9.0 2.0 0.7 22 5.0 4.0 3.0 4.0
C) With KNO,4 _
5 sec. 126 97 3.5 68 21 = 8.0
10 sec. - 2h6 92 3.7 51 28 13 _
30 sec. 870 92 4.0 3.0 29 &7 16 : 2.2 0.5 i.2
60 sec. 1,53 88 7.0 4.0 22 W8 17 0.9 Ok 4.0 1.0 1.0
120 sec. . 2,920 80 13 5.0 17 45 16 3.0 2.2 7.6 2.6 0.6 1.6
180 sec. 3,900 76 1h 5.0 1k 42 17 3.0 4.8 8.0 3.0 1.0 2.0
* Not SEPAY ated ChrOmato mcally

Key: Sugar-P, sugar phosphates; PGA, phosphoslyceric acid, HMP, sugar monophosphates; Di-P, sugﬁr diphosphates; UDPG,
uridine diphosphoglucose; Sexr., serine; Glye., glycine. :



TABLE VI

Effect of sumonium ion on totsl uptake end distribution of carbon-1h by
Chlorella agells suspended in distilled weter and nutrient solution

1.0 ml. 0.8 per cent Chlorella suspension. Suspension in nutrient.
solution was pipetted directly from the vessels in which the algae
were growh, while the ¢ells in distilled water vere centrifuged

and rinsed twice in distilled weter before final resuspension in
distilled water. After 7 minm. adaptetion, 50 pl. of 0.042 M. NH,Cl
(final concentration, 0.002 M.) were sdded t0 the eppropriate flasks
and 50 pl. of water added to the controls. After 5 more min., the
radioactive bicarbonate (20 uC.) wes added and photosynthesis allowed
1o continuve for 2 min. before addition of 4 ml. of boiling alcohol.

¢ Cells in Distilled Waﬁer Cells in Nutrient. Solution

Controls NECL Controls NE,CL
Total fixation -(dis./min.
x 1078) 5.11 6.95 3.8 3.99
Total soluble setivity

(d4s./min. x 10~8) 35.48 5.49 2.97 2.92

Radioactivity in the following
compounds as per cent of total
solublée activity:

Phosphoglyceric acid 15.8 13.2 9.1 10.9
Diphosphates 8.5 13.0 h.1 4.6
Hexose monophosphates 53.3 28.6 45,8 43.2
Uridine diphosphoglucose 2.2 2.6 2.3 2.4
Malic ecid 1.5 12.5 6.1 5.0
Citric acid 0.0 0.7 0:3 1.1
Sucrose 12.7 3.5 11.0 5.7
Aspertic acid 0.6 5.0 5.2 3.8
Glutamic acid 0.1 1.9 1.4 1.4
Serine and glycine 2.8 5.9 6.2 5.3
Alenine 2.5 13.2 8.2 - 16.6
Sugar phosphates (as per ceant
of total soluble activity) L
: 79.8 5Tkt #L.3 61.1
Amino acids (es per cent of
- totel soluble amctivity) 6.0 26.0 21.0 27.1




TABLE VII

Effect of mineral salts upon the derk fixetion of carbon dioxide
in Chlorelia

5.0 ml. of 2 per cent Chlorella suspension in distilled
weter in 2% ml, Erlemmeyer flasks. Sheken in complete
“derkness at 25 4n air. After 15 min. the appropriate
edditions were mede (250 ul. of each solution), follow-
ed by 30 min. of further adaptation, after which the
radioactive bicarbonate (100 pC.) was added. After 4 min.
exposure to the lebelled carbon, the cells were killed by
addition of 20 ml. of alcohol.

Control  NH4 C1 KH,PO, = MgsSO, Nutrient Solution
(0. ooe M.)(0. 008 M.)(O o1 M.)

Total activity
fixed (dis./min.
x 1079) 192 . 788 286 553 240




Figure 1

Effect of potassium nitrete and smmoniuwm chloride on the distribution of
carbon-1ll Guring photosyathcsis im Chlorells.

For experimentel details, see Table IV. Key to ebbreviations: UDPG
uridine diphosphoglucose; Di-P, sugar diphosphates; HMP, suger mono-
phosphates; PEP, phosphoenolpyruvié scid; PGA, phosphoglyceric acid.



Figure 2

Interrelatlonships between the carbon reduction cycle and other metabolic pathways.
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