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Although the functions of the essentisl major elements in plant metabolism

have been studied for many years, little work has heen done concerning the effect
of these elements during short-term incorporation of radicactive carbon dioxide.
This may be of some importance as 1t has been the general custom during photo-
gynthesis studies in this laboratory to suspend algse in various dilute buffer
solutions (Bassham, Shibeta, Steenberg, Bourden, and Calvin, 1956; Barker, Baesham,
Calvin and Quarck, 1956) or in distilled water alone (Lynch and Calvin,19%3; Norris,
Norris snd Calvin, 1953), assuming that the salts remaining within the cells from
the time of growth in nutrient solution are sufficient in quanti'éy for the cells
not to become deficient in one or more of the essentlal eiemmts during the course
of the experiment. There are some indications, however, that the addition of salte
to algee suspended in distilled water may have a rapid, pronounced effect on some
metabolic system within the plant. Thus, Clendenning, Brown and Eyster(1558) have

reported that Rostoc muscorum, if rinsed and resuspended in 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, K. Bsalsrud (personal communicetion) found that the photosynthetic

rate of a marine dlatom, when suspended in synthetic magnesium-free water, can be
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grestly increased by the addition of magnesium salts. In view of these ob-
servations 1t appesred worthwhile to investigate the effects of the sddition

of the essentia.];lienme:;;se photosynthesis experiments in which the cells are kept
in distllled water for varying periods of time,

In much of the work dealing with the path of cerbon during photosynthesis
(Benson, Kewsguchi, Hayes and Calvin, 1952; Moses end Calvin, 1958a; Bescham,
Benson, Kay, Harris, Wilson and Calvin, 1953), the cells were suspended in distilled
water and kept under constant conditions of temperature, lightixig and serstion for
pericds of up toc 30 minutes or more before the rediocactive carbon dioxide was intro-
duced in order to achleve s "steady internal metabolic state.” In experiments

l‘c are short, the possibility

in which the sdaptation time and the exposure time to <+
of a defficiency of one br more mineral elements mffecting the pattern of 1110 in-
corporation is slight, but in longer term experiments extending for amn hour or more,
the probability increasses of such s deficiency occuring when cells are suspended
solely in distilled water. This poesibllity of such a mineral deficiency would be
of particular interest in those studlies which purport to show same of the metabolie
pathways of carbon not involved in the ecarbon eyele itself, such as the incorpore-
tion of carbon into pigment systems (Blass, 1957), or the intermction between the
respiratory end photosynthetic pathways (Benson and Calvin, 1990; Calvin and Massini,
1952). This paper reports the effecte of the effects of the ﬁajor mineral elements,
both singly and in combination, on the incorporation of radiccarbon in both light
and dark in Chlorella. The effect of the ammonium ion, though not s constituent of

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

METHODS

The a.laé Chlorella pyrepoldosa was grown in bacteria-free culture in steady-

growth tubes under conditions previously described {Holm-Hansen, Hayes and Smith,

1656). The composition of the nutrient mediwm was as follows: KED3, l.2x lO'EM.;
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Mg0y, 1.0 x 1072 M. KE,PO, 8 x 1073.; Ca(NOy)y, 1 x m‘hx.; Fe (as the ferric-
EDTA complex), 5 p.p.m.; B (as H3BO3) and Mn {(as MnClp), 0.5 p.p.m. each; Zn (as
ZnS0y), 0.05 pfp; m.; Cu (as CuSQy)}, 0.02 p.p.m.; Mo (as moog) and Co (es CoCly),
0.01 p.p.m. each. Samples were drained from the tubes and elther pipetted into
the small vessels used in the sctual photosynthesis test, or centrifuged, rinsed,
and resuspended in a variety of solutione 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 Celvin, 1958b). The algsl suspension (1.0 ml.) was contsined in
& cylindrical vessel which had a flat, optical-glass bottom and which was equipped
with a glass top containmg seration _and venting tubes; these flaske, which were
- partially submerged dn a water bath, were mechanicelly shaken over s bank of fluore
escent lights which 1lluminated the algal suspension with en intensity of approx-
imetely 2,000 f.é. The shaker held 12 sueh flasks, which enabled many perts of any
cne experiment to be performed simultanecusly. After a certain period of adepta~
tion of the shaker, during vhich time 1 per cent (v/¥)C0, in air vas flushed
through the vessels, any desired additions were pipetted directly into the algsl
suspension, following whieh 50 ul. of 0.026 N.-NaHmcEB (400 pe/ml.) were added.
After varying periods of photosynthesis with the lebelled carbon, 4 ml. of boiling
absolute ethanol were added to kill the cells. After extraction with 80 percent
and 20 per cent ethancl, the total insoluble cell meterisl was centrifuged and
digcarded. The alcohol-soluble fractions were combined and concentrated by vacuum
distillation at room temperature. Smell samples of the extracts were then chromst~

Bassham, Calvin, Goodale, Haas and Stepka
ogrophed as deseribed by Benson(1950) using phenol-water as the first solvent and
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p-butenol-propicnic acid-water in the second direction. The locatlione on the
paper of spots containing radiloactivity were detected by autoraﬁiogr&phy. The
activity in each spot was counted by mesns of a Bcoti type Gelger-Miller tube
with a thin (1 mg./em.%) "Myler” window. In experiments dealing with respiration
or with the inecorporation of l'h(‘:o2 in the derk, the sigml mspensians‘were con-
tained either in Warburg veessels or in 10 ml. Erlemmeyer flasks snd were shsken in
the Warburg respirometer while in complete darkness. The killing procedure and

subsequent manipulations of the extracts were the seme as with samples in the light.
RESULTS

Nutrient solution and distilled water. The resulis from one typical experiment com~

pering the effect of distilled water and nutrient sclution are shown in Table I.

(Please insert Table I near here.)

The totel fixatfon of 1YCO. by the elgee in nutrient solution was increased by

2
89 per cent over that in the controls with distilled weter. The patterns of in-
corporation of lhc seen on the developed chromstogram differed mainly in e de-
ereased activity in the sugar phosphates in the nutrient solution sample ( 50 per
cent of the totsl soluble 1hc in the nutrient sclution compared with 57 per cent
in distilled water) emd a large increase in the activity lncorporeted into the amino
zeids. It should be borne in mwind that the figures for the incorporstion of 1hc in
the individusl compounds are in terms of the percentage of the total soludble lhﬁ
in the extract which is present in that compound. Thus, wvhen the total fimation
is different in two samples, the per cent of activity in any one compound may be
equal in both the samples, though the absolute smounts may very considerably. Ttgus,
the sugar phosphates decreased in percentege of the total activity fixed, but the
sbsolute amount increased from 5 x 10° dis./min. to 7.2 x 106 dis./min. ‘1’
To determine which of the selts in the nutrient medium was haviag an emmnciﬁg

effect on the fixation, and aleo which were alfecting the distribution pstierns
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of the carbon, the same type of experiment was carried out with the individual
salts of the nutrient soluticn. The micro-elemmnts boron, manganese, molybdenum,
zine, copper, cobelt, and also iron and calcium, were not further exemined as it
vas considered extremely unlikely that s deficiency for any one of these elements
could be elicited by the procedures used. The results are shown in Table IT. It
(Please insert Table II near here)
is seen- that the fixation in nutrient selution was significantly higher than that
in distilled water (increased by 45 per cent), and that the separate additiocns of
potasslum nitrate, potassium dibydrogen phosphate, and magnesium sulphate all ine
creased the fixation, the latier two causing approximately the same Tixation as the
complete nutrient sclution. The figures showing the per cent of the activity in-
corporated into ithe sugsr phosphates and into the amino acids are interesting in
that, compared with the controls,the asddition of potassium nitrate increased the
activity in the amino acids and decreased it in the sugar phosphates, while the
phosphate
addition of potassiwam d.ihydmgen/ had just the reverse effect, i.e., the activity
in the suger phosphates was high while the activity in the aminoc aclids was de-
creased. Other experiments using potassium chloride, sodium nltrate, and sodium
dihydrogen phosphate indicated that the potassium lon was without effect, and that
the nitrate and phosphate groups/:zzzonsible for the observed effecis. It is not
surprising that responses were elicited by the addition of nitrogen and phosphorous
salts, as these are usually the first elements which spparsntly become limiting
for algal growth both in the laboratory and in their natural habitat of lekes and
streems (Gerloff and Skoog, 1954). If the cells are short in 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 casused a shift in the

radicactivity from the sugar phosphates to the amino acids.
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Effect of ammonia. If a deficiency of nitrogen 1s limiting the con#ersion of

sugar phosphates to amino acids, ete., then it might be expected thzt ammonium
ion would have a much grester effect in these short-term experiments than nitrate,
due both to its more rapid penetration Iinto the algal cells and to the fact that
it already is reduced and can be utilized directly in emination reactions (Syrett,
1956). Meny preliminary experiments bore out the suggestion that smmonium nitrate
might have & marked effect on the fixation of carbon. In Table III is shown the
(Please insert Table III near here)
" effect of smmonium nitrate (0.001 M.) on the total Fixation of carbon efter the
cells have been exposed to the ammonium nitrate for varying periods of time before
the addition of the radicactive blearbonate. The time of exposure to the lhc wes
the same in all cases, namely 30 seconds. The loﬁgervthe'period of contact with
ammonium nitrate before the sddition of the L°C, the greater was the amount of
carbon dioxide which was fixed; smmonium nitrate still had a noticesble effect
on the total fixation and pattern of lhc distribution even when added gimultan-
eously with the blesrbonate.

To separate out the effects of nitrate and ammonium ions, the effect of
potassium nitrate and ammonium chloride were studied individually. The datas
presented in Teble IV and Flg. 1 show the effects of nitrete and ammonlum ions

(Please insert Table IV and Fig. 1 nesr here)
on the total fixation and distribution of the th compared with algae in distilled
water. Ammonium ion increased the total fixamtion almost threefold, while nitrate
did not increase it significantly. The distribution of the carbon'(Fig. 1) was
markedly affected in the cells supplied wlth ammonium ion, as can be seen from
the percentage of the total fixed activity incorporated into the sugar phosphates

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

photosynthetic intermediates (sugar phosphates) decreased from 64 per cent in
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distilled water to 7 per cent when ammonla was present, while the activity in
the amino acids increased from 10 per cent to 57 per cent. NRitrate had a similar,
though much less mariked effect.

Deta 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 Table V nesr here)

In this experiment the presence of ammonium lon agsin incressed the total fixation
of lhc (by 5~10 per cent ), but not to the same extent as in previous experiments.
There was no eignificant difference in the total fixation between the controls in
distilked water and the cells suspended in nitrate. The distribution patterns of
the ineorporeted lhc were similar to those reported in previous expveriments in
that the additiodin of ammonium ion caused a greater percentage of the setivity to
be imcorporated into the amino acids at the expense of the sugar phosphates, The
patierns of lhcbin the presence of nitrate ion seemed to be intermediate between
the controls and anmonium ssmples as they too shoved some shift of metivity from
the sugar pheephates into the aminc eeids, but not nearly to the same extent
83 in the presence of ammoniim jon. The lhc content of the orgunlc acids w&s
alao incressed in the presence of sdded axmonium. |

In order to determine whether the effect of ammonia on cells suspended i@
distilled water was due to the degree of nitrogen starvation, or to a mﬂmﬁspeg§fic
effect of ammonium ions_gg?'ff, the incorporation patterns of lhbog in the "
presence of ammonium chloride were exsmined in cells still suspended in the origﬁgal
nutrient solution, as well as in those in distilled woter. Cells were removed :
from the culturing vessel and as rmpidly as possible were placed in the photo- }\
synthesls vessels without any interveaning centrifugstion. Ammonium chloride was

1h
added to half the samples, and the cells photosynthesized in the presence of C0
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for two minutes. Further aliquots of the cells from the culture vessel were

centrifuged, washed, and resuspended in distilled water at the same concentration

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

cells were also exposed to lkcog for two minutes in the light in the presence and

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

medium demonstrated little change when smmonia was added, while those in distilled

water exhibited contresting patterns in the presence and shsence of ammonium chloride

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

incorporation patterns of lkCOQ is thue primarily a-result of nitrogen deficiency

in the cells, and not/ifspecific effect of the ammonia itself.

Dark fixation of carbon dloxide. There exists the possibllity that the enhancement

1k

002 by the addition of mineral salts may not reflect a photo-

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

of the fixation of

dark reections. To test this poasibility, the effects of the various salts hither-

to mentioned were exsmined for their effect on the dark fixation of radicaective

bicarbonate. The results are shown in Table VII. It is seen that ammonium chloride
(Please insert Table VII here)

increased the fixation about fourfold, while potassium dihydrogen phosphate, megnesium

sulfate and nutrient solution also increased 1t by varylng amounts. Even though

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

relatively small compsred with the usual light fixation value (5 x 10° ais./min./

min. of incubation /ml cells in the dark versus 900 x lQG dis./min./min. of photo~-

syntpesis/ml. cells). The quantitative aspects of this dark fixetion invalidate

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

hanced uptake of carbon dloxide in the light upon addition of the varlous salts.

As the patterns of lhC discussed hitherto reflect the interactions of the photo-

synthetic cycle and the respiratory mechanisms, it was also of importance to



ascertain if the salts under consideration had any efPet 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, 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 this paper demonstrate that the total fixation of
h
radioactive carbon dloxide, as well aa the patterns of . C inecorporation, by a

suspension of Chlorella cells in distilled water may be altered by the additica

of various minersl salts. When a readily assimilable nitrogen source such as
cammonlum chloride 1s added to the photosynthesizing cells, there is a greater
incorporation of the labelled carbos into amino acids, especially aspartate,
-glutemate, slanine, glutamine, and citrulline, and to a lesser degree, into the
orgenic acids such as citric, fumaric, melic, etc. There is concomitantly a de-
cresse in the lhﬁ usually found in the suger phosphates and in sucrose. The inter-
relationships of some of the metabolic pathways involved here may be illustrated
by Fig. 2. The addition of ammonium ion, and, to e lesser extent, nitrate ion,
(Please insert Fig. 2 near here)
accelerated the conversion of photosynthetic intermediates into cther products as
witnessed by the increase in the lhC content of many of the organic acids and amino
acids which are involved in, or formed by, action of the Krebs cgycle. Althou:ijtho

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

4
addition of a nitrogen source lncreases the . C incorporated intc many emino acids,



the quantitative results have not always been consistent with regard to an
increase in total fixatlon, or even at times, in inereasing significantly the
activity is some of the organic acids. The causes of these fluctuations are not
understood, but may reflect some unsuspected varistion in the growing conditions
of the algal cultures or in subsequent manipulation.

The possibllity exists that the addition of these salts such as ammonium
chloride will cause an alteration in the pH of the medium which may partially,
at least, be responsible for both the apparent increased fixation and cheanges
in the pattern of carbon dioxide incorporation. According to Cuellet and Benson
(1952), the pH region for mexfmum photosynthetic asctivity in Scenedesmus (and it
can reasonably be assumed that the same will hold spproximately true for Chlorella)
was between 6.0 apd 9.0, with decreassed activity in either more acidic or more
alkaline conditions. Further, at lower pH's (2.0-3.0), the main change in the
distribution pattern of the lhc was an incresse in the activity in sucrose, poly-
saccharaide materisl, alenine, and serine. At high pH's (10.),' incorporation into
aspartic acid was favoured. The effects of salts discussed in this paper thus do
not £i¥ into the predictions of a pd effect, either with regard to the t.étal fix-
ation or to the distribution of the radiocarbon. In the experiment described in
Table II the pH of all the added salt sclutions had been adjusted to pH 5.3.
After flushing the algal suspension with 1 per cent CQp-in~-air for ten minutes, the
pH values ranged from 5.3 in the nutrient sclution to 5.9 in the megnesium sulphate
sample and in the distilled water controvl, Some elevation in the pH can be expected
from the addition of the bicarbonate (pH about 8.8), but this sbould be small cone
eldering the volumes and molarities involved. Another point that wamants further

L

mention is the possibility that the total fixstion of 1 C is not indicative of the

absolute rate upon different trestments within any one experiment. It may simply



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

due to changes in pH, lonic 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 shown in Table III, where the pH values are 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 stesdy-state apparatus (Wilson and Calvin, 1953;
Bassham, Bhibata and Calvin, 1955), the rate of photosynthesis decreased about

510 per cent per hour (personal commumnication from J.A. Bassham). This may mean
that the cells were limited by a deficlency of one or more nutrient elements which
resulted in a decreased rate of carbou dioxide uptake. The term "steady-state”,

as employed in this laboratory (Calvin and Msssini, 1952) means that the concen~-
trations of the intermediates and enzymes involved in the carbon reduction cycle
remain'constant and do not change during the course of the experiment. There is
thus no assumption inherent in this definitibn that all the other metabolic processes
are in a "steady-state” during the experiment. It is possible to conceive of
changes occurring in some of the other metabolic pathways while the photosynthetilc |
cycle 1tself‘is not materially indluenced. Thus, the results presented in this
peper show that some metabolic pathways may be inffluenced by the addition of salts,
without grestly affecting others, particularly the pattern of compounds of the
photosynthetic cycle. It is obvious that in time sll photosynthetlic activity will
ultimately cease after the cells are placed in distilled water, but the time at
vhich the first effect would be noticeable in the photosynthetic intermediates
cannot eaesily be predicted. from these results. It appears that there is no major

change in the photosynthetie pattern in as long as an hour or more.
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Thus, 1if one wished to obtain the best reproducibility from experiment to
experiment, it would be advisable to eliminate this possibility of mineral salt
deficiency by suspending the cells in dilute nutrient medium of some sort. The
addition of salts to the suspension complicates the subsequent chromatography, but
wve have found that, using the standard nutrient solution, one can place on the chro-
matogram origin st least 100 ul. of the nutrient medium. Using the amount of 1“002
commonly employed, the limltation caused by this volume of extract 1s not serious
with photosynthesis times of half a minute or more, as thew is enough fixed asctivity
in samples of this size to glve good radlocautograms 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 mizht be ad-
visable to use z medium of distilled water alone, as large aligquots of the extract
mist 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 cells following their removal from the culture
vesBéls would be to take them directly out of the growth tubes or flasks, pipette
samples immediately into the small shaking vessels described previously, flush with
the same serating mixture as is used in all the growth vessels, asd inject the lab~
elled bicarbonate in the usuel fashion. This technique could avoid the production

transient
of unknown/phenomena which can be expected to occur if the suspension is flushed
with air, nitrogen, etc., immedlately before addition of the bicarbonate. This

procedure would also eliminate the intervening centrifugations and other manip-

ulations which are llable t¢ have unknown effects on the metabolic activities.



«13~

The experiments described in this paper provide some insight into the
capaclity of Chlorella cells for the storage of such basic raw materials as
nitrogen and phosphorous campoundé. This ecapacity sppears to be guite small,
for within a short time (about 30 minutes) following the removel of the algel
cells from the complete culture medium, signs of nitrogen(nitrate)and phosphor-
ous (phosphate) deficiency can be observed when the cells are placed in conditions
suitable for the rapid photosynithetie assimilstion of carbon dioxide. Under
optimal conditions newly assimilated carbon is presumsbly immediately converted
to storsge materisls (polysaccheride) and to general cellular constituents, partic-
ularly protein, and the intracellular concentrations of soluble metabollc inter-
medistes remains at a fairly low level. A deficiency of phosphorous, and especially
of nitrogen, whieh are macro-constituents of cells, would limit meny of the bio-
gynthetic activities snd lead to an accumulation of intermediates on the synthetic
pathways, unless the assimilation of carbon dioxide wvere curtalled. ZExperiments
have shown thet both these effects can be demonstrated: when cells are suspended
in media containing smmonium or nitrate ions there is an enbanced total fixation
of lkcee and a relative increase in amino acids with a corresponding fell in the
per cent of the activity in the sugar phosphates, compared with cells in distilled

water.



TABLE I

Effect of nutrient solution on total uptake and distribution of
carbon-14 during photosynthesis in Chlorella

1.0ml. of 1 per cent Chlorells suspension in distilled
water. After 10 min. sdaptetion, 50 ul. of conecentrated
nutrient solution (finel concentration equal to the usual
growth medium) were added to the appropriste flassks and
50 ul. of weter added to the controls. After emother
sdditional 10 min., the radiomctiwe bicarbemste (20 uf.)
ves added and photosynthesis sllowed to continue for 2 min.
before addition of b ml. of boiling ethsnol.

Cells in Cells in
Distilled Water Butrient Scolutien
Total Fixation (dis./min.) g.2 x 108 17.b x 10°
Total Scluble Activity (dis./min.) 9.0 x 108 1.k x 108

Bediosetivity in the following compounds
a8 per cent of total soluble activity:

Diphosphates 15.2 3.3
Urldine diphosphoglucose 2.1 3.5
Hexose monophosphates 30.1 5.6
Phosphoglyceric acid 6.5 b.3
Glucose cyelic phosphete 2.1 2.0
Bucrose 27.2 1.8
Alanine h.6 15.1
Aspartic acid 2.2 5.0
8srine and glycins 3.7 2.7
eitmm o - QoOl
’ Glutemic acid ——— 0.07
Malic acid 3.5 ——
Hyealic acid 0.1 0.8
mknm 1, pmbahly smine acid 0.5 0.88
2, orgmic ecid 0.8 2.3
" 3’ | ——— ——
" b, " aming acid - 2.8
" 5, " sugar phosphate 1.1 0.95
L] 6, " n " 0.3 —
Suger phosphates a8 par cent of total saluble
radioectivity 57.4 49.8

Amino acids as per cept of total seluble
radioactivity 11.0 26.5
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TABLE ITY

Bffect of varying the length of the adaptation peried with ammonium
nitrate on toiel uptake of carbon-l} during protosyntlesic in Chliorellia

5.0 ml. of 1 per cent algal suspension. Photosyntiesis

time in the presence of %C0, 30 sec. Adaptation period
before inJjection of *#C0: 30 wmin. Finsl concentration

of emmonium nitrate, 0.COL M. 50 pl. HeR'COg cdded

(20 WC.). Total time elapsed between hervesting and killing,

2 hrs.
Total fixation Soluble activivy
(di®./min. x 10°%) (per cent of totel
fixed)

Control {algse in

distilled water) 2,800 90

1400, plus NHNOs |

injected simltaneously 3,540 S50

RH.NOy adaptation

period of 30 min. 4,070 91

Cells in RHGNOg during ,
8ll rinsings, etc. 4,770 28




TABLE IV

Effect of potessium nitrete and emmonium chloride on total upteke
and distripution of carbon-li during photosynthesis in Chlorells

1.0 ml. of 1 per cent ¢hlorells suspension. Pnoto-
syntbhesis time in presence of 30, 2 min. Cells ori-
ginally in distilled water and adapted on the shaker
for 10 min., at which time 50 wl. of distilled water
(s con“cmls, NH4C1l solution (final concentrstion in
algel suspension, 0.002 M.), or KNOs solution (final
concentration in algel suspension, 0.002 M.) were
pipetted imto the separate vessels. After a further

© pericod of 10 min. edeptetion, the radiocactive blcer-
bonate (20 uC.) vas added. The cells were killed by
the addition of 4 ml. of boiling ethanol.

Distilled 0.002 M. 0.002 M.

veter oy RELCL

Totel fixation (dis./min. x 107%) 6,700 7,000 18,500

Totel soluble radivactivity :
(d1s./min. x 1073) 5,320 5,250 14,500

Sugar phosphates (ss per cent of
totsel soluble fixetion) 6h.k 58.6 7.1

Amino scids (as per cent of
total soluble fixetion) 9.9 16.2 56.8
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TABLE VI

Effect of smmonium ion on total uptake and distribution of carbon-1h h_:,_f__’
Chiorelle sells suspended in distilled weter esnd nutrient selution

1.0 mi. 0.8 per cent Chlorella suspension. Suspension in nutrient
solution was pipetied directly from the vessels in which the algae
wvere grown, vhile the cells in distilled water were centrifuged

and rinsed twice in distilled weter before final resuspension in
digtilled water. After T min. adaptetion, 50 ul. of 0.0h2 M. HH,CL
(finel concemtration, 0.002 M.) were added to the appropriste flasks
and 50 ul. of water added to the controls. After 5 more min., the
redicactive bicarbonete (20 uC.) wes added and photosynthesis allowed
to continue for 2 min. before addition of 4 ml. of boiling alcohol.

Cells in Distilled Water Cells in Nutrient Selution

Controls NH.CL Controls WH,C1
Potal fixetion (dis./min.
x 107%) 5.11 6.95 5.8 3.99
Total soluble activity
(dis./min. x 107%) 3.48 5.49 2.97 2.92
Badiomctivity in the following
compounde as per cent of totel
soluble activity:
Phosphoglyceric acid 15.8 13.2 9.1 10.9
Diphosphates 8.5 13.0 L.l 4.6
Bexose monophosphates 53,3 28.6 b5.8 3.2
Uridine diphosphogluccse 2.2 2.6 2.3 2.4
Malic scid 1.5 12.5 6.1 5.0
Citrie acid 0.0 0.7 0.3 1.1
Sucrose 2.7 3.5 11.0 5.7
Aspartic mcid 0.6 5.0 5.8 3.8
Glutemic acid 0.1 1.9 1.b 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 cent
of total soluble activity) .
79.8 5T 61.3 61.1
Amino acide {(as per cent of
6.0 26.0 21.0 27.1

totel soluble activity)




TABLE VIT

Effect of mineral salts upon the dark fixation of carbon dioxide
in Chilorelils

5.0 ml. of 2 per vcent Chlorells suspension in distilled
woter in 25 ml, Erlenmeyer f{lasks. Shaken in couplete
derkness at 25 ip air. After 15 min. the eppropriste
edditions were made (250 ul. of each solution), follow-
ed by 30 min. ef further adaptation, after which the
radioactive bicsybonate (100 uC.) was added. After 4 min.
exposure to the lebelled carbon, the celils were killed by
sddition of 20 ml. of alcohol.

Control  NH.CL KH.PO,  MgS0, MNutrient Solution
(0.002 M.)(0.008 M.)(0.01 M.)

Total sctivity
fixed (dis./min.
x 1079) 192 788 286 553 250




Figure 1

Effect of potessium nitrate and ssmmium chloride on the distribution of
carbon-1l4 during photosynthesis in Chlorella.

For experimentsl detalls, see Tsble IV. KXey to ebbreviations: UDPG
uridine diplwsphoglucose; Di-P, sugar diphosphetes; HMP, sugar mono-
phosphates; PEP, phosphoenolpyruvic scid; PGA, phosphoglyceric scid.



Pigure 2

Interrelatlionships between the carbon reduction cycle and other metabolic pathways.
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