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SUMMARY

Chlorella vulgaris growing with ammeonium nitrate as nitrogen source preferentially
assimilates ammonium. Nitrate assimilation ceases completely when ammonium is
added and recommences as soon as ammonium has disappeared. Ammonium does not
inhibit nitrate reduction by cells unable to assimilate ammonium because they lack
a carbon source. Thus the inhibition is not due to amroonium per se but is connected
with its assimilation. The inhibition is not thought to result from competition for
reduced pyridine nuclentide because nitrate reductase of Chlorella is specific for
DPXN while glutamic dehydrogenase is specific for TPN. Nitrite addition also inhibits

nitrate assimilation completely but ammonium only partially inhibits nitrite assi-
milation,

INTRODUCIION

It has often been observed that algae growing with ammonium nitrate as nitrogen
source assimijate ammonium jons preferentially, ritrate not being utilized until
ammonium has alr st disappeared!-2. Several fungi behave similarly?. It is clear
from studies with SN-labelled substrate®® that this behaviour does not result from
an equilibrium reaction involving nitrate and ammonium which maintains the level
of nitrate constant until ammonium has disappeared. Rather must it result from
an inhibition of one stage in nitrate reduction. MORTON AND MACMILLAN* observed
that while ammonium completely inhibited the assiniilation of nitrate by the fungus
Scoprdariopsis brevicaulis, it had little effect on the assimilation of nitrite. They
therefore suggested that ammonium acted by inhibiting the reduction of nitrate to
nitrite. In further studies with fungi, MORTON® concluded that the inhibition by
ammonium did not occur unless it was assimilated.

In this paper some effects of ammonium on nitrate assimilation by the alga
Chiorella vulgaris are described and it is shown that ammonium inhibits nitrate
assimilation as it does in the fungi studied by MoRTON AND MacMILLANY. Moreover,
the evidence suggests that the inhibitor is a p.oduct of ammonium assimilation
which tuhibits the reduction of nitrate to nitrite. In another paper? a further effect

of ammonium will be discussed, namely its repressive effect on the synthesis of the
enzyme nitrate roductase.
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METHODS
Growth of organism

Pure cultures of Chorella vulgarss (Pearsall’s strain) were grown in a medium con-
taining, per litre glass-distilled water, 0.2 g anhvdrous MgSO,, 7.76 g F.H,PO,,
2.32g K;HPO,, 1 ml A, trace-clement solution® and 10 mg Fe as Fe-EDTA (see
ref. g). 280 mg nitrogen per litre was supplied as either (NH,),50,, KNOjor NH, NQO,.
The pH of the medium, after autoclaving, was 6.1.

Cultures were normally grown for 4 days in wash-bottles at 25° with a light
intensity of 600 ft-candles at the surface of the cultures. The cultures were vigurously
aerated with air containing 0.5%, {v/v) carbon dioxide!®. When the cells were growing
exponentially the generation time was 8 h.

Carbohydrate-starved cells were prepared by acrating cultures for 18 h in dark-
ness before harvesting. Nitrogen-starved cultures were prepared by removing the
cells by centrifugation at 400 X g. washing and resuspending them in full growth
medium without a nitrogen source. The cultures were then illuminated and acrated
with air containing 0.5%, (v/v) carbon dioxide for 16 h before being harvested for
experimentation!®.

Before the experiments, the cells were harvested by centrifugation at qoo x g,
washed and suspended in nitrogen-free growth medium. The cell density was ad-
justed turbidometrically to 3-8 mg/m! depending on the experiment.

Gas exchange

This was measured by conventional Warburg manometry at 25°. For light ex-
periments, the flasks were illuminated with fluorescent tubes giving a light intensity
in the flasks of about 800 ft-candles.

Ammonsum-N

This was determined colorimetrically by a Nessler method!! after separation
from the cells and medium by the method of Coxway!®

Niilrate-N

This was determined in samples of the medium after removal of the cells by
centrifugation. A phenol-disulphonic acid colorimetric method was used®3. The light

absorption of the coloured compound was read at 440 mu and compared with that
of freshly prepared siandards.

Nitrite-N

This was determined colorimetrically with Griess-Ilosway reagents!® on samples of

the medium after removal of the cells. The colour was read at 530 my, 20 min after
the addition of the reagents.

Preparation of cell-free extracts

Cells were harvested, washed and resuspended in ice-cold o.1 M Tris buffer
(vH 7.4). The cell density was 6-1ro mg/ml. The cell suspension was stored at --14°
for 24-28 h. After thawing, the cell suspension was passed through a French press'? to
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568 P. ]J. SYRETT, 1, MORRIS

smash the cells. During this process the temperature rose to I7-20° but the suspen-
sion leaving the press was immediately immersed in ice, The suspension was cen-
trifuged at 13 000 x g for 20 min at 2°. The clear, green, supernatant was decanted,
stored at —14° and used for measurcinents of enzyme activity.

Assay of rnitrate reductase activity

Nitrate reductase activity was measured by estimating the nitrite formed after

incubation of the cell-free extract with KNO, and DPNH. Full details are given
in a later paper?.

Measurement of pyridine nucleotide oxidation by fluorimetry

Both nitrate reductase and glutamic dehydrogenase activities of cell-free
extracts were determined by following the oxidation of reduced pyridine nuclentide
fluorimetricallv. The reagents were contained in about 1 m} in a quartz cuvette in
a ‘Locarte’ fluorimeter. The primary filter was LF/2 and the secondary LF/3/=z.
Details of the assay mixtures are given in the legend to Fig. 6.

The protein content

The protein content of cell-free extracts was determined by the method of
Lowry et al.1% using bovine-albumin standards.

RESULTS
I. The preferential assinnlation of ammonium

Fig. 1 shows the disappearance of ammonium nitrogen and nitrate nitrogen
from cultures of C. vidgaris growing with ammonium nitrate as nitrogen source,
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Fig. 1. The assimilation of ammonium and nitrate by culturey of C. viigaris growing at 3uo or

000 ft-candles light intensity with ainmonium nitrate as nitrogen source. Notc thut nitrate i

not assimilated until almost 2!l the ammonium has disappeared. Temperature 25°. Cultures
acrated with 0.5% (vjv) CO,in air. .
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INHIBITION OF NITRATE ASSIMILATION [N CHLORELLA 560
Cultures were grown at two different light intensiddes. Growth is faster at ooo it-
candles than at 300 ft-candles and ammonium pitrogen disanpears more rapidly.
In neither cuiture is nitrate utilized until the ammonium-N has boen assimilated.

2, The tnhtbicion of nitrate assimilation by the wddilion of amatoniom-N

Fig. za shows the resnlt of adding a smali guantity of ammenium-N to a sus-
pension which ix assimilating nitrate in duarkness with glucose as carbon source.
Nitrate assimilation ceascs as soon as ammonium-N is added. The ammontum-XN s
rapidly assimilated. As soon as it has ailt gone, nitrate assimilation commences again.

Kig. 2b shows the similar behaviour of cells as<similating nitrate in light with
carbon dioxide as carbon source.
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Fig. 2. The effect of ammionium addition on nitrate assimilation by (a) nitrate-grown cells in

dark in presence of 1% (w/v) glucose, (b) nitrate-grown cells in light in presence of 5% (v!v)

carbon dioxide in air, (c) nitrogen-starved cells in dark on presence of 19, {wjv) glucuw Q—.

nitrate-N in culture  which does not receive ammonivm; g - 4. nitrate-N in culture z which

receives ammonium at time indicated; W— W, ammomnum-N in culture 2. Cell density. 5.0 mg

dry wt./ml. Light intenrity, Houw ft-randles. The figures represent pug nitrate or ammonium-N
per mi for Expts. a and b, and g4 N per 0.3 m! for E<pt. ¢. Temperature, 257,

URHAN' reported that nitrogen-starved cells of Chlorella and Scenedesmus
assimilated ammonium and nitrate simultancousiv. However, under the conditions
of our experiments, ammonium inhibits nitrate assimilatich by nitrogen-starved
cells just as it does that of normal cells (Fig. 2c)

3. The effect of nitritc on nitrate asssmlation

Fig. 3a shows the effect of the addition of nitrite on nitrate assirnilation. It can
be seen that its effect is similar to that of ammoniumn addition, f.e. it produces a
complete inhibition of nitraie assimilation which persists until all the nitrite has
been assimilated.

4. The effect of ammonium on nitrite assimilation

The addition of ammonium-N also inhibits nitrite assimilation but the inhibition
is not complete {Fig. 3b). In three experiments of this type the percentage inhibition
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520 P. ]J. SYRETT, 1, MORRIS

of nitrite assimilition was 75, 84 and 859, giving a mean value of about Bo %, in-
hibition.

5. The dependence of nhibition wpon the assimilation of ammonium

In the experiments described above, the inhibition of nitrate assunilation by
ammonium could be due either to the presence of ainmoanium or to the ammonium
assimilation which occurs immediately after ammonium is added. The results des-
cribed in this section suggest that the ‘nhibition is not due to the presence of am-
monium per se but to ammonium assimilation,
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Fig. 3. A. The effect of nitrite on nitrate assimilation bv nitrate-grown cclls. The cultures con-
tained 5.5 mg dry wt. cells per m! and 19 (w/v} glucose. @—@, nitrate-N in culture 1 which
feceived no nitrite; g— g, nitrate-N in culture 2 which received 10 ug nitrite-N per ml at time
indicated; W —W, nitrite-N in culture 2. B. The effect 0f ammonium on nitrite assimilction by
nitrate-grown cells. The cultures contained 3 mg dry wt. cells per m! and 1% (wjv) glucose,
Culture 2 received 22 y+¢ ammonium-N per ml at the time indicated.

Experiments with cellfree extracts containiag nitrate reductase (section 6)
show that ammonium sulphate in a final concentration of 3- 10~ M has no effect at
all on the activity of nitrate reductase. This ammonium concentration is thirty times
that which inhibits nitrate assimilation by intact cells and the absence of inhibition
wicth cell-free extracts’suggests that ammonium alone does not inhibit nitrate re-
duction.

This suggestion was supported by experiments carried out with intact cells
which had been previvusly starved of carbohydrate. BoNcERSs!? found that carbo-
hydrate-starved cells of Scenedesmus would reduce nitrate to ammonium quantita-
tively in light in the absence of carbon dioxide. Such cells presumably lack carbon
veserves with which to make carbon skeletons for ammonium assimilation.

Fig. 4A{i) shows rthat in light, in the absence of carbon dioxide, carbohydrate-
starved cells of C. vulgaris reduce nitrate to ammonium which accumulates. The
addition of o.o05 M ammonium has no effect on this reduction. However, when
cither carbon dioxide or glucose is present to provide a carbon source (Fig. 4Aii and
ili) ro ammonium accumulates since it is assimilated and, under these conditions,
the addition of ammonium inhibits nitrate disappearance. In fact, when the carbon
source is 5% (v/v) carbon dioxide in the gas phase, anuwaonium addition inhibits
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INHIBITION OF NITRATE ASSIMILATION IN CHLORELLA 571

nitrate reduction completely (Fig. 4Auii). The effect .f the presence of glucose is of
interest. When glucose~ iz added, in the absence of carbon dioxide, #.¢. the Warburg
flasks in which th. experiments are carried out contain caustic potash, the inhibition
of ritrate reduction by ammonium is present buat iucomplete (Figs. 4Aii and 4Bii).
If caustic potash is omitted from the Warburg flasks the inhibition in the presence
of glucose is much morz pronounced (Fig. 4Biii). This may bc a reflectton of the tact
that ammonium assimilation to amino acids is accompanied by considerable carbon
dioxide fixation'®; it might, however, indicate a more cirect relationship between
ammonium, carbon dinxide and the inhibitor <f nitrate reduction. Fig. 4B alkeo
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Fig. 4. The effect of ammoniem on nitrate reduction and assimilation by carbohydrate-starved
cells in light. The plus and minus signs below the column denote the presence or absence of added
ammonium-N (70 ugfml). The experiments were carried out in Warburg flasks, each containing
2.0 ml cell suspension {3 mg dry -wvt. cells/yml). The iaitial concentration of nitrate-N was 7o ug/ml.
The flask contents were analysed 2 h after the addition ot nitrate (andjor ammonium). Light
intensity, 800 ftcandles. Temperature, 25°. —-CO, indicates that the Warburg flasks contained
caustic potash in the centre wells. In experiment 413 (iii), thiy was omitted; +CO, indicates
manometers flushed with 5%, CO, in air. When glucose was present, its final concentration waa
1% {w/v}. Solid columa, nitrate-N disappeating from suspension in 2 h; cross-hatched column,
ammonium-N appearing in suspension in 2 b; open column in lower figure, ammoniom-N dis-
appearing from suspension in & h in absence of nitrate. The percentage inhibition of aitrate
reduction by presence of ammonium is shown.

shows the amount of ammonium assimilation carried out by the cells in the absence
of nitrate. It is greatest when 59, CO, is the carbon source (i) and least with glucose
in the absence of carbon dioxide (iii). It is clear that the inhibitory effect of am-
monium on nitrate reduction is most pronounced under those conditions which most
favour ammonium assimilation.

The experiments illustrated in Fig. 4 were carried out in Warburg manometers,
the flask contents being analysed at the end of the experiment. The gas exchange
which occurs during an experiraent of this type is siown in Fig. 5. In light, nitrate
reduction is accompanied by a considerable evolution of oxygen'®. Thus gas ex-
change is a sensitive indicator of the rate of nitrate reduction. It can be seen from
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872 P. J. SYRETT, I. MORRIS

Fig. 5a, that, in the absence of glucose and carbon dioxide, the addition of NH,+ has
no effect on gas exchange in the presence of nitrate. This result is in sharp contrast
to that shown in Fig. 5c where the addition of NH,#+ to cells assimilating nitrate in
the presence of §% (v/v} carbon dioxide, lowers the rate of gas output to the level
of that of cells with NH,+ alone; this corresponds to the almost complete inhibition
of nitrate reduction shown in Figs. 4A {iii) and 4B (i). In the presence of glucose
and absence of carbon dioxide, the gas-exchange measurements indicate an incom-
plete inhibition of nitrate reduction by NH* (Fig. 5b) corresponding to that shown
in Figs. 4A (1) and 438 (i1).
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Iir. 5. Cas exchange accompanying nitrate assimilation by carbohydrate-starved cells in light.
Light intensity, Yoo ft-candies, Temperature, 25°. Nitrate-grown ceils starvcd of carbohydrate
tor 16 h. Cell suspenvion contained 3.0 mg dry wt. cells per ml. {a} and (1), flaska contained 2.0 mi
ceil suspension. Caustic potash in centre well, in {b} 19, (w/v) glvcose way added. 84 ug NO,-N
or g6 ug NIl,*-N added at times indicated. {c), Flasks containzd 1.0 ml cell suspension. Gas
phase, 59, (v/v) €Oy in air, 104 pg NO,-N or 57 pug NH,"-N added at times indicated.

These experiments, then, suggest that it is ammonium assimilation rather than

ammonium itself which inhibits nitrate assimilation. MORTON® came to a similar
conclusion for difterent reasons.

6. The pyridine nucleotide specificity of nitrate reductase and gluwtamic dehydrogenase
in C. vuigasss

The presence of both nitrate reductase and glutamic dehvdrogenase was de-
monstrated in cell-free extracts of cells grown with KN, as nitrogen source (Fig. 6a).
Nitrate reductase required DPINH as electron donor and does not utilize TPNH. The
reverse is true for glutamic dehvdrogenase (Fig. 6b).

7. Nilrale asssmilation by cells grown with NH /NO, as nitrogen source

Fig. 7 shows the time course of nitrate assimilation of cells grown with NH,NOQ,
as nitrogen source in contrast to those grown with KNO, Whereas the cells grown
on KNO, assimilate nitrate immediately after it is added, the cells grown on NH,NQ,
shnw a long pertod of 3 1 before nitrate assimilation starts. This long ©:riod is con-
siderably shortened if the cells ave aerated for 2 h in a N-free mediurn before nitrate
iv. added. That the difference in behaviour of these cultures is not due to differences

Biochim. Biophys. A:la, G7 (1963} 566—575



INHIBITION OF NITRATE ASSIMILATION IN CHLORELLA 573

(a} Nitrote reductoss (b) Ghatamric dotv -drogonose
19} I
P DPRH
13 .'.“o—o—o—.-—-o
O3 Te—w-o__  ToNHeboitea
l v extract
27 DPMHS boded | a——a=b T
a—am
= —— ~
L np At T L Y t RN
[N [}
TPMNH ;
‘E!o-a——m A —at M ™. TPRM
50 Te DFRR L .
3 . ~.
ic S
L i L " n t. L —— 1 . o
[=3 2 aQ [} a8 10 w29 4 4 - a 10 12

Fig. 5. The pyridine nucleotide specificity of (a) nitrate reductuse and (b) glutamic drhydrogenase;
the oxidation of reduced pyridine nucleotids was =easured fluonimetricaily. The <ssay mixiures
contained o.5 ml ceil-free extract containing o.15 mg protcio, .2 ml 0.1 M Tds huffer (pll 7.4);
o.t ml 0.001 M (approx.) DPNH or TPNH. A strearn of oxygen-free nitrogen was bubbled thirough
the mixture between readings: this reduced the cuadogencus oxidation of reduced pyridine nu-
cleotide. In (a) 20 gmoles KNO, were added at the time indicated; in (b) 20 gmoles ¢-oxoglutarate
were included in the reaction mixtury and zo ymoles (1,350, added at the time indicated.
Temperature, 31°. to fluorimeter units approx. 40 mumoles PNH.
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Fig. 7. Nitrate assi:niiation by cutls grown with ammonium nitiate as N-source. Culture 1 con-
tainsd 13 m) cell suspension grown in potassium nitrate; the cclls assimilate citrate as soon as
it is added. Cultures 2 and 3 each contain 8 ml cell suspension grown in ammonium nitrate but
culture 3 was shaken for 2 b in nitrogen-free medium before nitrate was added. Note that culture 2
only assimilates the added nitrate afier a lug of about 1 b in culture 5 the lag has been con-
siderably reduced. All flasks contained Chlorellz suspension, 7 mg dry wt./ml, with glucose added
to give a final concentration of 1% (wjv). T flasks were shaken in darkncss at 25°. All received
100 uwoles KNO, at zero time. Samples of each type of ccll were passed through a French press
and nitrate reductass activity asszyed. The enzyme levels arc shown below. Note that the
nitrate reductase level of the amnonium nitrate-grovm cells is unchanged by 3 k aeration in
nitrogen-frve medium.

mpamales itrids
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PEF Mg Protean

KNQO,-grown cells 15.0
VB NO,-grovn cells 4.0
NH NO, giown cells after 3 h in N-free ulediuvm 4.8
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in the amount of nitrate reductase present is shown by the data included in Fig. 7.
It is clear that the cells grown on NH/NQ, posses nitrate reductase (although less
than that in the KNQ;, cells) and that their nitrate reductasc content does not alter
appreciably during the 3-h period of nitrogen starvation. Nevertheless the period of
nitrogen starvation considerably increases their ability to assimilate nitrate.

DISCUSSION

Nitrate assimilation by C. vulgarss is completely inhibited as soon as a small quantity
of ammoniun is added and the inhibition is relieved as soon as all the ammonium
has been assimilated. Since ammonium only partially inhibits the assimilation of
nitrite and since no appreciable quantity of nitrite ever accumulates in our cultures,
ammonhium must inhibit the first step of nitrate assimilation, namely the reduction
of nitrate to nitrite. The addition of nitrite also inhibits nitrate assimilation: this
effect may well be a result of the conversion of nitrite to ammonium so that both
act in a common manner. In many respects our results resemble those of MorTON
AND MacMiLLax? with fungi. They, too, found that ammonium completely inhibited
nitrate assimilation and partially inhibited nitrite assimilation, but in their work,
nitrite apparently had little effect on the reduction of nitrate.

Ammonium appears to inhibit nitrate assimilation only when it is itself assi-
milated. Thus ammonium has nu effect on nitrate ieduction by carbohydrate-
starved cells unless a carbon source is added which enables the cells to assimilate
ammonium. MorTOX?®, too, suggested that ammonium must be assimilated before
it can inhibit nitrate reduction.

There are at least two ways in which ammonium assimilation might inhibit
nitrate reduction. Firstly, the two processes might compete for the available supply
of reduced pyridine nucleotide in the cells. Secondly, ammonium might be assi-
milated to an organic nitrogenous compound which inhibits nitrate reduction in
some way. The second of these possibilitics appears the more likely. It is true that
the primary steps in both ammonium and nitrate sssimilation require reduced pyTi-
dine nucleotide, in the first, for the reductive amination of a-oxoglutarate to glutamic
acid and, in the second, for the reduction of nitrate to nitrite. But in C. vulgaris, the
pyridine nucleotide specificitv of the enzymes catalysing these two reactions appears
to differ. Glutamic dehydrogenase requires TPNH while nitrate reductase requires
DPNH. Thus a direct competition appears unlikely although it cannot be com-
pletely ruled out. Moreover, the experiment with cells grown on ammonium nitrate
suggests that something inhibiting nitrate assimilation accurnulates in cells which
are assimilating ammonium. These cells, although possessing nitrate reductase, do
not begin to reduce nitrate unti! they have been aerated for 3 h in an ammonium-
frec medium. ft looks as if the inhibitor is removed during this period. Presumably,
in the experiments in which rather a small quantity of ammonium was added, the
quantity of inhibiter formed would be small and would disappear soon after all the
ammonium had been assimilated.

If sucn an inhibitor is formed during ammonium assimilation it might inhibit
nitrate reduction in one of two ways. Firstly it might, ir some way, prevent the
entry of nitrate into the cell or interfere with its access to the enzyme, nitrate re-
ductase. Secondly it might act by inhibiting nitrate reductase itself. We prefer ti.¢
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iNRIBITIOXN OF NITRATE ASSIMILATION IN CHLORELLA 573

second of these possibilitics and have some evidence to support it?. We huave failed
to find evidence of any cffect of ammonium assimilation on the entry of nitrate into
the cells but since the quantity of nitrate in Chlorella is always extremely low the
results are inconclusive. We have also examined the effect of a variety of nitro-
genous compounds on the nitrate reductase activity of cell-free extracts; the results
are preserted in a later paper?.
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