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Difference in nitrate reduction in "light" and "dark" stages of 

synchronously grown Chlorella pyrenoidosa and resultant metabolic 

changesl 

T. Kanazawa, K. Kanaz3wa, M. R. Kirk, and cJ. A. I3asshc:un 

Cher,lical I3iodynamics Laboratory, Lawrence Radiation Laboratory 

University ££ California, 13erkcley,Calif. 94720· (U.S.A.) 

Summarv , 

Using the synchronized cells ·of Chlorella pyrenoidosa, 

the incorporation patterns of 14C into various metabolites 

with and without nitrogen sources were studied under steady

state and non steady-state conditions. From the patterns it : ';':, 

was fourid that the smallest cells which are divided in the 

dark utilize nitrate and nitrite very little, if at all. 

The importance of' ammonia for regulation of secondary 

flow" for 'ChIarella is'discussed and the suggested regulatory 

points are described. 
'. .. . . 

\ 

Kinetic stud.ies of the flO\v of carr JOn in green cells (1,2,3) 

indicate regulatory mechanisms controlling the flow of carbon within. 

and out of the the chloroplast'and the relation between photosynthetic 

carbon reduction and biosynthetic metabolism. 

Comparison of the patterns of carbon~14 incorporation into various 

meta~olites at various stagesof,the life cycle of Chlorella pyrenoidosa 

cells, under steady-state conditions, showed that the sma.llest cells 

1 This i ... ork was sponsored, in part, by the U. S. Atomic Energy Cornr.1ission. 
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Cn-cells 2), Hhich_ divided in the clark, incorpor3tcd 14C mudl fastcr into 

sucrose and lessl into 8IT1ino acids and organic adds tllan grCJ1.4:ing cells 

(L-cells 2) (4). Some enzymic sites involved in the regulatory mecr . ..1.nism J " 

for diverslon of carbon flow into secondary products from photosynthetic \T 
products were indicated. 

We report here experiments with different inorganic nitror;cn 

nutrients. These studies show that the difference of 14C-incorporation 

patterns between D- and L-cells is to a large degree due to a difference 

in ability of the Cells to utilize nitrate, and to consequent regulatory 

effects caused by presence or absence of ammonia. 

Materials and methods 

. Svnc})ronization of Chlorella cells 
( 

Synchronized cells of Chlorella pyrcnoidosa were obtained by suc

cessivechanges of light (26 hr) and dark (12 hr) using a turbidostat 

(capacity 800 rnl) at 25°C with a stream of air + 4% (v/v) m2• Cel1 

density was leept constant at around 0.3-0.4 (v/v) packed·cell volume 

wi th automatic addition of the medium (Modified Myers Medium). The 

characterization of synchronized cells has .been described else\vhere (4)0 

Ste~ly-state eAyeriment 

The steady-state experiments were perfon!1ed in three different. 

2 D-cells are the smallest cells \vhich divide in the dark, and L-cells 

are ce11s growing under the light (5). For L-cells, the subscript 

describes in hours of the culture from the start of the illumination, 

£:Jl.:... La cells arc the same as D-cclls. 

, 
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media tlsinr D- and L18_Z0-cells; Hithout a nitro?,en source (IO-3M 

I<I-1Zro4), with nitrate (10-3 M KIIZPo4 + 10-3 M KN03), and with ammonia 

(10-3 M I<HZP04 +10 ... 3 M N1-I4Cl). 

, D~cel1s were centrifuged down at the end of the dark phase, washed 

once with 10-3 ?vI KHZP04 , and kept in the dark in 2% suspension (the 

packed cell voh.unewas measured by centrifugation 10 min at 2500 rpm). 

Prior to the eA-periment, the cell suspension was diluted to H in media 

""i th or without nitrogen as indicated above. The L-cells were harvested 

prior to each experiment, washed,and suspended in the respective media. 

Fifty ml of 1% suspension was placed in the steady-state apparatus. 

The pliwas kept nearly constant around 6 by addingautomatically 0.1 N 

ni tric _ acid or M-Lt0H for media containing ~D3 - and NH4 + respectively. 

Ivl1en nitrogen sources are omitted from the medium, or in the case of 

the experiment with nitrate using D-cells, pH adjustment was unnecessary. 

After 15 min of photosynthesis (20°C) with ahout 1. 5-,2% CO2, 14C02 was 

added from a_small loop into the closed circuit, and at interVals 

samples (approx. I ml) were taken into 4 ml of methanol. At the start 

of the experiments, CO2 concentration was about 1.69.; with a specific 

radioactivity of 14C of 8-10 ~C/lJl'.1. After 30 min, at the end of the 

experiment, the concentration of CO2 was 0.4-0.6%. 

The 14C-inc011>0ration patterns were dotennined by ~outineprocedures 

using paper chromatography and the semi-automatic counting device (2). 

Incorporation of -14C into starch an.d lipid 'vas measured and calcu-
, -

lation of flow rate into secondary products was made as described else-

where (4). The incorporation ~f l4C into amino acid residues of 

protein was measured as follows: Defatted samples Here hydrolyzed with 
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6 N IlCl for 30 hr at 110°C in sealed tubes. The tubes were opened and 

the solutions dried, then taken up into water. An aliquot portion was 

;malyzed by two-dimensional paper chromatography and semi-automatic 

counting (2). 

Comparative studies 9i. effects of nitrogen source (non steady-state) 

For concurrent analyses on the effect of various nitrogen sources 

on the 14C incorporation patten1, photosynthesis was carried out in 

several lS-ml round:"bottom flasks stoppered with serum caps, to '''hich 

250\.11 of 2% cell 'suspension in 2 x 10-3 1 ... 1 KH2P04' 200 ~l of douhle 

concentration of various nitrogen sources in deionized water, and 

50 \.11 of 0.11 ~1 NaH14C03 solution (about 10 \JC/\.IM) were added succes

sively. These flasks were mounted in a rack which moves in a circular 

motion (6), allowed to photosynthesize during 15 min, killed by adding 

. 4 ml of methanol, and analyzed as described by paper chromatography and 

radioautography (2). 

Results 

Steady-state experiment 

Table 1 shows the rate of incorporation of 14C into starch and 

lipid. T}1ese rates are measured as the linear increase \vi th time after 

an initial Slight lag. A slight decrease in rate of 14C incorporation 

into starch and sli?,ht increase into lipid was ohserved when NIi4Cl was 

included in t~e meditun. 

Table 2 shows the rate of l4'C incorporation into certain amino 

acids (the ones most quickly labeled) in the total protein. Since some' 

free amino acid pools are only partially lru)eled during the first 30 min 

, I 
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of pbotosynthesis (7) ,these data for 14C In bound xlllno acids after 

30 min photosynthesis ""'ith 14C02 provide only an approximate indica

tion of the relative rates of carbon entry into protei11; biosynthesis. 

Nevertheless, it is clear that protein synthesis proceeds rapidly in 

L-cells with either nitrate or annnonia as a nittogen source, or in 

D-cells with added anU110nia but not with added nitrate. 

Table ··3 shows the steady-state level (C) of secondary products 

and the flow rates (R). In both types of cells, addition of 1\1}4C1 

caused a decrease of flow of 14C into sucrose and an increase into 

amino acids and organic acids. With L-cells, addition of nitrate 

induced effects similar to those of the NH4CL Nitrate addition to 

D-cells caused very little effect. 

Without any nitrogen source, less incorporation into amino acids 

was detected in both cells. Incorporation into organic acids of the 

'rCA cycle is extremely low. It cannot be determjned whetJ:er the 10\ 

cycl~ is operating slowly, if at all, or if the pool sizes in the inter-

mediates are greatly diminished when nitrogen sources are not available. 

In the presence of nitrate or ammonia, pool sizes and flow rates 

for TCA compounds In L-cells can he determined accurately. An increase 

in ru1T!lonia in tIle cell, either by addition of annnonia or by reduction of 

nitrate, induces an increase of pool size as wel1 as an increase of flow 

rate. This suggests that one of the primary effects of ammonia is to 

increase the carbon flow into the TCA cycle by a mechanism other than 

increased pool turnover due to increased amino acid synthesis. 
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Table 4 shmvs the steady-state level (C) of intennediates of 

the photosynthetic carbon reduction cycle and related substances. In 

hotl1 cells (D- and L-cells) addition of NIT4Cl caused a slight decrease 

of incorporation into most of the intennediates. In L-cells, addition 

of nitrate orN1J4Cl causes a significant decrease in the level of 

hexose monophospha tes but an increase in UDP-glucose. In D-cells, 

-

sjft1ilar effects were seen, but only upon the· addi tion of NH4Cl. " 
~ ~~,j).Jc. 4-

Study of various nitrogen sources (~steady-state) 

Table 5 shows the effect of various nitrogen sources with the 

method described as "non steady-state" using D-cells and L3-cells. 

As was generally the case with the experiment described earlier 

(Table 3), addition of ammonia (but not of nitrate) to D-cells, and 

the addition of aIilmonia or nitrate to L-cells, caused a decreased 

flow of 14e into sucrose and an increased flow of l4C into amino 

acids and into malic and citric acid.s. FUrthermore, the addition of 

ni tri te to L-cells causes these same effects (increased 14C flow into 

<lJl1ino acids, citric and malic acids, decreased sucrose synthesis), 

while the addition of nitrite, to D-cells had much less effect. In 

this experiment ammonia addition produced greater effects t1lc1.n either 

nitrate or nitrite addition to L-cells. Finally, the addition of 

I'm20IJ to D": or L-cellscaused the formation of much 14C-labcled 

glycolic acid, some increase in l4C-labeled aspartic acids and alanine, 

and moderate to severe decreases in sucrose, serine, and other com-

pounds. Because of these changes in met'aboliSJi1, it is not clear 

whether or not the hydroxylamine was utilized by the D-cells. 

(J . 
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Discussion 

From the comparison of l4e-incorporation patterns with varyinr: 

nitrogen sources, it is clear that the main difference between D:"cells 

and L-cells is the difference in utilization of nitrate, together with 

subsequent changes inmetaholism caused by the availability or non

availability of anunonia. Nitrate reduction is knO\vn to be stimulated 

hy light (8,9), and there have been proposed three differentcxplana

tions: (I) Increase ofpenneability for nitrate by light (10,11), 

(2) avilahility of reducing coenzyme and carbon source (8), (3) elimi

nation of inhibitor(s) by light (12) (activation of nitrate reductase). 

In the experiments described here it is clear that light does not 

appreciably stimulate nitrate utilization of D-cells during 45 min of 

experiment. Thus, a rapid effect of light can be eliminated as a regu

latory mechanism. 

Since total amino a'cid formation without added nitroge~ is similar 

in D-cells and L-cells, endogenous nitrogen sources available within the 

cells seem to be similar in amount (Table 3).:. 111us, the difference 

in effects of added nitrate with the two types of cells seems not to 

be due to an inhibition' of nitrate reduction by endogenous available 

ammonia. 
\"t .. ,1 1, '* 

In higher plants, activity of nitrate reductase shows diurnal 

rhythm, Imv in night and high in daytime (9,13). Nitrate reductase 

is unstable and continuously resynthesized in the light in the presence 

of nitrate, but not in the dark. On the other hand, nitrite reductase 

is known as constitutive and stable in higher plants (9) and in 

algae (14). Nevertheless, in the case of Chlorella, D-cells could not 
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utilize nitrite (Table 5) during the 15 min of photosynthesis. In any 

event, the failute 'of D-cells to utilize nitrate and nitrite may be 

wlderstood as a part of the long-term regulation of photosynthetic 

organisms which are subj ected to. day and night changes. 

The effects of added hydroxylamine (Table 5) are probably com-

plicated by some partial interference with electron transport leading 

to the formation of greatly increased amowlts of glycolate and severely 

diminished formation of sucrose (due to oxidation of hexose monophos-

phates to glycolate). 

Changes. in the flow rate of 14C into sucrose and in the steady

state.level of sucrose are among the most pronounced effects of altering 

the nitrogen source. The shift in biosynthesis from sucrose to glutamate 

and malic and citric acids with addition of ammonia was observed by 

Hiller t15, 16). Perhaps sucrose is functioning as a "buffer" for main

taining the pool sizes of intennediates of the photosynthetic carbon 

reduction cycle in Chlorella. When more carbon is taken from the cycle 

at tlw level of PC A for amino acid. synthesis, less is used for sucrose 

synthesis. 

111e mechanism by which sucrose is more affected than starch by 

annnonia is not ]<l1mVJ1. In earl ier studies \'I'i th the same cuI tures of 

synchronously grown ChIarella pyrenoidos,a (4) ·we found that the change 
. ~-. 

fran post-division metabolism (D-cells) to rapid growth stages (L-cells) 

was accompanied by decreased sucrose synthesis and increased synthesis 

of organic acids and amino acids. At the same time, the apparent rate 

of the conversion of fructose-l,6-diphosphate to fructose-6-phosphate 

(F6P); a regulated step in the cycle, decreased. 

tj· • 
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In the present case, when ammonia is added to. D- or L-cells, or 

ei ther anmoriia or nitrate' is added to L-cells, the level of F6P drops 

12 to 20%. However, the level of tIDPG rises by about the same degree 

or more. 

Thus, it is not clear how the presence of ammonia has caused a 

decrease in the rate of sucrose synthesis, unless there has been a 

regulatory (inhibiting) effect on either the enzyme for this reaction 

between.F6P·~dUDPG·or·0l.l sucrose phosphatase. 

F6P.t UDPG.-;. UDP't+-'sucrose: phosphate --? sucrose + Pi 

Another possihility could .be that anunonia increases the utilization of 

sucrose, but the ~lata. in T~ble 3 .. : :5110W that not only is the sucrose 

la.belingat steady state decreased, but also the rate of flow (R)of 

l4C into the sucrose pool. 

One of the conclusions from the steady-state experiment, and noted 

earlier by Hiller (16), is that anunonia induces the increase of the 

inflow o!carboninto the TCA cycle. This effect is not due to a 

toxic effect of an~onia, since nitrate also induces a si~i1ar effect 

when utilized. Calvin and Hassini (17) proposed that the TCA cycle is 

not operating in the light from the transitional changes of metabolites 

when light is switched off. Our data support thp hypothesis, hut only 

when ni trate -sources are not available (Tahle 3).'. As a Tesul t of 

increased knowledge about the details of the relation hetween photo

synthesis and respiration in green plants (2,3), it appears reasonable 

to suggest that the TCA cycle is operating mostly for the·synthesis of 

amino acids in the light. 
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The presence of ammonia (added, or hy nitrate reduction) causes 

the steauy-state levels of peA and PEPA to decline. These changes 

sllgr,est an,in ~ activation of pyruvate:, . ,; kinase by anunonia; as has 

been reported in studies \-lith extracts (18) and pa'rtially purifieu 

enzymes (19). Also, acetate added to ChIarella in tbe light is readily 

utilized (7,20), giving an increment of amino acid synthesis over and 

above that coming from CO2 assimilation by photosynthesis (7).· 111is 

is consistent with the pyruvate kinase mediated reaction as the rate-

limiting regulated step. We have recently found that upon the addition 

of ar.unonia to Chlorella photosynthesizing under steady-state conditions, 

the level of pyruvate increases at least twofold (21). 

Such an activatio~ of pyruvate kinase does not explain increased 

malic acid labeling in the presence of ammonia. This increase in malic 

acid could be caused either by increased reductive carboxylation of 

pyruvate or by increased condensation of acetyl CoA wit~ glyoxylate. 

Thus ,although other regulatory effects of ammonia on ChIore11a 

metabolism may exist, the activation of pyruvate kinase is sufficient 

to explain the effects o~ amino acid biosynthesis found in these studiese 
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Starch 

Lipid 

Total 14Cuptake 

" ."' 

Table 1 

nates of s)'!1thcsis of starch and lipid 

(Steady-state experiments) 

~moles 14C/on3 algae 

D-cells L':'cells 

-N +KNO 3 +NH4Cl -N +KN03 +pn-I4Cl 

9!lO 7.55 7.00 10.7 8.40 8.10 

1.95 1. 73 2.15 1.55 1. 71 1.98 

15.5 13.2 18.0 18.0 17.3 19.0 

13 



Table 2 

Inccnroration ££ 14C ~ protein aJ11ino acids 

. (~moles 14C/0113 a1p:ac) after ~~. of photosynthesis 

D-cells L-cel1s 

-N +J<M)3 +NH4C1 -N +KN03 

Aspartic acid 0.40 0.46 1.76 0.24 2.89 

Serine 0.47 0.35 0.84 0.50 0.93 

Glycine 0.57 0.46 0.95 0.98 1.05 

Glutamic acid 0.20 3.09 0.35 2.73 

Alanine 1.88 1.65 3.29 2.34 3.90 

Totals for. these 
amino acids 3 .. 32 3.12 . 9.93 4.41 11.50 

'\ 

+N114Cl 

3.49 

1.41 
I 

1.12 

4.60 

4.18 

14.80 

14 

~i 

I 
I 
I 

. i 
I 
I 



c· 

Table 3 

Steady-state leve1s~) and flm-i rates (R) of secondarr products 

(Steady-state e~periments) 

D-cells 

-N + .K!\1()3 +NILtCl -N 

c;a Rb C R C R C R 
--- -

Sucrose 52 3.13 47 2.62 26 1.84 60 3.46 

Serine 2.0 0.15 2.6 0.17 5.5 0.28 2.0 0.25 

Alanine 1.1 0.063 1.7 0.29 9.5 0.95 0.70 0.23 

Malic acid ->2.1 >0.05 >2.1 >0.05 7.5 0.39 >0.85 >0.029 

Fumaric acid 0.52 0.015 0.40 0.021 1.6 0.087 0.20 0.011 

Aspartic acid 1.0 _ 0.063 1.3 0.072 >4.0 >0.18 >0.37 >0.015 

Citric acid 0.05 0.05 0.4 0.06 

Glutamic acid >0.4 >0.015 >1.2 >0.030 >10.1 >0.41 >1.5 >0.06 

Glutamine ~ >4.0 >0.18 >0.90 >0.035 

a C: ~~oles 14C/cm3 algae 

b R: ~moles·14C/min/crn3 algae 

C j 

L-cells 

+KN03 

C R 

22 1.49 

4.2 0.25 

4.5 0.54 

3.0 0.31 

0.80 0.073 

4.0 0.32 

0.3 0.03 

>16 >0.69 

>2.0 >0.093 

+~l}14Cl 

C 

10 

7.5 

9.8 

7.0 

1.7 

6.0 

1.0 

>18.7 

>6.3 

R 

1.10 

0.39 

1.03 

0.91 

0.21 

0.55 

>0.76 

>0.30 

I-' 
Vl 



16 

Table 4 

Steady-state levels of intermediates of photosynthetic 
« 

,.." 

carbon reduction cycle and related substances 1 \ , 

(Steady-state experiments) U 

umolcs 14C/an3 algae 

D-cell L-cell 

-N +Km3 +NH4Cl -N +003 +NJf4Cl 

PCA 4.4 4.1 3.9 5.1 4.0 4.3 

F6P 5.6 5.4 4.8 5.8 4.5 4.6 

HMP 13.8 12.4 11.2 17.0 12.9 13.8 

UDPr, 1.6 1.6 1.9 1.8 2.4 2.6 

PEPA 0.31 0.28 0.19 0.26 0.21 0.15 

DiP 1.1 1.1 1.1 1.8 LS 2.1 

~j • 
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;fable 5 

Effect ~ various nitrogen sources ~ the 14C incorporation patterns 

f-
i ) 2i the secondary products.under ~ steady-state conditions 

~J (after .!2. ~ photosynthc5is) 
. . 

~n~les 14C/cm3 algae 

D-cells L;l-cells 

+NH20H +N1120Il 
-N +KN03 +NlI4Cl +KNOZ (10-4M) -N +IOD3 +NH4Cl +KNOZ (10-4M: 

Sucrose 4029 4.16 1.91 3.69 1.00 . 5.34 2.29 1.87 2.13 0.57 

Serine 2.30 1.83 4.57 2.20 0.33 3.72 5.11 7~19 5.41 0.57 

Alanine· 1.86 ·1.13 10.8 1.42 2.46 1.13 3.67 16.7 4.92 2.19 

1'-1alic acid 4.75 4.62 10.9 5.08 3.89 3.34 4.54 9.34 4.54· 3.48 
"f:' ,'." 

, 

Aspartic acid 1.70 1.57 5043 1. 75 3.09 1.59 3.16 6.29 2.68 3~97 

Citric acid 0.12 0.08 1.11 0.09 0.09 0.07 0.10 0.65 0.15 0.08 

Glutamic acid 0.38 0.28 2.39 0.35 0.38 0.94 2.47 S.$S 2.48 0.63 

Glycolic acid 6.99 8.29 S.95 7.07 23.8 4.63 4.20 4.58 4.58 24.1 . , •. 
Glycine 0.52 0.43 1.34 0.59 0.67 0.77 1.10 1.73 1.23 0.57 . 

Glutamine .. 0.11 0.74 0.33 1.69 0.40 

Threonine .. 0.07 0.25 .. 0.28 0 .. 17 0.28 0.99 0.37 0.11 

PEPA 0.16 0.14 0.15 0.17 0.17 0.19 0.16 0.18 0.19 0.11 

• 

() 
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,. LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 
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