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CHAPTER 1

-

GENERAL OUTLINE AND METHODS
§ 1. INTRODUCTION

5

The primary object ofthis investigation was the study ofnitrate assimilation
by algae inthepresence andabsence oflight. Though it isevident from the
literature onthis subject that nitrate reduction takes placeinlight as well asin
darkness, only little isknown about the mechanism. Anattractive hypothesis
assumes that the photosynthetic apparatus interferes directly in the process
of reduction, but until now this has notbeen demonstrated conclusively. This
supposition implies the existence oftwo mechanisms, viz. a "dark" system,in
which the energy necessary forthe reduction issupplied byreserve materials,
and aphotochemical system.
The assumption oftwo processes isbased especially onthe observation that
in light inthe absence ofcarbon dioxide the rate ofnitrate reduction surpasses
that inthe dark. This observation, however, can also beexplained in another
way. During illumination the supply of oxidisable substrates might be kept
constant by resynthesis from the carbon dioxide formed by respiration. In
dark periods, reserve substances mayberapidly exhausted and nitrate reduction
could then stop by lack ofenergy supply.
To obtain more insight into thecapacity ofthe nitrate reducing systemsin
the presence orabsence oflight, itistherefore necessary totake care that also
during prolonged dark periods the supply of oxidisable substrates doesnot
limit therate of reaction, a circumstance that has led to investigating a special
type of"nitrogen-starved", or"carbon-enriched" cells.
It seemed interesting, furthermore, to tryto follow thepath of nitratereduction, and tocompare the rate ofnitrogen assimilation inlight and darkness
with therate of assimilation of more reduced intermediates, e.g.nitriteand
ammonium. In experiments ofsuch type one may expect to obtain aninsight
into thequestion in how far energy providing processes arelimiting nitrogen
assimilation, orin how far limitations intheprocess of nitrogen assimilation
are introduced, e.g., by limited availability of certain necessary carbon"skeletons".
§ 2. REVIEW OFTHE LITERATURE

It would be impracticable to discuss exhaustively the accumulated knowledge onnitrogen assimilation and nitrate reduction. Therefore, the author re-
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stricts himself to mention a fewpublished reviews andto a brief discussion of
those investigations, closely related to hisown work.
In 1937, NIGHTINGALE has given an extensive survey ofearlier literatureand,
in 1948,presented an additional survey covering the literature between 1937
and 1948. STREET (1949) reviewed further literature especially based on work
published since 1939,andWOOD (1953)has dealt particularly with the nitrogen
metabolism in higher plants. Recently, WEBSTER (1955) discussed nitrogen
metabolism ina more general way. An excellent book on protein metabolism
waspublished by CHIBNALLin 1939.

Interest in N0 3 -reduction as carried out by green cells wasaroused bythe
classical work of WARBURG and NEGELEIN (1920) with Chlorella. Though not
working under generally physiological circumstances (pH2.0), they observed
the reduction of nitratetoammonium bygreen algal cells. They found furthermorethat duringillumination intheabsenceofcarbondioxide,oxygen evolution
could be obtained by theaddition of nitrate. Onthe other hand, the presence
of nitrate in the dark caust d an extra carbon dioxide production. Since the
"extra 0 2 " production in light surpassed the "extra C 0 2 " production in the
dark, the authors supposed that under the influence of light the penetration
of nitrate ions into the cells wasstimulated. Thereplacement of "extra C 0 2 "
by "extra 0 2 " canbeexplained from thefact that inlight thecarbon dioxideis
again reduced to oxygen. However, itisimportant to notice that the observed
extra 0 2 production in light wasmore than three times as large as the extra
C 0 2 production inthe dark.
Many investigators, using Chlorella cells, have confirmed the results of
WARBURG and NEGELEIN also under more physiological conditions, e.g.
MYERS (1948), CRAMER (1948), KOK (1951), and KROLLPFEIFFER (1951).
DAVIS (1953) demonstrated with algae that the process ofnitrate reduction in
light was more complicated. Hefound a very limited netoxygen production in
light with nitrate andwithout carbon dioxide. However, only after the addition
of anexternal hydrogen donor (glucose),hemeasured arapid nitrate reduction
with concomitant oxygen evolution. Nitrate reduction under these conditions
can most easily be explained by the direct action of glucose or oneof itsdecomposition products asa hydrogen donor. At allevents these results suggest
that also in irradiated cultures thenitrate reduction iscoupled with the oxidation of an organic substrate. The hydrogen, originating from the "photodecomposition ofwater" assuch would notseemtobeasuitable reductant.
VAN NIEL etal.(1953) supposed nitrate reduction tobedirectly coupled with
the photosynthetic mechanism. In strong light, the authors found a C0 2 uptake not affected by the presence or absence of nitrate. The oxygen output
was, however, considerably larger when nitrate was available.In weak light,the
C0 2 -uptake was diminished bythepresence ofnitrate, whereas theoxygen output remained constant, independent ofthepresence of nitrate.The same results
aregivenby KOK (1952)and by VAN OORSCHOT(1955).From their observations
they concluded that the decreased C0 2 -uptake in the presence of nitrate resulted from a competition between C 0 2 and N0 3 ~ for thephotosynthetic reductant. Under conditions of light saturation, the supply of photosynthetic
reductant is more than canbehandled bytheenzyme systems involved inthe
reduction of C0 2 . If now theenzyme systems involved inthenitrate reduction
utilizethisexcessreductant, anadditionalamount ofoxygencanbe produced.
In accordance with these findings, nitrate is thus considered as hydrogen
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acceptor in the same sense as carbon dioxide. Then the reduction of nitrate can
be considered as a dark reaction,in the same way as indicated for C 0 2 (e.g.
WASSINK, 1951).
In the line of thought of these investigators, the mechanism of nitrate
reduction in the presence or absence of light may be the same, except for the
ultimate energy source used.
MENDEL et al. (1951), however, suggest that two different mechanisms are
responsible for the nitrate reduction in tomato leaf tissue, viz., one occurring
in the light, the rate of which is about 50 % greater than that in the dark. They
gathered these indications for a „two way course" from the observation that
the nitrate reduction in leaf discs incubated in darkness is markedly inhibited
by iodo-acetate, which inhibitor had no effect on the light process.
BURSTRÖM (1943) is of the opinion that the nitrate reduction by wheat leaves
in light can only occur in the presence of carbon dioxide, in close connection
with photosynthesis. According tothe same author (1943b) young wheat leaves
are unable to reduce significant quantities of nitrate in the dark, while this
would not be due to lack ofcarbohydrate. On the other hand, BURSTRÖM (1939)
also found nitrogen assimilation by wheat roots. From these facts he concluded
that the assimilation of nitrate must follow different courses in roots and leaves.
The biochemicalpathway of nitrate reduction has been studied by EVANS and
NASON, using cell-free extracts.They (EVANS and NASON 1952,1953; NASON and
EVANS 1953, and EVANS 1954) have isolated, purified, and characterized an
enzyme from Neurospora and soybean leaves and nodules, which reduces
nitrate under simultaneous oxidation of the reduced form of tri- and diphosphopyridine nucleotide. The enzyme proved to be a flavoprotein with flavine
adenine dinucleotide as a prosthetic group.
NASON et al. (1954) furthermore isolated an enzyme from Neurospora and
from soybean leaves which catalyzed the conversion of nitrite to ammonia.
TANIGUCHI et al. (1953) discovered three reductases in cell-free extracts of
Bacilluspumilus which reduced nitrate, nitrite and hydroxylamine. Reduced
methylene blue could be used as an electron donor.
NICHOLAS et al. (1954, 1955) have found that the addition of molybdenum
to the nutrient medium increased the nitrate reductase in two Neurospora
strains and in Aspergillus niger. From experimental work with isolated nitrate
reductase from soybean leaves, the role of molybdenum became evident. These
authors found a proportionality between the molybdenum content and the
activity of the enzyme.
As is shown by EVANS (1953), reductase activity was found in the tissue of
six higher plants, e.g. in potato and in barley roots and leaves. His results demonstrate that addition of TPNH and DPNH stimulates the reduction of
nitrate.
These findings are not in agreement with such as found by WARBURG et al.
(1920), and BURSTRÖM (1939, 1943b). The relatively low reduction rates found
during prolonged dark periods by these authors are perhaps caused by the
exhaustion of oxidisable substrate. In connection herewith the investigations
of PIRSON (1937), VAN HILLE (1938) and SYRETT (1953a) are interesting. They
found that the assimilation of nitrate and ammonium in nitrogen starved algae
is largely influenced by the nitrogen content of the starting material. Also
ROINE (1947) found a stimulated nitrogen intake in nitrogen starved Torula
yeast.
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About theformation of intermediates innitrate reduction only littleis known.
There are some suggestions in the literature for the occurrence of nitrite.
WARBURG et al. (1920) found this compound in a suspension of green algae,
using nitrate as a nitrogen source. Recently KESSLER (1952, 1953a,b) has demonstrated excretion of nitritewithalgae;theaccumulation ofthis intermediate
was highlydependent on the pH on the suspension. It ishis opinion that in the
range of pH 3to pH 5the reduction of nitrate to nitrite is stimulated while the
further reduction of nitrite is limited. The occurrence of intermediates on the
reduction level of hyponitrous acid and hydroxylamine has often been assumed.
The consideration of these two compounds in the course of the reduction of
nitrate is attractive as far as thus in each reduction step two hydrogen ions or
electrons are used. The existence of these intermediates, however, has not yet
been demonstrated in green cells. Only LEMOIGNE et al. (1937a,b) found hydroxylamine in various leaves, but LUDWIG (1938) has demonstrated that
Chlorella does not utilize hydroxylamine as a nitrogen source. ZUCKER and
NASON (1954), however, isolated an enzyme from Neurospora that catalyzes
the reduction of hydroxylamine to ammonia. An accumulation of hydroxylamine by some Neurospora mutants was found by SILVER et al. (1954) while
VERHOEVEN (1952) demonstrated the occurrence of hydroxylamine during
nitrate reduction in Denitrobacillus licheniformis.
Nitrate has to be reduced to the ammonia level before being incorporated in
the carbon skeleton for the formation of amino acids and cell protein. Many
investigators accept the formation of ammonia as an intermediate in nitrate
reduction. An accumulation of this compound has been demonstrated by
WARBURG et al. (1920) with Chlorellawhile PRIANISCHNIKOV et al. (1931) have
found itinpea seedlings.Usingthetracer technique, MENDELetal.(1951) found
labeled ammonia nitrogen in higher plants fed with labeled nitrate.
§ 3. OUTLINE OF THE INVESTIGATION

In this section some of the ideas briefly touched upon in the introduction,
will be lined up somewhat more definitely.
Our investigation started with a confirmation and extension of some of VAN
OORSCHOT's findings concerning the effect of nitrogen supply on the growth of
algal cultures, the composition of the cells, and the observation rates of photosynthesis in various stages of nitrogen exhaustion (cf. VAN OORSCHOT, 1955).
These experiments are discussed in Chapter II.
Questions as exposed in§1 have been experimentally approached in Chapters
III to V included.
Chapter III builds forth upon the foundation laid in Chapter II, and the rate
of nitrogen metabolism has been investigated under various external conditions,
and using various nitrogen sources. Experiments are described in this Chapter,
comparing rates of nitrogen assimilation in light and in darkness, with cells
previously exposed to nitrogen-starvation (and carbon-enrichment) conditions,
and with normal cells.1) Such experiments point to a requirement of nitrogen
free cell compounds for nitrogen assimilation while, moreover, they led to
x
) In this paper we will understand by "normal cells" those obtained in a medium which
does not show any obvious deficiency and which generally leads to rapid growth and multiplication. If any nutrient has been withdrawn from the culture medium for a sufficiently long
period,cellsthusobtained willbedesigned as"starved"withrespect tothenutrient in question.
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consider the location of factors generally controlling nitrogen assimilation,
in the nitrogen assimilation chain.
An extension of these observations in Chapter IV leadstothe consideration
of another, specific rate limiting step in the course of nitrate reduction, which
step is not limiting in ammonium assimilation. So far, the role of light energy
in the process of nitrogen assimilation has not'yet been thoroughly discussed.
Experiments described inChapter Varemade toinvestigate thequestion as to
whether light energy may play a primary role in nitrate reduction (e.g. by way
of a primary photosynthetic reductant generated by light) or whether light
energycomesin only indirectly, byway of a breakdown of carbohydrates along
a pathway similar to that indarkness.Wewillseethat in this respect it has been
useful to study excretion of probable intermediates of nitrate reduction. These
problems, in general, deal with aspects of the interrelation between carbon and
nitrogen assimilation, and more especially between carbon dioxide and nitrate
reduction.
§ 4. MATERIAL AND METHODS

The algal strains used, viz. Chlorella"strain A" and Scenedesmus spec, were
kept in tubes on agar in a light cabinet. From these tubes the inoculum was
obtained for the inoculation of ERLENMEYER flasks containing 500 ml of a
medium of the following composition:
SOLUTION A

KN0 3 *
1-0 g/litre
KH 2 P0 4
0.135 „
MgS0 4 .7H 2 0
0.50 „
SolutionB
5
ml/litre
*innitrogen deficient solutionsKN0 3was
replaced by 1.35 g K2S04/litre.
SOLUTION B

Na-citrate
FeS0 4 .7H 2 0
HBOs
MnCl 2 .4H 2 0
ZnS0 4 .7H 2 0 . . . . . .
(NHJaMoO,
CuS0 4 .7H 2 0
Co(N0 3 ) 2 .6H 2 0 . . . .
NH 4 V0 3

20
g/litre
10
0.572
0.362
0.044
0.0004
0.016
0.016
0.002

The cultures were grown under continuous illumination from daylight
fluorescent tubes (±4000 lux) and flushed with air enriched with 5% C0 2 . The
cultures werecontinuously shaken; the temperature wasapproximately 25°C.
Large quantities of these cells were transferred to fresh media for growth
under continuous stronglight (30klux). If nitrogen deficient cellswere required,
the cells first cultured in strong light were centrifuged, transferred to nitrogen
deficient media, and again exposed to strong light..Thecultivation and nitrogen
starvation in strong light was carried out in 300ml KOLLE dishes in a vertical
position, each containing 260 ml of the medium. The dishes were aerated via
two smallglasstubes bywhichthe sedimentation ofthecellswas prevented.
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Nitrogen assimilation by material obtained in this way was measured after
addition of0.21gN perlitreas KN0 3 , K N 0 2 or(NH^SC^to themedium. The
intake of nitrogen was estimated by measuring the production of cell nitrogen
during the time of restoration to a normal nitrogen content. Since the rate of
nitrogen assimilation wasto be measured in light and indarkness, and the same
amount of dry weight was to be considered, growth had to be excluded. For
this reason, the cultureswereaerated withairfreed from C0 2 . A 500Watt lamp
with a light output of about 0.25 cal/cm2min. was used as a light source. If not
indicated otherwise, the nitrogen assimilation was studied in cylindrical glass
tubes with a diameter of 3cmand a height of 20cm. These tubes were supplied
with 60ml suspension, and placed in a glass-walled tank which was kept at a
temperature of 30°C.
The cell nitrogen was determined according to the conventional KJELDAHL
method. The material wasdigested during2\ hours withconcentrated sulphuric
acid, using mercuric oxide as catalyst. The ammonia was distilled into 0.02 n
HCl by means of a PARNAS-WAGNER (1921) apparatus, after which the excess
acid was estimated by titration with0.02 n NaOH. This method proved to have
an accuracy in our hands of 2% in routine investigation.
The nitrite in the culture medium was estimated after centrifuging the cells,
according to the colorimetric method of SNELL and SNELL(1949),using sulphanilicacidand a-naphthylamine. The light absorption was measured at 520 my..
Theammoniaintheculturemedium was estimated by the NESSLER technique.
The light absorption was measured at 410m(x.
The chlorophyll determinations were made by extraction of 1ml suspension
with 5per cent potassium hydroxide in methanol at 63°C during exactly 3minutes.After centrifuging, theopticaldensity ofthecleargreen liquid, containing
chlorophyll dérivâtes,wasmeasured at ± 650my.against a blanc (cf. GUMMERT
et al., 1953).
Measurements of photosynthesis in algal suspensions were made with the
conventional manometric method. The 02-exchangewas estimated in a sodium
bicarbonate buffer at pH 8.7. The highest light intensity used was 0.6 cal/
cm2min. Series of light intensities were obtained by using wire screen
filters.
In several experiments we have added nitrogen as nitrate or ammonium to
samples of nitrogen starved algae and quantitatively followed the uptake of
nitrogen as a function of various factors. This was done by analysis of the final
product of assimilation, thus studying the formation of cell nitrogen. The
question arose whether a fraction of the inorganic nitrogen converted is reexcreted by the cells into the medium or into the gas phase. In that case the
estimation of the end product alone would not have been sufficient.
PEARSALL et al. (1937) and MAYER (1952) found such nitrogen "losses"
amounting toasmuch as65%and20%-45%respectively. ALLISONetal. (1948),
however, reported average losses of only 5%, with one exceptionally high
figure of 14%. For these losses, relatively unstable intermediates in the reduction of nitrate may be responsible. PEARSALL et al. (1937) found evidence
for a reaction between amino acids and nitrite resulting in the production of
molecular nitrogen, in accordance with the equation:
H N 0 2 + RCHNH 2 .COOH-> N 2 + RCHOH.COOH + H 2 0
In view of these findings it was necessary to verify whether the same phenomenon occurred in our cultures.
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In the simplest type of experiment, known quantities of K N 0 3 were added to
cultures of nitrogen deficient cells.An added amount of nitrate was such that it
would be completely taken up from the medium during the experiment. This
was checked by means of the diphenyl amine sulphuric acid reagent.
From Table 1it appears that no losses were observed.
TABLE 1. Nitrate assimilation byN-starved algae.Each culture supplied
with a definite amount of nitrate. Culturesflushedwith air in
darkness. Temperature 30°C
Time
hrs.

Cellnitrogenmg
per 5mlsusp.

N03-nitrogenmg
per 5mlsusp.

Recovery

0
22
0
22
0
22
0
22

0.63
1.13
0.63
1.11
0.39
1.40
0.39
0.37

0.50
0
0.50
0
0.98
0
0
0

100
100
100
98
100
103
100
95

%

Table 2demonstrates that the quantities ofreduced nitrogen inthe suspension
liquid could beneglected.Nitritecan befound inthemedium, but the maximum
quantities observed were very small (about 0.05 mg nitrogen per 5ml).
TABLE2. Thedistribution ofthereducednitrogen (NO,~-N + NH4+-N).
Nitrogen deficient cells,with abundant supply of KN0 3 . Cultureflushedwith air, at a temperature of 30°C in darkness
Time
hrs.

Cellnitrogen
mg/5ml

Reduced nitrogen
inmedium mg/5ml

Cellnitrogen

0
Ü
3

0.61
0.70
0.84
0.96
1.10
1.19

0.02
0.04
0.01
0.05
0.04
0.03

100
115
138
157
180
195

5i

7
8i

/o

From both experiments it appears that the increase in cell nitrogen almost
quantitatively accounts for the quantity of nitrate nitrogen disappeared. This
means that in order to measure the velocity of nitrate reduction by the algal
suspension it is sufficient to estimate the increase in cell nitrogen per unit of
time.1)

x
) These findings are in accordance with the results of MYERSetal.(1949)who report a
recoveryof 95%inthecells.Excretion ofammonia bythecellsin their experiments also was
negligible.
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CHAPTER II

THE INFLUENCE OF NITROGEN SUPPLY ON GROWTH,
COMPOSITION, AND PHOTOSYNTHESIS OF GREEN ALGAE
§ 1. T H E INFLUENCE OF NITROGEN SUPPLY ON THE RELATIVE AMOUNTS OF PRO-

TEIN, CARBOHYDRATE, AND LIPIDS INTHECELLMATERIAL

a) Determination of the composition of the cell material
The relative amounts of protein, carbohydrate, and lipids were calculated
from the elementary composition of the cell material according to a method
indicated by SPOEHR and MILNER (1949). In comparison with C0 2 , H 2 0 and
HN0 3 , cellmaterial formed during photosynthesis isreduced asa consequence
of the action of light. This material approximately hasthefollowing composition: 50% C, 7 % H , 10% N, 26% O and 7% ash. The relative degree of
reduction of this material canbe expressed bythe so-called R-value.
Considering carbohydrates, proteins and lipids as components of algal
material, the R-values of these products are respectively: 28, 42 and67.5.
Using these R-values,itispossible tocalculatethecontents ofthese productsin
algalmaterial ofknown elementary composition, assuming that noother classes
of compounds arepresent in appreciable quantities. According to SPOEHR and
MILNER this R-value is directly related to the heat of combustion per gram of
the cell material. The R-value is, therefore, also a measure of the amount of
energy fixed bythecells during growth.
The procedure for calculating the composition of the cell material was
adopted in the experiments described in this Chapter.
b) Theeffect of the nitrogen content onthecomposition of the material
By using a nutrient medium, relatively poor in nitrogen, it was possible to
obtain cellmaterial with alarge variation incomposition regarding its contents
of proteins, lipids and carbohydrates.
In this experiment Chlorellavulgaris"strain A" wasused. Theinoculumwas
pretreated asindicated byWASSiNKeJa/., (1938); 5mlofa heavy algal suspension were inoculated into 500ml ERLENMEYER flasks, containing200mlofculture medium. The nutrient solution used contained per litre 0.250 g KN0 3 ,
0.139g KH 2 P0 4 , 0.500 g MgS0 4 . 7H 2 0, and 2 ml of a solution containing
H.5BO3,ZnS0 4 , ZnCl2,CuS0 4 , FeS0 4and MnS0 4 .ThepHwasadjusted to about
6.0. At definite time intervals samples were taken in order to estimate thedry
weight andthe elementary composition.
The arrow infig.1at about 30hours after the start of the illumination indicates the moment, the nitrate in the medium was completely consumed by
the algae. This was checked by a diphenyl amine test in the supernatant of a
small quantity of centrifuged suspension. However, the production of dry
matter continued at virtually thesame rate 1 ) until approximately the60th hour
of illumination, which demonstrates the possibility of the production of dry
matter without increase inthetotal amount ofprotein. After 60hours ofillumination the content of nitrogen in the dry matter wasabout 4 % .When theex*) Amore complete discussion ontherateofproduction ofdrymatter isgiven inthenext
section.
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FIG. 1. Growth and composition of Chlorella in a medium with a limited amount of nitrate
(0.25g/1) during prolonged growth under continuous illumination from fluorescent
tubes (4000lux). The cultures were flushed with 5% COa in air, and continuously
shaken at atemperature of 25°C.Thearrow indicatesthetimeat which allthe nitrate
inthemediumis consumed. Ordinate to the left: dry weight (mg/1); nitrogen content
in dry weight (%). Ordinate to the right: carbohydrate (Q, lipid (L) and protein (P)
content in ash free dry matter (%); R-value

posure was still more prolonged, the production of dry matter gradually
decreased.After ± 100hoursofillumination thedryweightincreased nomore.
As a consequence of the increasing carbohydrate content during the period
from 30to60hours ofgrowthandtheconcurrently decreasingprotein content,
the R-value of the material dropped from 44 to 36.This is easily understood
because the R-value of carbohydrates is lower than that of proteins (28 and
42respectively).Table 3showsthat thecarbohydrate content after 60hoursof
exposure has become about twice the carbohydrate content after 30 hours of
exposure.
TABLE 3. Composition of cell material during growth
(data from fig.1)
Illumination (hours)
Protein
Carbohydrate . . . .
Lipids

30

60

239

60%
30%
10%

25%
56%
19%

18%
50%
32%

During thisperiod, theprotein content hasbeen reduced to lessthan half its
originalvalueand an increase ofthecontent oflipidscan already be observed.
A marked drop in carbohydrate content and an increase of the lipid content
was mainly found between the 60th and 239th hour of illumination. During
this interval the R-value of the cell material regains its original level, mainly
owing to the high R-value of lipids (namely 67.5). The consequent gain in

56(15)
energy content of the cell material during this period may be attributed directly
or indirectly to the reducing action of the light energy.
Up to now it is still impossible to give a definite answer to the question,
whether light energy directly contributes to the turnover of carbohydrates into
lipids. HAEHN et al. (1925) have studied fat formation in Endomyces vernalis
and expressed the view that fatty acids are formed from pyruvic acid. LYNEN
(1953) and MAHLER (1953) studied the role of coenzyme A in fatty acid metabolism. (For general discussion see these authors and BREUSCH 1952).
§ 2. SOME CHARACTERISTICS OF ALGAE WITH VARIOUS PROTEIN CONTENTS

As was stated in the preceding section, formation of dry matter also takes
place in the light in the absence of nitrogen intheculture medium. It appeared,
however, that the pale green cell suspension thus obtained ceased to produce
drymatter as soonasthenitrogen content fellbelow 3-4%.
In this connection it seemed worth while to check thecorrelation between the
nitrogen content and the rate of photosynthesis (as measured by determining
the oxygen production), the chlorophyll content and the number of cells.
a) Nitrogen starvation ofcells
Methods
Since the low light intensity, applied in the experiment previously described,
caused a rather slow growth rate, in this and the following experiments a light
intensity of about 30 klux was used. Rapidly growing cultures were obtained
in this way.
A relatively heavy algal cell suspension (about 1.5 mg dry weight/ml) of
Scenedesmus spec, was inoculated into a 300ml KOLLE dish, containing 260 ml
of a nitrogen deficient nutrient solution. The composition of the medium was
the sameasthatusedintheprecedingexperiment,exceptthatK N 0 3wasreplaced
by an equivalent quantity of K 2 S0 4 .Theculturesweregrownunder continuous
illumination of 30 klux, flushed with air containing 5% C0 2 , at a temperature
of 30°C. During the exposure, samples were taken at definite time intervals in
order to determine dry weight, chlorophyll and nitrogen contents and the
number of cells.
For the measurement of the light intensity rate curves of photosynthesis at
different stages during the starvation period, 10ml samples were taken, centrifuged, washed with 30ml of distilled water and transferred to a bicarbonate
buffer at pH 8.7.
Underneath the thermostat a 24 Volt, 150 Watt incandescent lamp with
internal reflector (Philips Attralux, light intensity 0.60 cal.cm -2 ,min. -1 ) was
mounted as a light source. Different light intensities could be obtained by using
wire screen filters. The temperature during the measurements was 30°C.
Results
As showninTable4 and fig. 2, a considerable (4 fold) increase in dry matter
was observed, the rate of which declined after 12 hours of exposure. The total
quantity of nitrogen remained constant, so that the nitrogen content of the
cells decreased markedly. As already stated, the rate of increase in dry weight
per unit volumeper hour, decreased considerably after 9-12 hours of starvation.
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Land cell nitrogen

(rel.)

D.W.( m g )
1.2

24

32

40

48

I

•

i

B

0

1

1

1

36

48

t f m e in hours
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FIG. 3. Production rate of dry matter (left ordinate) in mg per hour (solid line, data
from fig. 2), and the production rate of
oxygen in relative units (right ordinate)
under conditions of light saturation (dotted line, data from fig. 4), measured at
different [moments during starvation

FIG. 2. Increaseindrymatter(D.M.)
during N-starvation in a
culture medium,deficient in
nitrogen.
Lightintensity0.25
cal/cm2min., temperature
30°C. Left ordinate: dry
weight and cell nitrogen in
relative measure; initial
value= 100.Rightordinate:
percentage of nitrogen in
dry weight

JJl 0 2 / v e s s e l min.
24 -

FIG. 4. Lightintensityratecurvesof
photosynthesis measured in
a 0.2 molar bicarbonate
buffer (pH: 8.7) at different
times during N-starvation.
Figures between brackets
indicate the time of starvation in hours

0.60
0.45
0.30
0.15
l i g h t intensity in c a l / c m 2 m i n .
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After 24hoursthedrymatterproduction amounted to only 10% ofitsoriginal
value (fig. 3:solidline).
The light intensity rate curves of photosynthesis measured at different time
intervalsduringthestarvation periodareshowninfig.4.Withtheexceptionof
the curves for 3 and 6 hours of starvation, a gradual decrease of the light
saturation level is observed. After 12 and more hours of starvation such a
decrease is also found intheregion oflimitinglightintensities.After 48hours
the light saturation rate ofphotosynthesis has decreased to 5% of its original
value,averylowrateindeed.Theincrease ofthelight saturation level(seealso
fig. 3:dotted line) after 3and 6hours of starvation is significant and may be
attributed to the formation of newcells (Table4).
TABLE 4. Photosynthesis and growth of algae(Scenedesmussp.) in a nitrogen free nutrient medium. Dry
weight, cell nitrogen, and chlorophyll are given in mg per 5ml suspension. Photosynthesis is
measured as oxygen output in a 0.2molar sodium bicarbonate buffer. Light intensity 0.60 cal/
cm2,min.
Initial culture density 7.0mgdry matter per 5ml suspension. Temperature 30°C;light intensity
during starvation 30klux
Dry weight

Time of
exposure
(hours)

mg/5 ml
susp.

0
3
6
9
12
24
48

7.0
10.0
13.5
16.9
19.4
24.3
26.9

Nitrogen

On a dry weight basis

Chlorophyll

%

mg/5 ml
susp.

/o

mg/5 ml
susp.

100
143
193
232
277
338
384

0.61
0.61
0.61
0.61
0.63
0.61
0.59

100
100
100
100
103
100
97

0.197
0.225
0.230
0.225
0.204
0.148
0.077

Time of
exposure
(hours)

Dry weight p roduction per1 ïour
(mg)

0 2 -F roduc tion
at lij »ht sat urati on ((il )

0
3
6
9
12
24
48

1.00
1.16
1.13
0.83
0.41
C.11

21.7
24.8
24.5
17.5
8.55
4.15
1.35

% % nitrogen % chlorophyll
100
115
117
115
104
75
39

8.80
6.10
4.50
3.60
3.25
2.50
2.30

3.82
2.25
1.70
1.33
1.05
0.61
0.29

0 2 -production at light saturation
per mg
dry weight
1.55
1.24
0.91
0.52
0.22
0.09
O.C5

100%
80%
59%
34%
14%
5.8 %
3 •2%

Relative
number of
cells
100
115
151
153
142
145
157

per 0.1 mg
chlorophyll

Dry weight
per vessel
(mg)

5.5
5.5
5.3
3.9
2.1
1.4
0.9

14.0
20.0
27.0
33.8
38.8
48.6
53.8

In order to obtain a clear picture it is preferable to recalculate the photosynthesis saturation ratevaluesona dryweightbasis.Thesefiguresareplotted
infigs5and 5a.Aconsiderable decrease in therate ofphotosynthesisimmediately after stoppingtheN-supplyisthen observed. Thisdecreaseislinear with
timeduring thefirst 14hours of starvation (fig. 5:part A).Thislinear relation
isalso found in drymatter production as shown infig.2.Thenitrogen content
of thecellshas dropped to 2or 3% after about 12hours (Table4).Soa close
relationship seems to exist between the limiting factor responsible for the
decreaseofthelightsaturation level,andthenitrogencontent. Fig.6represents
therelation betweenphotosynthesis saturation ratevaluesonadryweightbasis
and the nitrogen content for three similar experiments.
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FIG. 5. Course of oxygen production rate
at light saturation during nitrogen
starvation, recalculated on dry
weight basisfrom the data offig.4
and Table4
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FIG. 5a.As fig. 5, for three similar experiments
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FIG. 6. Relation between the rate of photosynthesis at light saturation on dry
weight basis, and the nitrogen content for three similar experiments

1
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8

6

4
2
% N in D.W.

0

FIG. 7. Relationship between the amount
of chlorophyll per unit volume of
suspensionandthenitrogencontent
of the drymatter (seealsoTable4).
Three similar experiments

Fig.7 gives the relation between the quantity of chlorophyll per unit
volume of the suspension, and the nitrogen content. From these results it is
obviousthat a critical situation isreached witha nitrogen content of 2to 3%
ondryweightbasis.Atthispointtheactivityofthecellularmaterialisverylow.
Thechlorophyllcontenthasdecreasedto0.29%ondryweight basis,averylow
value, sothat light absorption isverylow.
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Thus, a remarkable coincidence exists between the moment at which the
cells reach a nitrogen content of about 3%, that at which photosynthesis had
decreased to a verylowrate, and that at which parts Aand Bof thecurvesof
fig. 5intersect.Moreover,theapproachoftheminimumvalueofphotosynthesis
wasaccompanied bya marked chlorophyll decomposition.
Intheregionof3-4%cellularnitrogen,thecolourofthesuspensionchanged
from dark to palegreen andfinallyto paleyellow.
b) Nitrogenenrichmentofstarvedcells
Methods
By supplying soluble nitrogen to cell material, as obtained in the preceding
experiments which was rich in carbohydrate but poor in nitrogen, a fast
increase in nitrogen content of the cells could beachieved. During nitrogen
starvation thetotal quantity of nitrogen per unit volume of cell suspension remained constant, and the variation of the nitrogen content per unit of dry
matter was the result of the production of essentially nitrogen free material,
mainly of carbohydrate nature.
Cellsextremelypoor incellular nitrogenweretransferred to amediumofthe
usual composition, containing KN0 3 . The cultures were then flushed with air
freed from C0 2 by inserting a soda-lime tube, and illuminated by a 500Watt
lamp. In order to estimate dry matter, cell nitrogen, chlorophyll, number of
cells, and photosynthetic activity, samples were taken at different intervals
during the period of the experiment (24hours).
TABLE 5. Nitrate assimilation by nitrogen starved algae, inlight(30klux).Culturesflushedwith air freed
from COa.Increaseincellnitrogen giveninmgNper 5ml suspension.Photosynthesis measured
as oxygen output in a0.2 molar sodium bicarbonate buffer. Light intensity 0.60 cal/cnr'.min.;
vessels containing 10ml suspension.
Initial density 16.3mg dry matter per 5ml suspension. Temperature 30°C
Dry weight

Timeof
enrichment
(hours)

mg/5ml
susp.

0
3
6
9
12
24

16.3
15.4
14.8
14.4
14.0
13.9

Timeof
enrichment
(hours)
0
3
6
9
12
24

Nitrogen

%

mg/5ml
susp.

%

mg/5 ml
susp.

100
95
91
89
86
85

0.34
0.38
0.54
0.66
0.74
0.84

100
112
159
195
218
247

0.044
0.044
0.057
0.080
0.119
0.197

Oa-production at
light saturation per
0.1 mgcell nitrogen
0.53
0.47
1.02
1.91
2.14
1.85

Chlorophyll

25%
22%
48%
89%
100%
87%

-production
atli ghtsaturation
(!*1)
1.80
1.80
5.50
12.60
15.85
15.5 0

On a dry weight basis

% % nitrogen % chlorophyll
100
100
129
182
269
448

2.08
2.46
3.65
4.60
5.28
6.03

0.27
0.29
0.38
0.56
0.81
1.42

0 2 -production at light saturation
dry weight
0.05
0.06
0.19
0.44
0.57
C».56

9%
11%
32%
77%
100%

98%

Relative
number of
cells

100
96
102
112
126
120

per 0.1 mg
chlorophyll

Dry weight
per vessel
(mg)

2.05
2.05
4.80
7.85
6.65
3.95

32.6
30.8
29.6
28.8
28.0
27.8
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FIG. 8.

Increase in cell nitrogen, innitrogencontent, and in chlorophyll in
a suspension of N-starved algae
at various timesafter addition of
1.5 g KN0 3 per litre. Culture
flushedwith air freed from C0 2 ,
and illuminated with 30 klux.
Previous nitrogen starvation time
24 hours at a light intensity of 30
klux, in air with 5% C0 2

Results
As may be seen in fig. 8, a
significant increase in the
amount of cell nitrogen results after N0 3 -addition,
while a slightdecrease(15%)
in the quantity of dry matter
occurs. In connection herewith, the nitrogen content in
the drymatterincreased from
2 to 6%. Table5,referring to
this experiment, also shows
some increase in the number
of cells. The originallygreenish yellow suspension again
turned green by production
of chlorophyll.
Fig. 9 gives the photosynthetic activity at différent
time intervals after the addition of KN0 3 . After 6hours
a considerably increased rate
of oxygen production appeared, and a maximum
value was reached after 12
hours. At this time a slight

o
t i m e in hours after addition
Oî/vessel m i n .

FIG. 9.

0.15

0.30

0.45

0.60

l i g h t intensity in c a l / c m 2 min.

Lightintensity ratecurvesof photosynthesis measured in a 0.2
molar bicarbonate buffer (pH:
8.7) at different times during nitrogen enrichment. Figures between brackets indicate the time
of enrichment in hours. Conditions of N-starvation and enrichment as infig.8
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t i m e in hours a r t e r a d d i t i o n of K N 0 3

FIG. 10. Oxygen production rate in
relative units at light saturation, recalculated per 0.1
mgcellnitrogen(data from
fig. 9 and Table 5). Pretreatment as infig.8

I

2

3

4

5

6 %N

FIG. 11. Relation between nitrogen content on dry
weight basis (abscissa) and oxygen output
(per0.1mgcellnitrogen,curve 1),chlorophyll
(perunit volume of suspension curve2),and
cell number (curve 3). Data from Table 5.
Ordinates to the left: Oa per0.1mg N, per
min.(nl); chlorophyll (mg).Ordinate to the
right:cellnumber (rel.units)

decrease in the rate of oxygen production could beobserved. Probably, this
must be attributed to the unfavourable action of strong light in theabsence
ofcarbon dioxide (photo-oxidation).
Inthisexperimentthequantityofdrymatterperunitvolumeremainedalmost
constant (fig.8),and the oxygenproduction at light saturation can bedirectly
correlated with theamount of nitrogen per unit suspension. The results are
showninfig.10.Similarly tofig.5,in which thephotosynthesis isfound to be
a linear function of the starvation time during the first 12hours, wenow find
a nearlylinear relation betweenthe photosynthetic rate at light saturation and
thetime ofnitrogen enrichment during 3-12 hours.After 12hours of nitrogen
enrichment, a constant level of oxygen production was reached.This can be
explained as a result of the decrease of the production of cell nitrogen and/or
theunfavourable action of strong lightin theabsence ofcarbon dioxide.
From the fact that the photosynthetic activity is gradually restored upon
addition of nitrogen, it may beconcluded that the reduced growth rate is not
dueto lack ofanyelement otherthan nitrogen.Thecolourofthecellschanges
from pale yellow-green into deep green. The lag period found infig.10(and
alsoinfig.11)probablyisduetothefact thatduringaperiod ofabout 3 hours
thephotosynthetic apparatus isreorganized. After this induction period, however, we again observe a direct relationship between photosynthetic rate and
nitrogen content, aswasalso evident infig.6.
Fig. 11shows the relation between the nitrogen content and the number of
cells, the chlorophyll production, and photosynthesis. Thephotosynthetic rate
andthechlorophyllcontent areverylowat alownitrogencontent.Thecritical
limit of2to 3%nitrogen isobvious.Anincreasing nitrogen content from 3%
upwards restores thephotosynthetic activity, until a normal value is reached.
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Chlorophyll production is not very quick until a nitrogen content of about 4.5
to 5% isreached. Below this nitrogen content a quick disappearance of chlorophyll was found during starvation (fig. 7).
§ 3. DISCUSSION

The composition of algae is influenced to a high degree by the availability
of nitrogen in the nutrient medium. This is easily understood since normally
about half of the cell material consists of protein. When the nitrogen in the
medium is exhausted, protein production will stop and, as photosynthesis
continues, a shift towards exclusive production of nitrogen free compounds has
to be expected, and is indeed observed. Experiments of SPOEHR et al. (1949),
AACH (1952), FOGG et al. (1953), and COLLYER et al. (1954) provided evidence
that the accumulation of these components in algae depends primarily on the
nitrogen concentration of the nutrient medium. FOGG et al. (1953) suggest that
in case of nitrogen deficiency the photosynthetic activity may deviate towards
the production of reserve material, for instance lipids which are compounds of
high energy content. AACH also holds the opinion that the reducing action of
light is stored in lipids. The growth rate of material with a low nitrogen content
has decreased to a very low level. This can be seen from figs 2 and 6.
The mentioned results are in good agreement with the findings reported by
KOK (1952) and AACH (1952). Similar results have also been mentioned by
FOGG et al. (1953) and THOMAS et al. (1955). The reduced growth rate is intimately connected with the decrease of the nitrogen content of the cell-material.
Since at the same time decomposition of chlorophyll occurs, the amount of
absorbed light willalso diminish. Thisisnot the onlycause of a reduced growth
rate as was proved by the experiments of KOK (1952) and AACH (1952). They
made probable that also the utilization of the absorbed light was decreased in
nitrogen starved cell material.
Fig. 11, however, demonstrates that the increase in photosynthetic rate does
not only depend on the increase in chlorophyll. No rapid chlorophyll production is observed until the nitrogen content has reached 4.5%. Then, however, the rate of photosynthesis has already reached more than twiceits original
value. Moreover, fig. 7 shows that a quick chlorophyll disappearance starts at
a nitrogen content of about 4 to 5%. Table 4 shows a decrease of the photosynthetic rate to 14% of the original value after 12hours of exposure to light
in the absence of nitrogen, whereas the chlorophyll content of the suspension
was still undiminished. So it seems as if the decreased growth rate is effected to
a greater extent by lack of nitrogen than by the chlorophyll decomposition.
The results of PIRSON(1937), AACH (1952)and THOMASetal.(1955),arein good
agreement with these findings. The influence of nitrogen starvation and subsequent nitrogen enrichment upon the photosynthetic rate was studied by VAN
HILLE (1938). The growth rate in his experiments appeared to be lower than in
our cultures, while the minimum photosynthetic value was reached only after a
number of days. Notwithstanding these differences, his results are in agreement with ours. Our experiments confirm his conclusion that the recovery of
the photosynthetic activity during nitrogen enrichment was not due to chlorophyll synthesis.
Restoration of photosynthetic activity by nitrogen addition has not been
found by HAMNER (1936),who studied the effect of nitrogen supply on nitrogen
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deficient young tomato and wheat plants. In his experiments the respiration
rate increased and chlorophyll production occurred after addition of nitrate,
but the carbon dioxide assimilation per unit leaf area was only slightly influenced. The conditions of these experiments and the plants used differ so
much of those used in the experiments discussed above, that a comparison
seems hardly feasible.
From the experiments described in this Chapter it is obvious that rapid
growth and a high lipid content of the material hardly occur simultaneously.
Increased photosynthetic activity in starved cells after re-addition of nitrogen
is evident from figs 9 and 10. The relationship between nitrogen content and
photosynthetic rate is clear.

CHAPTER III

THE INFLUENCE OF SOME METABOLIC FACTORS
ON NITROGEN ASSIMILATION
As has been demonstrated in Chapter II, § 2b, nitrogen starved cells are able
to quickly restore their nitrogen content to its normal level upon addition of
nitrate. It seemed, therefore, of interest to study the relation between the degree
of nitrogenstarvationduringthepretreatment and the timecourse of the assimilation after renewed nitrogen supply. By adding either NO s ~ or NH4+, this
procedure also allows a study of the nitrate reducing reaction. .
§ 1. THE INFLUENCE OF CARBOHYDRATE RESERVES ON NITROGEN ASSIMILATION

As was shown in the preceding Chapter, algae cultivated in nitrogen free
media usuallyare relativelyrichincarbohydrates. On thecontrary, algae grown
in complete media are relatively poor in carbohydrates. The rate of nitrogen
assimilation in both types of cultures under different conditions will now be
discussed.
For a preliminary experiment, the treatment of the algae before and afterwards was as follows:
Two parallel batches ofalgae of 150mleach were used; thefirst(A)was kept
in darkness, while the other (B) was exposed to light in an N-free suspension
medium. During 24hours both sampleswere flushed with air enriched with 5%
C0 2 . Thereafter, 1.5gK N 0 3 wasgiven to both samples,after whichportions of
50ml were taken from each sample and treated as indicated in Table 6, p. 20.
The reason why suspension A waskeptindarknesswastomaintain the quantity of carbohydrate at an approximately constant level during the pretreatment. Owing to respiration, a slight decrease of dry weight per unit of cell suspension occurred. This procedure was followed because of its simplicity; "normal cells" can just as well be obtained by giving light and a nitrogen source
during the pretreatment. In that case, however, it would be necessary to dilute
theculture of "normal cells"to the original density, sinceduring the experiment
equal quantities of cell nitrogen per unit volume of cell suspension are to be
considered. The above procedure avoids this difficulty.
Table 6, and fig. 12, a and b, give the results of this experiment. Only small
quantities of nitrate are assimilatedbysuspensionAifkeptindarkness(curveI).
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TABLE 6. Drymatter andcellnitrogen production byalgaepretreated asAandB(seetext).
Conditions of cultivation of samplesA: I dark, airminusCO a ;IIlight,airminus
C0 2 ; III light, air with 5% C0 2 .
Conditions of cultivation of samples B: IV light, air with 5% C0 2 ; V light, air
minus C0 2 ; VI dark, air minus C0 2 . Lightintensity: 30klux;temperature 30°C.
Data in mg per 5ml suspension.
Time
m
hours

Numberofculture(seetext)

I

II

IV

III

mg

%

mg

10

mg

1*
3*
54
74
94
Hi

0.68
0.69
0.69
0.70
0.73
0.74
0.74

100
102
102
103
108
109
109

0.68
0.69
0.73
0.75
0.75
0,74
0.75

100
102
107
111
111
109
111

0.67
0.77
0.90
1.01
1.16
1.30
1.50

0
14
34
54
74
94
114

6.9
6.8
5.9
6.3
6.1
6.2
5.8

100
99
86
91
88
90
84

7.2
7.3
6.9
7.4
7.9
7.1
7.3

100
101
96
103
110
99
101

V

VI

mg

%

mg

%

mg

/o

0.68
0.80
1.06
1.30
1.48
1.62
1.70

100
117
156
191
218
238
250

0.69
0.82
1.04
1.30
1.48
1.56
1.60

100
119
151
188
215
226
232

0.68
0.81
1.05
1.26
1.39
1.47
1.48

100
119
154
185
205
216
218

Dry weight
7.1 100 27.1
12.1 171 27.3
12.9 182 26.7
14.9 210 27.3
16.6 234 27.8
17.6 248 28.2
18.6 262 29.1

100
101
98
101
103
104
107

26.9
26.6
26.8
27.1
26.5
26.2
26.3

100
99
100
101
99
97
98

27.2
25.9
23.8
21.7
19.8
19.0
18.1

100
95
88
80
73
70
67

%

Cellnitrogen
0

0
14
34
54
74
94
114

9.9
10.1
11.7
11.1
12.0
12.1
12.7

100
115
134
151
173
194
224

Nitrogen content in % of dry weight
9.4
9.5
2.5
6.4
2.9
9.5
10.6
10.1

9.5
10.4
10.3

7.0
7.8
7.0
7.4
8.1

4.0
4.8
5.3
5.7
5.8

2.6
3.1
3.9
4.8
5.6
6.0
6.1

2.5
3.1
4.4
5.8
7.0
7.7
8.2

Exposed to light in the absence of C 0 2 the rate ofnitrate assimilation of these
cellswasalso negligible (curveII).However, exposure to light and flushing with
air containing C 0 2 caused an intense nitrate assimilation (curveIII).Under the
latterconditionsproduction of dry matter occurs (Table 6)and thus the increase
in cell nitrogen is to be considered as a normal growth phenomenon.
Cells originating from suspension B exhibited a rapid nitrate assimilation
under all three experimental conditions. In darkness (curve VI) no production
of dry matter occurred; on the contrary, a decrease in dry weight was observed.
Thecellsuspension inlightinthe absence of C 0 2 (curveV) showsno significant
change in the quantity of dry matter during the experiment. The fraction of
suspension B supplied with both light and C 0 2 showed a small increase in dry
matter, which however, did not appear until the experimenthadlasted 74hours.
Thenitrogencontent reachedat that moment wasnearlyequaltothat of normal
cells. Therefore, after this moment curve IV can be compared with curve III.
We may conclude from the comparison of curves IV and VI that the rate
of nitrate assimilation of nitrogen starved algae is neither influenced by light
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FIG. 12a. Time course of N-assimilation by algae pretreated in different ways in a nitrate
containing suspension medium, under different conditions. Pretreatment A: in
darkness during 24hours,in anitrogen free medium; B:illuminated at 30kluxina
nitrogen suspension medium during 24 hours. Both cultures flushed with air +
5%CO a
CurveI - N-assimilation rate in dark, air minus C0 2 pretreatment A
II „
„ „ light air „ C0 2
„
A
IIIair + 5 % C 0 2
A
IVair + 5 % C 0 2
B
V „ air minus C0 2
B
VIdark, air „ C0 2
B
FIG. 12b. Time course of dry matter production. Legend as infig.12a

nor byC0 2 , duringthefirst 6hoursafter re-additionofnitrogen.Internalreservesappear necessary for nitrogen assimilation without growth. Such reserves
were obtained by treatingthecellswithlight(suspensionB)inN-free media. It
seems, therefore, of interest to investigate the relation between the degree of
N-starvation (or carbohydrate enrichment) in light and thenitrateassimilation
thesecells showafterwards in darkness.
Variations in carbohydrate content can be obtained in two ways. First, by
varyingtheduration oftheexposureatconstantlightintensityandsecondly,by
applyingaseriesoflightintensitiesduringadefinitetimeofexposure.Thelatter
methodhastheadvantageofsimultaneoustreatment ofallseriesandwastherefore mostlyused.
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FIG. 13.

mg

Dryweightproductionofalgae,inmg/5mlsuspension,
inanN-free medium, during 10hours,atvariouslight
intensities,at 30°C.Experiments with 35ml cultures;
initial culture density 2mg dry matter per ml. Culturesflushedair with + 5% C0 2

24

0

0.12

0.24

0.36

light intensity in c a l / c m 2 min.

The experiments werecarried out inathermostat at a temperature of 30°C,in
which 5 identical 150ml ERLENMEYERflasks - eachcontaining 35 ml suspension
- wereplaced and exposed to white light of different intensities which were obtained by using wire screen filters. The cultures were continuously shaken and
flushed with air containing 5% C 0 2 (see also KOK et al, 1954).
Fig. 13shows the increase of dry matter during carbohydrate enrichment in a
medium without nitrogen at different light intensities including darkness. No
light saturation is obvious, which may be attributed to mutual shading of the
cells, sincedensecultures were used (2mgdry matter per ml).After 10hours the
cells from the cultures were transferred to fresh media containing 1.5 g K N 0 3
increase in celL nitrogen
(rel.units)
160 h

(0.350)

150
(0.189)
140

130
(.0.09)
120

FIG. 14.

Timecourseof nitrogen assimilation in darkness by N-starved
cells after re-addition of 1.5 g
KN0 3 perlitre.Figuresbetween
brackets indicate
light intensities (cal/cm2min.) at which nitrogen starvation took place
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FIG.15.
Relation between the amount ofnitrogen assimilated
during 10hours in darkness after re-addition of nitrate, and the light intensity during the preceding
nitrogen starvation period (data from fig.14).Crosses indicate the nitrogen content on dryweightbasis
of the material at the end of the starvation period
(seetext)

i n c r e a s e in

cell

0.06
Light

nitrogen

0.12

intensity

per litre and brought into darkness. The rate of N-incorporation of the 5 cultureswasthenfollowed bydeterminingcellnitrogen,withthe KJELDAHL method
at definite time intervals.
Fig. 14givestheresults ofanexperiment ofthistype.Asalready shown inthe
preliminary experiment (fig.12),the cells kept in darkness during the pretreatmentdidnotshowanynitrogen uptake. However, eventhelowestlight intensity
used in this experiment (0.030 cal.cm~2.min._1) already caused a small nitrogen
assimilation inthesubsequent dark period. Thetotal uptake ofthis samplewas
already reached after 2hours. Cellspretreated at higher light intensities showed
concomitantly larger uptake of nitrogen. This is understandable: at low light
intensities, the degree of N-starvation wassmall (6%N in dryweight,fig.15),
since only a small amount of dry matter was formed (fig. 13); at high light
intensities, however, the nitrogen content hasdropped to a lower value (3.5%,
fig. 15) since much more dry matter is formed (fig. 13).It is obvious that the
total amount ofnitrate assimilated isgreater, thelowerthenitrogen content had
dropped duringthepreceding starvation.Theinitial rate ofN0 3 -assimilationis,
however, independent ofthe degree ofpre-starvation. An obvious "light saturation" could notbeobserved atthehighest light intensity. Indeed, this could not
be expected after thecomments already made onfig. 13.However, the relation
of nitrate assimilation to carbohydrate reserves is evident.
§ 2. N I T R O G E N ASSIMILATIONRATES OF NITROGEN STARVED CELLS AND OF NOR-

MAL CELLS

We now want to compare the capacity of the nitrogen assimilating enzyme
system of starved cells (tested in the dark as described) and of normal cells
growing under optimal conditions. The procedure in this experiment was as
follows:Twoidentical quantities of cells were transferred into a nitrogen deficient nutrient solution. One of the samples was exposed to a saturating light
intensity (0.350 cal.cm_2.min._1), the other was kept in darkness. To prevent
possible injury to the cells at the high light intensity, the duration of the starvation was only brief, viz., 10 hours. Then both samples were supplied with
KNOg,andsubsequently the suspension first keptin darkness was now exposed
to light (0.350 cal.cm_2.min.-1), and, reversely, the suspension which had been
exposedtofightduringthepretreatment, wasnowputindarkness.Duringthe20
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hours the experiment lasted, both cultures wereflushedwithaircontaining5%
C0 2 . The experiment wascarriedoutat30°C.Atregulartimeintervalssamples
ofbothculturesweretakenfor determining dry weight and cellnitrogen bythe
KJELDAHL method.

TABLE 7. Nitrate assimilation and dry matter production by algaetreated as follows:
Culture I: 0 to 10hours: light, N03-free medium;
10to 20hours: dark, N03-containing medium.
Culture II: 0 to 10hours: dark, N03-free medium;
10to 20hours:light, N03-containing medium.
Culturesflushedwith 5% C0 2 in air during the time of experiment. Data in mg
per 5ml suspension.
Time(hrs.)

16

17*

20

Dry matter
21.8 I 21.0
14.4 I 16.4

18.1
20.3

17.4
22.6

17.1
30.1

Cellnitrogen
0.94 ! 1.10
0.95
1.16

1.28
1.30

1.33
1.48

1.40
1.76

7.6
6.5

8.2
5.9

0

10

Culture I
Culture II

13.0
13.0

24.2
12.3

Culture I
CultureII

0.87
0.88

0.87
0.90

Culture I
Culture II

6.7
6.7

Nitrogen content in % of dry weight
3.6
I 4.3
i 5.7
I 7.1
7.2
6.6
7.1
6.4

12

14

Table 7showsthe schedule of experimentation and the results,whilefig.16
presentsthenitrateassimilationratesfor bothcultures.Duringthepretreatment
(0-10 hours) the quantity of nitrogen did not change, because there was no
nitrogen available. After 10-20 hours, however, a fast nitrogen assimilation
camethrough. Thealgaewhichhad beenirradiated in theabsence of nitrogen
during the pretreatment had a nitrogen content of 3.6% in dry weight and
exhibited a rapid nitrate assimilation in darkness until a nitrogen content of
about 7to 8% wasreached. The cellscultivated in the presence of a sufficient
amount of nitrogen showed a fast production of dry matter under optimal
growth circumstances, and, as a consequence, a fast nitrate assimilation too.
Therelativenitrogencontentinthesecellsremainedata constant level.Fig.16
givesthenitrateassimilationratefor bothcultures.Itisevidentthatthisratefor
the starved cells is equal to that of growingcellsduring the first 5 hoursof
assimilation, after whichtheassimilation rateofstarvedcellsdecreases.
From this experiment weconclude that the capacities of the "dark system"
and ofthe "light system" are equal.
Usingammoniuminsteadofnitrateasanitrogen source,adifferent pictureis
obtained, as represented infig.16a. Now the assimilation rate for nitrogen in
cultures ofnitrogen starvedcellsismuchfaster thanisfound withnormalcells
under conditions ofoptimalgrowth.Innormalcellsthegrowthratemustbethe
limitingfactor for theincorporation ofnitrogen. Wemayassumethat innitrogen starved cells,the initial assimilation rate of nitrogen is determined by the
maximum capacityof the enzyme system,involved in the incorporation of nitrogen. One might evenconsider the possibility that the mentioned rate is still
not attained becauseofdiffusion limitations.Atanyrateit seemsclear that the
maximum rate for the incorporation of nitrogen surpasses the requirement of
normal algae,growing evenin saturating light.
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FIG. 16. Nitrogenassimilationrateof normalcellsinlight(0.35cal/cm min.)andofN-starved
cells in darkness. During the pretreatment CO-10hours in an N-free medium)
one
sample was kept in darkness and the other illuminated (0.35 cal/cm2min.). After
10hoursbothculturesweresuppliedwith0.21 g/1nitrate-N.Thedarkculture(normal
cells) wasthen illuminated (0.35cal/cm2min.) and the light culture (N-starved cells)
wasgivendarkness.Bothculturesflushedwith air + 5% C0 2 . i, KN0 3 added
FIG. 16a. Dataasfig. 16,butinsteadofKNO3,0.21g/1ammonium-Nwasgiven. | (NH^SO,,
added
§ 3. NITROGEN ASSIMILATION ASINFLUENCED BYPH

For the strain used (Scenedesmus spec), growth was optimal about pH 7.
WemaintainedthepHat7.0 ± 0.5duringperiodsofnormalgrowthandduring
those of nitrogen starvation. During nitrogen assimilation by nitrogen starved
cellslightwasusuallygiven.Undertheseconditions andincaseKN0 3 or KN0 2
is supplied nitrogen assimilation will cause the formation of hydroxyl ions
whichwilltendtoraisethepH ofthesuspension.If, ontheotherhand,ammoniumsaltsareusedasnitrogensource,thepHwillshift towardslowervaluesas
a consequence of the formation of hydrogen ions. The suspensions therefore
were buffered in order to avoid changes in pH.
Citrate-phosphate buffers were used for the range of pH 3to 5, phosphate
buffers for pH 5.5to 7.5and trisbuffer1) for therangepH 8.0-11.5.The buffer
concentration was 1/15 molar in allcases.The nitrogen sources KN0 3 , KN0 2
and (NH4)2,S04 were added in a concentration of 0.21 g nitrogen per litre.
During the experiments the pH was regularly controlled and, if necessary,
readjusted tothecorrectvaluebytheadditionofsmallquantitiesofeitherNaOH
or H2S04.
The results obtained with KN0 3 as an N-source are represented infig.17,
those with KN0 2 in fig. 18,and those with (NH4)2S04 in fig. 19.The figures
betweenbracketsindicatethepHvaluesofthesuspensions.Fig.20demonstrates
therelation betweenpH and maximum nitrogen assimilation. Obviously, pH7
*) As this buffer mixture (trishydroxymethylamino methane from the Sigma Chemical
Company, St. Louis, Miss.,U.S.A.),contains nitrogen, it had to be investigated whether this
nitrogen would be used by the cells instead of the nitrogen source intended to be checked.
By adding trisbuffer to nitrogen starved cells, in the absence of other N-sources, it could be
proved that such a utilization did not occur.
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to 8establishes the most favourable conditions with each of the three nitrogen
sources used. In the case of K N 0 2 the cells become very sensitive to a pH decrease below pH 7.5 to 7.Thus at pH 6.2 no nitrogen assimilation was observed
at all and at pH 5 to 3 the colour of the cells rapidly turned to a dark brown.
Thefact that thecellsshowed about the samepH optimum ofthe assimilation
rate for all three nitrogen sources compared was fortunate since this enabled us
to compare the use of these nitrogen sources at the same pH value. In further
work a concentration of 1/15molar trisbuffer was used for stabilization of the
pH.
§ 4. NITROGEN ASSIMILATION ASINFLUENCED BYLIGHT ANDDARKNESS
WARBURG etal.(1920)withgreenalgaefound that nitrate reductionwasmuch
faster in light than in darkness. MENDELetal. (1951)demonstrated with tomato
leaf disks that also in this case nitrate reduction was accelerated by light.
In these experiments, however, it is not taken into consideration that there
must be a certain need for nitrogen, and an energy source for the reduction in
case nitrate serves as a nitrogen source. Therefore, in our experiments we have
used cultures of N-starved cells for the study of the effects of light and darkness
in nitrogen assimilation.
The nitrogen starved cells were obtained from cultures which were cultivated
for 24 hours in nitrogen free media. During the starvation period the cultures
were supplied with air + 5% C0 2 , and exposed to an incandescent lamp of 500
Watt with a light output of 0.25 cal.cnr2.min._1. Under these conditions the
nitrogen content dropped from about 8% to 2 or 3 % N in the dry weight.
Samples of this cell material were exposed to light (of the same intensity as used
during the starvation period) or incubated in darkness after re-addition of
nitrogen. Thecultures werenowflushed withair freed from C 0 2 to stop growth.
Duringtheabout 8hourstheenrichmentinnitrogenlasted, 5mlsamples of both
cultures were taken at suitable time intervals and the cell nitrogen was determined by the KJELDAHL method.
In this way we obtained an idea of the rates at which the different nitrogen
sources wereassimilated bythe cells.Theinfluence oflight and darkness may be
seen for K N 0 3 in fig. 21,for K N 0 2 in fig. 22, and for (NH 4 ) 2 S0 4 infig.23.
The experiments with KN0 3 , represented in fig. 21,were made with different
samples of cellmaterial but carried out under identical conditions;Table 8also

TABLE 8. Slopes of curves of different experiments in light and
dark. Culturesflushed withairminusC0 2 . KN0 3 asa
nitrogen source. Relative values
Experiment

Light

Dark

1
2
3
4
5
6
7

50
35
35
36
35
48
48

40
34
35
30
35
48
48

Average

41 ± 2.7

39 ± 2.7
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shows the standard deviation for the slopes found. This demonstrates that
nitrate assimilation, in darkness is as fast as in light. In some experiments the
assimilationrateindarknesswassomewhatlower,uptoabout 20%, but during
the first few hours no significant differences were observed in the assimilation
ratesin light or darkness.The sameholds for KN0 2 and(NH4)2S04.
In experiments in which KN0 3 and KN0 2 have been used, an induction
phase wasfound during thefirsthalf hour of N-uptake. This induction phase
always is absent in the case of (NH^SO,, and sometimes in fight, as in
the case of KNOa infig.22.Therefore, it should be determined whetherthe
N-uptake in experiments with (NH^SC^ really represents assimilation also
duringthefirsthour, orperhapsonlyaccumulation ofNH4-ionsinsidethecells.
In order toinvestigatethis,5 mlsamplesofcellsuspension were centrifuged;
the precipitate was washed in 5ml distilled water and extracted subsequently
with a 5% trichloroacetic acid solution during 5 minutes. The amount of
ammonium in the supernatant wasthen determined.
Table 9givesthe results of two experiments in which KN0 3 and (NH4)2S04
served asnitrogen sources.It appeared that inboth casesthe samequantity of
nitrogen was extracted by trichloroacetic acid. This justifies the conclusion
that thevery rapid assimilation inusing(NH4)2S04isnot dueto an accumulation ofNH4+ in thecells,but in reality to a nitrogen incorporation.
TABLE 9. Cells extracted with 5% trichloroacetic acid. Data in
mgN per 5ml suspension (see text)
Time
hours
0
1
2
3*
5
7

Totalcellnitrogen
KN0 3
0.69
0.73
0.82
0.94
1.01
1.08

(NH4)2S04
0.73
•0.95
1.16
1.40
1.46
1.50

TCAextract
KN0 3
0.04
0.03
0.05
0.04
0.05
0.03

(NH4)aS04
0.05
0.06
0.03
0.05
0.04
0.05

§ 5. THE INFLUENCE OFGLUCOSEON THE NITROGEN ASSIMILATION

It was shown earlier inthispaper that, in experiments with nitrogen starved
cellsthesupplyofenergyintheform oflightdoesnotacceleratetheassimilation
rate ofnitrogen; itwasthe sameinlightand darknessirrespective ofthenitrogen compound used (§ 4).
External supply of energy can also be accomplished by addition of glucose.
As illustrated in fig. 24, this did not significantly affect the assimilation rate,
neither indarkness nor in light. The assimilation was not more rapid in light
withadditional supplyofglucosethan indarknessintheabsenceofglucose.In
dark, thepresence ofglucosewasexpressed onlyinthetotal quantity ofassimilatednitrogen,whichiseasytoexplainsincethequantityofoxidisable substrate
islarger sothat morenitrogen can beassimilated. Theinitialassimilation rate,
however, isnot influenced.
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§ 6. DISCUSSION

The study of nitrogen assimilation under different conditions reveals that this
assimilation ismost obvious when the nitrogen content of the cells drops below
a certain value. The process of nitrogen enrichment in nitrogen starved cells can
beseenasa "recovery" process, a rebalancing to the normal N-content, restoring the initial N/C quotient. By inhibiting the nitrogen intake, this quotient
declines;the relative and in light also the absolute amount of carbohydrates increases. If, on the other hand, the carbon assimilation is inhibited, the N/C
quotient was never found to exceed the value observed with material obtained
under "normal" conditions. Such cells contain 8 to 10% nitrogen and about
50% carbon in relation to total dry matter, the N/C quotient thus being
0.16-0.20. The fact that there is an upper limit of the N-content of about 10%
indicates that under conditions of C-deficiency, nitrogen containing reserve
substances are not built up to any appreciable degree.The upper limit ofthe Ncontent may be deemed to be close to that in proteins as the major nitrogen
containing substances, viz. 1/6.25i.e. about 16%, yielding an N/C quotient of
about 0.30. Since, however, certain non-proteinaceous compounds are invariably incorporated into cell structures (e.g. in the cell-wall, as well as in certain
rather constant cellconstituents, ascarotenoids, phospholipids, etc.) itis understandable that the mentioned value is never fully reached. We may well accept
the experimentally established valueof 10% nitrogen(N/C<x>0.20)asan empirical maximum.
A further indication in this direction is provided by the experimentally
established fact that nitrogen assimilation by cells having an N/C quotient of
about 0.20 onlytakes place when a useful carbon sourceisavailable at the same
time or is provided simultaneously by photosynthesis. However, this does not
hold for cellswith an N/C quotient lower than 0.16(or a nitrogen content lower
than 8% of the dry matter). Such cells tend to incorporate nitrogen into cell
material even without simultaneous administering of a useful carbon source.
The amount of nitrogen assimilated by such cells depends on the degree of nitrogen depletion. Ifthenitrogen content ofthecellsishigh, only small quantities
of nitrogen are assimilated; cell material with a low nitrogen content is capable
of forming large quantities of cellular nitrogen under suchconditions.It should
be observed, however, that the initial rate of nitrogen assimilation is independent of the degree of depletion (figs 14and 15).
Under conditions of nitrogen depletion, nitrogen assimilation takes place in
light and in darkness at the same rate. This holds both for nitrogen supplied as
ammonium (fig. 23) and as nitrate (fig. 24). We may conclude that the rate of
nitrogen assimilation as observed in the presence of ammonium is determined
by the rate at whichnitrogen iscoupled to some carbon skeleton (fig. 16a). This
carbon skeleton no doubt isderived from the excesscarbon compounds present
in the nitrogen starved cells.
Some further interesting conclusions may be drawn from a more close
comparison of figs 16 and 16a. In these figures the assimilation of nitrogen is
compared in light (under light saturation) with normal, growing cells, and in
darkness withnitrogen starved cells.Normal cellsin stronglight(inthe presence
of C0 2 ) assimilate ammonium and nitrate at much the same rate. This has been
verified in many other experiments. For nitrate, the same rate is also observed
in darkness, using nitrogen starved (carbon enriched) cells. For ammonium,
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however, the rate in darkness in carbon enriched cellsisdefinitely higher than
the one obtained in light with "normal" cells.It follows that nitrogen starved
cells,inthecaseofammonium,arecapableofahigherrateofnitrogen incorporationthancellsunderoptimumconditionsofphotosynthesis.Themost obvious
reason for this difference seems to be the presence of a stock of nitrogen free
carbon compounds in the nitrogen starved cells.Wemay, therefore, conclude
that the rate of nitrogen assimilation observed in this case is that at which
nitrogeniscoupledtosomecarbon skeleton,whichispresentinorderived from
the carbon compounds in the nitrogen starved cells. It would seem that, in
principle, four rate determining reactions are feasible viz.:
1. a reaction converting reservecarbohydrates into some "nitrogen acceptor",
2. a reaction coupling nitrogen to the "acceptor" postulated under 1,
3. diffusion of the nitrogen source into or inside thecells,
4. a reaction converting thenitrogen sourceinto a specific nitrogen compound
or group coupling with the carbon skeleton.
Provisionally,nodefinitechoicebetweenthesepossibilitiesseemsfeasible.We
areforced toconcludethatinthelightevenunderoptimalconditions ofphotosynthesis,therateofammoniumassimilationisdetermined bytherateatwhich
carbon compounds are made available by photosynthesis.
The situation inthelightbysupplyingnitrateinstead ofammonium does,so
far, notcallfor adifferent explanation. However, thesituationin darkdoes,in
which the rate of nitrate assimilation, contrary to that ofammoniumassimilation,doesnotexceedthatofnormalcellsinlight.Comparingthustheratesof
nitrate and ammonium assimilation in darkness (for which many more direct
exampleswillbepresented in Chapter IV) leads to the conclusion that nitrate
assimilation,ascomparedwith ammonium assimilation isgoverned bya limiting step of lower capacity (which may well be enzymicin nature) then in the
caseofammoniumassimilation. Forthisreason,ofthepossibilities summedup
for limitation ofthe rate of ammonium assimilation, thenumber 1.appears to
beruled out. Experiments to be discussed in Chapter Vindicate that also the
possibility2.isimprobablesincetheseexperimentsrenderitlikelythatnitrateis
reduced to a compound near to oridentical withammonium. Observations to
bepresentedinChapterIVindicatethataratelimiting,probably enzymaticstep
is intercalated in the reduction process of nitrate preceding nitrogen assimilation.
Wemaybriefly touchthequestionwhether theequalratesofnitrateassimilation observed in darkness (withnitrogen starved cells) and in light (with "normal" cells) also represent equalcapacitiesfor nitratereduction, and thus equal
capacities of the rate limiting enzyme system(s) under both conditions. The
following two possibilities may bedistinguished in this respect:
1. Thecapacityofthe"dark"and"light"systemsarethesame.In otherwords:
The highest assimilation rate observed in saturating light is the maximum
attainable (equal to the maximum rate observed in the dark with nitrogen
deficient cells),therateisenzymatically limited.
2. Thecapacity ofthe "light" system surpasses that ofthe "dark" system, and
even under conditions of light saturation of photosynthesis the measured
rate of the "light" systemislower than the maximumvalue.
As will bediscussed in Chapter V,the last mentioned assumption isimprobable.
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CHAPTERIV

ASSIMILATION RATES WITH DIFFERENT NITROGEN SOURCES
IN NITROGEN STARVED CELLS
Theexperimentspresented in the foregoing Chapter led to the hypothesis that
the maximum rate of nitrate assimilation is controlled by an enzymatic step.
The reduction of nitrate to ammonium requires several steps and it islikely that
several enzyme systems are involved. It seems possible to get an impression of
the relative velocities of various steps by comparing the assimilation rates of
nitrogen compounds of different degrees of reduction.
§ 1. EXPERIMENTS

A proper selection of nitrogen compounds, however, is difficult. Naturally
N0 3 " must be regarded as the most oxidized form. Since it was possible to
demonstrate excretion of N0 2 " in the suspension media of cultures in which
KNOg was the nitrogen source (to be discussed in Chapter V), it seems justified
to consider this compound as the first reduction product of KN0 3 . The present
knowledge concerning hydrogen transfer in living systems leads to the supposition that hyponitrite is formed in the next step {cf. WEBSTER 1955). By further
hydrogénation hydroxylamine and ammonium may be obtained. This reaction
course can be represented as follows:
2H
2H
2H
2H
H N 0 3 — • H N 0 2 - - > HNO —>NH 2 OH —>NH 4 OH
This way of representation is attractive insofar as in every further reduction
step two hydrogen ions or electrons are used. However, the existence of intermediates at thereduction levelofhydroxylamine hasnot yet been demonstrated
in green cells. It is difficult, at the onehand,totesthyponitrite inasmuch asthis
compound is very unstable. On the other hand, hydroxylamine - even in low
concentrations - ispoisonous, and for this reason could hardly be considered in
the scope ofthisinvestigation. Consequently, onlyN0 3 ~, N0 2 ~ and NH4+were
left to be considered. In extremely low concentrations hydroxylamine has been
tested as a possible nitrogen source, but no assimilation could be measured.
The assimilation rates observed for the three nitrogen sources are illustrated
in figs 25a (in light) and 25b (in darkness). The assimilation rate for NH4+
distinctly surpasses those for N0 3 ~ and N0 2 ". The slopesindicating the assimilation rates are 81 for NH4+ and 35 for N0 3 ~ and N 0 2 - . Light does not have
any influence on the assimilation rate. Table 10gives some further data of similar observations with their standard deviations.
TABLE 10. Assimilation rates of starved cells with different
nitrogen sources(relative values)
Experiment

KNO3

KN0 2

(NH4)2S04

1
2
3
4
5

35
35
38
34
43

35
35
39
34
45

81
82
85
83
81

Average

37 ± 1.7

38 ± 2.0

82 ± 0.8
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FIG. 25b. Asfig.25a, but in darkness

According to this Table the assimilation rate with NH 4 + is more than twice
that with N 0 3 ~ or N 0 2 - , which means that the rate of operation of the
enzyme system S 4 (Scheme 1) is higher than that of the systems S 1; S 2 and S 3 .
When starting with N 0 3 ~ instead of NH 4 +, the N H 4 produced may be assimilated with a velocity greater than its production rate. If this would not be so,
the maximum assimilation rate for N 0 3 ~ should be equal to that of NH 4 +.
SCHEME 1

Sx
N O , —>NO? —> unknown intermediates

S3
S4
-->•N H 4 —> cell nitrogen

The assimilation rates for nitrate and nitrite are equal, which probably means
that the first reduction step from N 0 3 " is " N 0 2 ~ " which is not assimilated with
a greater velocity than nitrate. In the following Chapter we will demonstrate a
nitrite excretion in the suspension medium, with nitrate as a nitrogen source.
Both facts appear to imply that the production of nitrite takes place more
rapidly than its reduction. Consequently, Sj > S 2 and S 4 > Slt 2 , 3 . The slowest
reaction or reactions are then involved in the reduction of N 0 2 ~ -> NH 4 +. As
the velocity of the overall reaction is determined by the slowest reaction, one of
the enzymes controlling the reduction of N 0 2 ~ -> NH 4 + can be considered as
the bottleneck in the overall reaction.
According to a personal communication, Professor C. B. VAN N I E L had been
able to demonstrate a consumption by algae of hydroxylamine supplied in very
low concentrations. He based his procedure on the influence of hydroxylamine
on oxygen production. In this relation it seemed useful to study the assimilation
of hydroxylamine also in our experiments.
Since our set-up was such that an increase of 0.1-0.2 mg N could be correctly
estimated, and since addition at once of the total quantity of hydroxylamine
required would certainly have a toxic influence, an amount of 0.11mg hydroxyl-
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amine nitrogen was added in 10portions with intervals of half an hour, beginning 30minutes after the start of the experiments. If we suppose now that each
quantity of hydroxylamine added has been assimilated before addition of the
next one, the concentration of toxic matter willremain low; the maximum concentration will amount to only 3.1 x 10"5 molar.
At thebeginning,and after 6hours, i.e. onehour after the addition of the last
quantity of hydroxylamine, the amount of cell nitrogen was determined by the
KJELDAHLmethod, whichproved that no hydroxylamine was assimilated (Table
11).If the hydroxylamine supplied would have been assimilated, the amount of
cellnitrogen would haveincreased from 0.58 mgto0.69 mgper 5ml suspension,
which certainly would have been clearly detectable. It seems,therefore, that the
inhibiting action of hydroxylamine prevents itsconsumption sothat hydroxylamine was not utilizable as a nitrogen source in our experiments.
TABLE 11. Nitrogen starved cells supplied with 0.11mg hydroxylamine
nitrogen per 5ml suspension; control suspension withOmg
nitrogen.pHofthesuspension 7.0(phosphate buffer). Temperature 30°C.
Cell nitrogen mg/5mlsuspension
Time
(hours)

0.11 mghydroxylamineadd.
I
II

Control cultures
II
I

0

0.57

0.59

0.58

0.57

6

0.58

0.59

0.60

0.60

§ 2 . DISCUSSION

It maybeconcluded from the preceding that, innitrate assimilation one ofthe
steps in the reduction of N0 2 " to NH4+must be considered as the limiting one.
Moreevidencesherefor is found in Chapter V, where the excretion of nitrite is
demonstrated. It is also supported by the fact that the rates of assimilation of
nitrate and nitrite are the same.The end product of the nitrate reduction, NH4+,
can be assimilated with greater velocity than it is formed with.
That nitrate and ammonium should be equivalent nitrogen sources as found
by PIRSON et al.(1952) is not in accordance with our results. Under the experimental conditions used by these workers a more rapid assimilation of ammonium cannot be observed, because the nitrogen assimilation depends on the rate
of growth and, as demonstrated in Chapter III, the capacity of the nitrate assimilating system is sufficient to meet the requirements. Moreover, we demonstrated in fig. 16a, that the assimilation rate of NHj4" in nitrogen starved cells
is much faster than it is in growing cells. This means that the assimilation
rate in normal cells might also be much faster if photosynthesis was faster. The
photosynthetic rate, however, obviously limits the rate at which NH4+ is incorporated.
KRATZ etal.(1955)found a higher growth rate on ammonium than on nitrate
for Anacystis nidulans. Also the observations of VIRTANEN et al. (1949) with
lo^-nitrogen Torulayeast and those of SYRETT (1953a,b) with nitrogen starved
Chlorellacells demonstrate that the increase of cell nitrogen in an ammonium
medium is much higher than in a nitrate solution.
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Many investigators accept the formation of ammonium as an intermediate in
nitrate reduction. WARBURG et al.(1920) found an ammonium accumulation in
the medium and, as will be shown in Chapter V, the rate of accumulation depends on light intensity. PRIANISCHNIKOVetal.(1931)found an accumulation of
ammonium with pea seedlings and also in the experiments of MENDEL (1951)
there is some evidence for ammonium as an intermediate in the reduction of
nitrate.
Ammonium, themost reduced form of nitrogen, can beconsidered asthe end
product of nitrate reduction. The further assimilation of this product can be
seen as a reaction of keto-dicarboxylic acid with ammonium from which the
primary amino acids originate {cf. ROINE 1947).The central position of ammonium between nitrate reduction and protein synthesis is evident.
In considering ammonium as the end product of nitrate reduction we wonder
about its precursor. Positive evidence as to the occurrence of hydroxylamine as
an intermediate in nitrate reduction and precursor of ammonium is reported by
LEMOIGNE etal.(1937a,b), who found it in various leaves. Furthermore, recently
ZUCKER & NASON(1955)isolated an enzymefrom Neurosporathat catalyzes the
reduction of hydroxylamine to ammonium. These authors suggest that reduced
DPN acts as an H-donor. Also TANIGUCHI et al. (1953) found evidence for the
reduction of hydroxylamine, using cell free extracts of Bacilluspumilis. Moreover, VERHOEVEN (1952) demonstrated the occurrence of free hydroxylamine in
the process of nitrate reduction by Denitrobacillus licheniformus. SILVER &
MCELROY (1954),however, with some Neurospora mutants found an accumulation of hydroxylamine, but free hydroxylamine was not utilized as a nitrogen
source. BURSTRÖM (1939a) assumes that in the course of nitrate reduction the
consideration of hydroxylamine as an intermediate is improbable, while
LUDWIG (1938) has found that Chlorella utilized hydroxylamine as a nitrogen
source neither in acid nor in alkaline media. Moreover, PETHICA (1954) demonstrated that hydroxylamine isnot utilized by Azotobacter. Aswasalsoproved in
our experiments, hydroxylamine - even in very low concentrations - is not assimilated. Furthermore it isalsodoubtful whether a compound astoxic as hydroxylamine will accumulate in quantities suitable for analysis.
Nevertheless, hydroxylamine may act as an intermediate, but the rate of its
formation may wellbe smaller than that of its removal. In such a case the intermediate cannot be demonstrated. The reduction rates for nitrate are in accordancewithaconversion of0.1mgnitratenitrogenintoprotein nitrogenper hour
for about 5mg dry weight per ml. Consequently, an equal quantity of nitrogen
inintermediates, e.g., hyponitrous acidand hydroxylamine willbeconverted per
hour. This quantity of hydroxylamine, applied at once would correspond to
1.4 x 10-3 molar. According to RABINOWITCH (1945), such a concentration
causes a complete inhibition of photosynthesis. So it must be assumed that this
concentration exerts a poisonous influence. Since, however, it has been demonstrated that the rate limiting steps arejust in the region of hydroxylamine formation, it is quite unlikely that a poisonous concentration of this intermediate
would ever bebuilt up. Therefore, experiments to test the possibleoccurrence of
hydroxylamine as an intermediate are to be considered as invalid when they
start with a poisonous concentration. In our experiments, using hydroxylamine,
we therefore took precautions never to allow any poisonous concentration.
Nevertheless, as reported, no indication for the assimilation of externally
applied hydroxylamine could be found.
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As a precursor of hydroxylamine, hyponitrous acid (NOH) 2 is of a certain
theoretical interest. AUBEL (1938) believes to have demonstrated its occurrence
in Escherichia coli fed with nitrate during anaerobiosis, while VIRTANEN &
RAUTANEN (1952)hold that Torulayeasthas amechanism for assimilation of the
group = C-NOH. MOZEN & BURRIS(1954) observed the assimilation of labeled
nitrous oxide, N 2 0 , a compound at the reduction level of hyponitrous acid, in
various nitrogen fixing organisms. CHADHARY et al. (1954), however, demonstrated that neither nitrous oxide nor hyponitrous acid were assimilated by
Azotobacter. Therefore, so far there seems no sufficient unambiguous experimental evidence for both nitrogen compounds, hyponitrous acidand hydroxylamine, as intermediates in nitrate reduction.
Owing to their volatile and poisonous character, their application as substrates for nitrogen assimilation appears to meet with considerable difficulties.

CHAPTER V

INTERDEPENDENCES OF CARBON AND NITROGEN
ASSIMILATION AS INDICATED BY EXCRETION OF
INTERMEDIATES OF NITRATE REDUCTION INTO THE MEDIUM
As was discussed in Chapters III and IV, under certain conditions nitrite can
be utilized as a source of nitrogen. It is generally assumed that this component
is the first reduction step of nitrate. This assumption is mainly based on the
observation made by a number of workers (BURSTRÖM 1945, DITTRICH 1930,
EGGLETON 1935, SOMMER 1936, and KESSLER 1952, 1953a,b), who found excretion of nitrite in a nitrate containing suspension medium. Dependent upon
the conditions, also the ammonium ion may be taken up from the suspension
medium or excreted into it.
In general, the concentration of such intermediates in the medium depends
upon their relative rates of formation and removal. Only as long as the rate of
formation surpasses the rate of uptake, there is a possibilibity for accumulation
in the medium.
We studied the excretion of intermediates by suspending algae, pretreated in
various ways, in media supplied with 1.50 g KN0 3 /litre. In either light or darknitrite
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Excretion of nitrite (mgN0 2 -N per 5ml suspension)
in nitratecontaining media,inlight(0.25cal/cm2min.)
or in darkness. Cultures flushed with air, either
enriched with 5% C0 2 or freed from CO2. Temperature30°C,pH7.5;5\Anormal cellspermlsuspension
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FIG.27.
Relation betweennitriteexcretion and theproduction
of cell nitrogen at different light intensities. Media
containing 1.5 g KN0 3 per litre. Cultures flushed
with air + 5 % C0 2 , temperature 30°C, pH7.5; 5yl
normal cellsper ml. Time of exposure6hours.Ordinate to the left: mg nitrite-N per 5 ml suspension.
Ordinate to the right: cell-N per 5 ml suspension
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FIG. 27a.
Relationbetween the concentration
of nitrite (mg N0 2 -N per 5mlsuspension)builtupinthemedium,and
theproduction of cell nitrogen in 6
hours(data fromfig.27)

nessand inthepresence or absence of C0 2 , 1ml samples were taken at definite
time intervals during each experiment. The cells were centrifugated, and the
nitrite and ammonium concentrations determined in the supernatant.
§ 1. THE EXCRETION OFNITRITE INTO THEMEDIUM

a. Nitrite excretion by algae of normal N-content
As long as algae are grown in an N 0 3 _ medium of suitable pH, one always
finds detectable amounts of nitrite in the suspension medium. If algae are
resuspended in fresh medium, a steady state concentration of N 0 2 _ is built up
after a few hours of growth.
This is shown in the experiment of fig. 26, which furthermore illustrates an
influence of both light and C 0 2 on the final concentration. The factor light was
studiedinmoredetail,and representative experiments aregiveninfigs27and28.

FIG.28.

Nitrite excretion (closed circles) and ammonium excretion (open circles) by normalcells in nitrate containing media as influenced by different light intensities. Cultures supplied with airminus C0 2 . Temperature 30°C, pH 7.5; 5[xl normal cells per ml. Data
as mg N per 5ml suspension. Ordinate to the left:
nitrite excretion. Ordinate to the right: ammonium
excretion

i f i

0-30
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Infig.27 weplottedthe amount of nitrogen fixed inthe cells and the amount of
N0 2 " excreted into the medium during an exposure of 6hours to various light
intensities (this duration of exposure is long enough to establish final levels of
N0 2 " concentration, cf. fig. 26). After 6hours, free nitrite amounts to 2.5% of
total cell nitrogen formed. There is a linear relation between the final nitrite
concentrations at different light intensities and the formation of cell nitrogen at
theseintensities.Thisisgiven infig.27a. Inthisfigureweusedthedata offig.27,
but plotted the final N0 2 ~ concentrations as a function of the formation of cell
nitrogen. This relation could indicate that a given nitrate assimilation is always
correlated with a specific final concentration of free nitrite.
Fig. 28 gives an experiment in which the algae were deprived of C0 2 . No
nitrogen is fixed in the cells under these conditions but ammonium is excreted
instead, a fact further discussed in the next section. The production of NH4+
during the sixhours duration of the experiment is plotted as a dotted line infig.
28. It shows that nitrate reduction occurs to a considerable extent, its rate
increasing with the light intensity.
Only in weak and medium light intensities nitrite formation is found to occur
at a rate comparable to that observed in the presence of C0 2 . The decreased
nitrite excretion at high light intensities could be a consequence of
1. re-oxidation of nitrite to nitrate,
2. accelerated reduction of nitrite to ammonia,
3. decreased production of nitrite.
The second and third possibilities are improbable: an accelerated rate of
reduction must be considered improbable since, as will be shown later, NH4+excretion did not increase at high light intensities. Consequently, it seems most
likelyto postulatea processinwhichnitriteisre-oxidizedto nitrate,probably by
photo-oxidation. Inviewofthe chemical properties of nitrite such an oxidation
could well occur.
b. Nitrite excretion by N-starved cells
Table 12showsan experiment inwhich nitrate(0.21 g per litre) was added to
N-starved algae, either kept in light or darkness.
TABLE 12. Formation of cell nitrogen and excretion of nitrite in the culture medium by
N-starved cells, in light
and darkness with KNO s as a nitrogen source. Light
intensity 0.25 cal.cm -2 ,min. -1 . Concentrations are expressed in mgN per 5 ml
suspension. Temperature 30°C
Dark
Time
(hours)
0

H

3

4i

6
7*

Cell-N

NO.-N

0
0.11
0.22
0.37
0.52
0.52

0
0.004
0.009
0.016
0.015
0.015

Light
I0 N

° cell-N
n2NN
0
3.6
4.1
4.3
2.9
2.9

Cell-N

NO.--N

0
0.11
0.21
0.35
0.53
0.59

0
0.005
0.016
0.018
0.017
0.016

10 N 2 N

° ?N
cell-N
0
4.5
7.6
5.1
3.2
2.7

It may be seen that initially no nitrite waspresent in the medium. This was to
be expected since the cells had assimilated all available nitrogen during the
previous starvation period. However, after re-addition of nitrate, nitrite rapidly
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FIG. 29.

Time course of nitrate excretion (mg
N0 2 -N per 5ml suspension) into the
medium byN-starved cells in dark, in
light (0.25 cal/cm2min.), and in dark
with 1 %glucose.Culturessuppliedwith
air freed from C0 2 , temperature30°C,
pH 7.5;15(ilN-starved cells per ml, in
a medium containing 1.5 gKN03/1

D.020
dark
3fSC~"

0.016

' dark + glue

^"•"""--O light
0.012

If

0.008

0.004

/

n
0

'
4

8
time

in hours

occurredinthesuspensionandafter 3to4hoursamaximumconcentrationwas
attained. In most cases no further increase was observed. Thereafter, a slight
decrease, amounting to 10-20%, wasfound sometimes. As may be seen from
Table 12,theproductionofcellnitrogenprovedtobeconstantupto6to7hours
after re-addition of nitrate. The fact that the rate of nitrite excretion declines
after about 4 hours might indicate that a steady state equilibrium between
production and uptake isthen attained.
Experimentspresentedintheforegoing ledtothehypothesisthat theslowest
enzymatic stepinvolvedinthereduction ofnitratehadtobelocatedsomewhere
in the reactionchainbetweenN02~andNH4+.Asfar asthereduction ofnitrate
to nitriteisconcerned, twopossibilities exist,namely,itmaybeeitherenzymelimited or controlled by the supply of energy. In order to check this, wehave
studied the influence of the external energy sources:light and glucose. Fig.29
showstheamountofnitriteexcretedinthecourseofN-rebalancingasinfluenced
by light (0.25cal.cnr2.min._1) and glucose(1 %); aparallelsampleofalgaewas
kept in darkness as a control. The curves show a time lag of about an hour.
Whereas thefinalnitrite concentration in the three experiments isabout equal
(0.016 mg N/5 ml), this concentration is attained faster in the suspension to
which light or glucose was supplied. This indicates an acceleration of N0 3 reduction by additional energy supply, the effect of light surpassing that of
glucose.
c. Theinfluence ofthepH
As has been shown in ChapterIII (page25),the nitrite assimilation depends
strongly on the pH-value of the suspension medium and shows a pronounced
optimum around pH 7to 8.It seemedinterestingto check to what extent the
excretion of nitrite isinfluenced by pH. For this reason, N-starved algaewere
supplied with 1.50 KN0 3 g/1in media with different pH-values, ranging from
5to 10.5.The steady state nitrite concentrations found inthis wayaregivenin
fig. 30.Ascanbeseeninthisfigure,thehighestconcentrationswerefound inthe
pHrangeof7to8. Wefound (cf.ChapterIII,fig.20)the samepH optimum for
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theprocessof nitrite assimilation. KESSLER(1952, 1953a,b) studied nitriteexcretion byvarious strains of algae,and observed awidevariation in regard to
pHoptimum.Thismightindicatethatthepronouncedoptimumweobservedis
only specific for our strain and ourconditionsofcultivation. However,noobservations at pH-values beyond 7were made by KESSLER, and this point may
requirefurther study.
§ 2. THE EXCRETION OF AMMONIUM INTO THEMEDIUM

WeobservedthatalgaeofanormalN-content,ifexposedtolightinthepresenceofN0 3 "intheabsenceofC0 2excreteammoniumintothemediumatauniform
rateduringaconsiderabletime.Thisisillustratedinfig.31 whichalsoshowsthat
nodetectableamountsofNH4+are excretedif the cellsare kept indarkness or
illuminatedinthepresenceofC0 2 . Theammoniumexcretionincreaseslinearly
withthetimeof exposure,but after 6to 8hours,theprocess usuallydeclines,
especiallyinbrightlight,whichtendstodamagethecellsin the absence of C0 2 .
The amounts of NH4+ excreted are substantial and exactly equal to the
amount of cell nitrogen formed in case C0 2 had been given under otherwise
comparableconditions.Thisalsoisillustratedinfig.31: thecrossesindicatethe
increaseincellnitrogenobservedinacomparablesampleofalgaeexposedtothe
same light intensity in the presence of C0 2 . Fig. 31 also shows that in the
absence of C0 2 no N-compoundsare incorporated intothecells.
m gN
0.48

0.32 -

0.16 FIG. 30.
Influence ofpH on nitrite excretion
(mgN0 2 -Nper 5mlsuspension) by
nitrogen starved cells after re-addition of nitrate. 15[xlN-starved cells
perml,temperature30°C,darkness,
experiment duration of 7Jhours
t ime m hours

FIG. 31. Excretion of ammonium and formation of cellnitrogen in nitrate containing media.
a. In light, in the absence of C0 2 . Curve 1: excretion of ammonium, curve la:
formation of cell nitrogen
b. In light, in the presence ofC0 2 . Curve2:formation of cell nitrogen, curve 2a:
excretion of ammonium
c. In darkness.Curve3:formation ofcellnitrogen and excretion2of ammonium
Data in mg N 5perml suspension. Light intensity 0.25 cal/cm min.; 6[d normal
cellsper ml suspension, pH 7.5,temperature 30°C
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Obviously, these experiments lead to the conclusion that (at least in strong
light) nitrate reduction runs independently ofCOa-reduction,regardless whether,
the ultimate product is cell nitrogen or ammonium nitrogen. We may also conclude that under these conditions the reduction of nitrate is driven by the light.
a. The correlation between C02- and N03-reduction
The relation between the light intensity and the rate of nitrate reduction,
measured asthe rate ofNH4+-excretionin the absence of C 0 2 isshown infig.32
(closed circles). It appears that this relation has the character of a saturation
curve. A dark process limits the maximum rate attainable in strong light.
It is interesting to analyse further this rate curve of N0 3 -reduction and to
correlate it with the rate curve of C0 2 -reduction, both measured against light
intensity withparallel samplesof algae.The opencircles offig.32represent such
measurements of the rate of 02-exchange with algae suspended in a 0.2 molar
bicarbonate buffer of pH 8.7. We may accept that during the 0 2 measurements
the photosynthetic quotient was close to unity. Each mole 0 2 evolved then
represents the reduction of one mole of C0 2 .
In very weak light, below the compensation point ofphotosynthesis, no NH 4 production is observed. This can be easily understood since the photosynthetic
system still has respiratory C 0 2 available. At lowand medium light intensities,
algae deprived of C 0 2 show nitrate reduction (measured as NH4+-production)
at a rate comparable to that of C0 2 -reduction (measured as 0 2 -production) in
normal cells. Table 13gives N/C ratio's from data obtained asindicated above
inthe light limiting range.It looks asif at lowlightintensitiesthis ratio is about
1,but experimental accuracy is smallat theselightintensities.If the reduction of
1 molecule of nitrate yields 2 molecules of oxygen (which we actually found in
m. mol 0- or N

FIG. 32.

Relation between light intensity and rate
of ammonium excretion in a nitrate containing medium in the absence of C0 2 ,
pH 7.5 (closed circles) and rate of oxygen
output of a parallel sample of algae in a
0.2 molar bicarbonate buffer at pH 8.7 in
the absence of N 0 3 (open circles). Both
experiments: 8^1of normal cells per ml
suspension, temperature 30°C

3sN 3sC
light intensity, c a l / er
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some preliminary experiments) an N 0 3 / C 0 2 quotient = 1 would mean the
production of 2 molecules of oxygen in nitrate reduction against 1molecule in
carbon dioxide reduction for equal numbers oflightquanta. In thelight limiting
range the production of "reducing agent" may be assumed to limit both N 0 3
reduction and C0 2 -reduction. If we accept comparable general pathways for
both types of reduction, the relative amounts of nitrate and C 0 2 reduced at a
given light intensity will be proportional to the respective numbers of reducing
agent units involved in both reductions. Roughly these numbers may be represented by the theoretical number of hydrogen atoms required in the balance
equations. These numbers are 4for C0 2 -reduction, and 8for nitrate reduction,
according to, respectively:
C 0 2+ 4H 2 0 - ^ C H 2 0' + 0 2+ 3H 2 0, and
4H

40H

| N 2 0 5 + 8 H 2 0 - ^ N H 3+ 2 0 2 + 6lH20
5H

8OH

It thus would follow that, for a given amount of light in this light intensity
region, the N 0 3 / C 0 2 ratio in experiments of the type described theoretically
would be 0.5, and not 1. The "molar" N 0 3 / C 0 2 ratio = 0.5 equals an N/C
ratio (on mg basis) of 0.58. As follows from Table 13 this value has not been
generallyfound, but isapproached quite satisfactorily by the most reliable data
at the somewhat higher light intensities.
It should, however, not be forgotten that a too close comparison of the N 0 3
and C 0 2 data does not seem warranted since the compared experiments had to
be performed in different media. More experimental data will be required for a
full discussion of the situation; such experiments are now being set up.
TABLE 13. Average N/C ratio's observed in the light limiting
range.COs-andN03-reductionmeasured separately.
Culture density 0.31 mgchlorophyll per 10ml
Light intensity
cal/cm2,min.

Ratio
N0 3 /C0 2

Numberof
experiments

Standard
deviation

0.015
0.020
0.034
0.042
0.057
0.060

0.76
1.10
0.65
0.74
0.55
0.55

4
3
4
4
4
2

0.25
0.36
0.14
0.26
0.10
0.10

Thistypeofexperiment, ofcourse,presupposes that intheabsence of C 0 2 the
absorbed,lightisconsumed in the nitrate reduction process with the same efficiency as otherwise in C0 2 -reduction.
In strong light both carbon and nitrogen assimilation attain saturation rates.
Fig. 32 shows that the maximum level of C0 2 -reduction is several fold higher
than the maximum rate of N0 3 -reduction in the absence of C0 2 . In fact the
ratio between these two observed levels usually corresponds quite well with the
normal N/C ratio observed by analysis of the elementary composition of
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Chlorella {cf. KOK, 1952, VAN OORSCHOT, 1955).This isillustrated bythe results
of experiments given in Table 14. The average N/C ratio observed in these
experiments is0.22 whichcorresponds toan N-content of 11 % ofthe dry weight
of the algae.
TABLE 14. C0 2 - and N03-reduction measured separately (see text) at
saturating light intensities. Data in mgC and mgN per
hour. Density 0.31mg chlorophyll per 10ml suspension
Experiment

mgN

mgC

N'C

Computed % N

1
2
3
4
5a*
5b**
6a*
6b**

0.13
0.24
0.23
0.20
0.20
0.13
0.12
0.11

0.62
0.75
0.81
0.92
0.73
0.97
0.52
0.92

0.21
0.32
0.28
0.22
0.27
0.14
0.23
0.12

10.5
16.0
14.0
11.0
13.5
7.0
11.5
6.0

0.22

11.0

Average

* Suspension containing about 90% "light" cells (see text)
** Suspension containing about 90% "dark" cells (seetext)

The first four experiments of Table 14 show relatively high values. The conditions probably have been such that either C02-assimilation was lower or
N0 3 -reduction was higher than normal. TAMIYA et al.(1953), NIHEI (1954), and
IWAMURA(1955) showed that during the life cycle of Chlorellalarge variations
of thephotosynthesis rate may occur, especially "light" cells showing a low rate
of C0 2 -incorporation. Therefore, in the last four experiments of Table 14 we
have used parallel samples of algae in different stages of development. "Light"
cells{cf.observations 5a, 6a,Table 14)i.e. large cells which are about to divide,
show a relatively much higher rate of N0 3 -reduction, resulting in a high calculated N/C ratio. Small, "dark" cells {cf. observations 5b, 6b, Table 14) on the
other hand show a low N/C ratio. This difference is mainly due to a decrease of
the COg-assimilation characterizing the maturity of the algae. The rate of N 0 3 reduction ifcalculated either per unit chlorophyll or per unit dry weight remains
rather constant.
In fig. 33,wecompared the rate of N0 3 -assimilation (in the presence of C0 2 ,
measured as formation of cell nitrogen) and the rate of N0 3 -reduction (in the
absence ofC0 2 , measured asNH4+-excretion)inweak and stronglight. Whereas
in strong light the rates of both processes are equal, in weak light the assimilation of nitrate appears to be suppressed by the simultaneously occurring C0 2 reduction. This suggests a competition between the C0 2 - and N0 3 -reducing
systems for some sort of reducing material supplied by light. This holds only in
weak light, because the supply of reducing material is then limited. In strong
light,the supply ofthereducing materialissuchthat alsointhepresence of C 0 2 ,
the N0 3 - and C0 2 -reducing systems attain saturation.
The ratio of the two rates of nitrate reduction observed in weak light in the
presence and absence of C0 2 ,.is about 1 :5.This means that in the presence of
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Fro. 33.
Timecourseof formation of cellnitrogeninthepresence
of C02 and excretion of ammonium
in the absenceof
C022. Light intensities 0.60 cal/cm2min. and 0.10 cal/
cm min.Excretionof ammonium in weak light (•) and
in strong light (o).; formation of cell nitrogen inweak
light (•) and in strong light (•) Temperature 30°C,
pH7.5;8(i.1 of normal cellsper ml suspension.Datain
mgN per 5 mlsuspension

mg N
0.5

0.4 -

0.3

0.2

0.1

0

2

4

6

t i m e in hours

C0 2 , algae areproduced whichare characterized bya normal N/C ratio. On the
other hand, itindicates that intheabsence of C0 2 , adeviation of allthe reducing
material towards NH 4 -production occurs.
§ 3. DISCUSSION

Accumulation ofnitritecan be observed with nitrogen starved algaeinlight as
well as in darkness after re-addition of nitrate. Normal cells show excretion of
nitrite only when illuminated in nitrate containing media.
If weneglect photo-oxidative effects under conditions of strong light and lack
of C0 2 , the excretion of nitrite can generally beconsidered asaprocess accompanying nitrate reduction. In cultures of normal algae kept in darkness, no
nitrate reduction and nitrite excretion is found. After re-addition of nitrate to
cultures ofnitrogen starved algae,however, rapid nitrate assimilation and nitrite
excretion occur.
Wecan accept that one oftheearlyintermediate stepsinnitrate reduction can
freely exchange nitrite with the medium surrounding the algae, and that the
concentration of the excreted nitrite is correlated with the reduction rate of
nitrate.
Accumulation ofammonium isshown by normal algaeonlywhen illuminated
in the absence of C0 2 . The excretion of ammonium under these conditions may
be explained as a side reaction of the normal nitrate assimilation. This side
reaction, however, willoccur onlyif the incorporation of nitrogen isblocked by
lack of carbon compounds so that no amino acids can be synthesized. As a
consequence of this, accumulation of ammonium inside the cell will occur,
resulting in excretion into the medium.
The excretion rate of ammonium willdepend upon the rate at which nitrate is
reduced.In weaklight the reduction rate ofnitrateislow,and theexcretion rate
of ammonium will also be low. In strong light in the absence of C0 2 , high rates
of ammonium excretion were found; the excretion rate shows light saturation.
The maximum excretion rate is exactly equal to the amount of cell nitrogen
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formed in case C 0 2 had been given under otherwise comparable conditions
(fig. 33).
Also for carbon dioxide reduction a maximum reduction rate can be established. The maximum reduction rates of nitrate and carbon dioxide have a ratio
of about 1 :5.This means that by simultaneous C0 2 - and N0 3 -reduction, algal
material will be formed with a nitrogen content of about 10%, on dry weight
basis.
The observation that in medium light intensities the reduction of nitrate is
suppressed by the simultaneously occurring C0 2 -reduction (fig. 33), suggests a
competition between the N0 3 - and C0 2 -reducing systems for some sort of
reducing material generated by light energy. In strong light, the reducing material isgenerated in excess,and both systems will be saturated. Under these conditionsinthepresenceofC0 2 , anamount ofcellnitrogen isbuiltup,equalto the
amount of ammonium excreted into the medium in the absence of C0 2 .
We thus have seen that in case no nitrate is assimilated, nitrate reduction in
light nevertheless may occur and is then manifest by excretion of NH4+ into the
medium.Thusnitratereductioninlightisnot strictlydependent on simultaneous
C0 2 -reduction.
CHAPTERVI

GENERAL DISCUSSION
From the experiments described in Chapter II, it is obvious that the photosynthetic capacity is correlated to the nitrogen content of the material. The
question to what extent the decline of the photosynthetic rate has to bè ascribed
either to the accumulation of photosynthetic products or to the decreased
protein content could hardly be answered. During growth in nitrogen free cultures a chlorophyll decomposition was recorded, but the decrease in the photosynthetic rate could not be explained by a diminished absorption of light, a
conclusion also drawn by VAN HILLE (1938), AACH (1952), and KOK (1952). In
studying recovery processes, we found that the addition of nitrate to nitrogen
starved algae raised the photosynthetic activity, confirming the findings of VAN
HILLE (1938). So it seems as if the production of proteins restores the photosynthesizing apparatus.
VAN HILLE (1938) did not observe a decreasing effect of carbohydrate accumulation on the photosynthetic rate. He found no decrease in the photosynthetic rate in a Chlorella culture with bicarbonate and without nutrient salts, but
instead an increase of about 70% after an illumination of 25 hours. The rate,
however, is expressed in terms of volumes of oxygen per unit volume of suspension. With this method, an increasein dry matter may well be responsible
for the increase in photosyntheticrate. In nitrogen depri\ed cultures, however,
VAN HILLE observed a decreased rate, and this rate could only be increased by
the addition of nitrate to the medium. From this it is evident that also in his
cultures the photosynthetic rate was correlated with the nitrogen content of the
medium, and thus with the protein content of the 'material formed. Such decreased photosynthetic rateswerealso found by TAMIYAand coworkers (TAMIYA
et al, 1953,NIHEI, 1954,and IWAMURA, 1955).They showed that during the life
cycle of Chlorella large variations of the photosynthetic rate may occur. Two
distinct forms in the course of growth were observed by these authors; cells,
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small in size, called "dark cells" and larger "light cells". The photosynthetic
rate found with dark cells was about sixfold faster than the rate observed with
cultures of light cells. The difference in nitrogen content between the two types
of cellsis remarkable: the nitrogen content of the dark cells was 7.0-9.5%, that
of the light cells was much lower, viz. 5.2-5.7% {cf. TAMIYA 1953).The chlorophyll content in the light cells was decreased to about 30%. Thus, also in the
dailycycle,photosynthetic activityand nitrogencontent ofthecellsseemclosely
related.
The way in which living cells adjust their protein to carbohydrate ratio will
become somewhat understandable byexperiments described in Chapters III and
IV.In nitrogen starved algae wefound the assimilation rate ofammonium twice
that of nitrate.Thisindicates that the ammonium ioncan enter cell metabolism,
avoiding a bottleneck reaction in the nitrate reduction. However, during growth
inanammonium containingnutrientsolution,thenitrogen assimilation rate was
about equal to that found in nitrate containing media. Therefore, a regulatory
mechanism must be supposed at some final state of the formation of cellular
nitrogen compounds. The fact that the faster rate is only found with nitrogen
starved ( = carbon enriched) algae{cf.fig.16a),has ledusto theconclusion that
the availability of a carbon skeleton, an N-acceptor, determines the assimilation
rate, in algae cultivated in ammonium containing nutrient solutions. Using
nitrogen starved algae, i.e. cells relatively rich in carbohydrate reserves, such
acceptors will be present, and appear to be available in larger amounts than in
quickly growing cells, which condition accelerates ammonium incorporation.
The formation of such acceptors thus seems to be a decisive factor in the incorporation of nitrogen into cellconstituents. This supposition is supported by the
observati'ons of Chapter V that in the presence of nitrate under conditions of
C0 2 -absencein the light NH4+ is excreted into the medium. Under such conditions the production of nitrogen acceptors will be inhibited, and amino acid
formation will be limited by lack of suitable carbon skeletons. For a more
detailed discussion, see Chapter III, §6.
The observations discussed above, lead to the conclusion that the N0 3 ~reducing system comprises a specific rate limiting step. We concluded that this
step must belocated between the oxidation levels of nitrite and ammonium. The
specialreasons for thisconclusion werethat innitrogen starved cells ammonium
is assimilated more rapidly than either nitrate or nitrite and that the same assimilation rates are found for nitrate and nitrite (Chapter IV). Moreover, the
excretion of nitrite under certain conditions points to the same conclusion
(Chapter V).Thesefacts together suggest that the reduction of nitrate into ammonium proceeds as follows:
(NO,)—>(NO,)—> ? —> NH 2 OH ? _ ^ ( N H 4 ) - ^ cell nitrogen
M
M
M
N03N02NH4+
(External)
(External)
() indicates:enzyme bound compound, in equilibrium with internal and external concentrations.
The picture given inthis scheme of reaction isingood agreement with experimental results obtained with cell-free plant extracts. ECKERSON (1924) found a
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rapid reduction of nitrate into nitrite injuice of tomato plants. More recently,
an enzymatic reduction of nitrate into nitrite was observed by EVANS et al.
(1953); a reduction of nitrite into ammonium by NASON et al. (1954), while
ZUCKER et al. (1955) found a reduction of hydroxylamine into ammonium.
Based on theoretical considerations, WEBSTER (1955) arrived at the conclusion that the existence of intermediates as given in the above scheme, including hyponitrite and hydroxylamine, has to be accepted. This consideration
is based on the assumption that in the course of the reduction of nitrate every
further reduction step requires two hydrogen ions or electrons.
Nitrate reduction in algae generally takes place in light aswellas in darkness.
The assimilation in darkness, also in the case of nitrate, depends on the availability of oxidisable reservematerials.Provided sufficient assimilates are storedin
the cells, the nitrate assimilation rate is independent of illumination.
The nitrate assimilation rate observed under optimal conditions of growth
(saturating light intensity and excess carbon dioxide) does not surpass that
occurring in darkness in an equivalent amount of nitrogen starved algae. These
facts lead to the conclusion, that the energy supply of the nitrate assimilating
system does not depend directly on light.
On the other hand, the results of EVANS et al.(1953) present strong evidence
for the possibility of a direct, photochemical nitrate reduction. With nitrate
reductase preparations of some higher plants they found a reduction of nitrate
into nitritein the light in the presence of reduced triphosphopyridine nucleotide
(TPNH) and active grana. Also in darkness in the presence of TPNH a substantial nitrate reduction was found, the total amount of which was, however,
smaller than in light. They suggest that the greater yield in light could be a consequence of the regeneration of reduced TPNH from the oxidized form by the
light. NASON et al. (1954) demonstrated enzymatic reduction of nitrite into
ammonium by DPNH, using enzyme extracts from Neurospora and soybean
leaves.
It thus appears that nitrate reduction only depends upon the availability of
reducedco-enzymes,whichcanbesupplied eitherbylight orthrough the respiratory breakdown ofcarbohydrates indarkness.In our experiments with nitrogen
starved algae which have a surplus of assimilates, it is likely that such a generation of reducing power can proceed during a prolonged dark period.
Evidently, nitrate reduction and protein formation are dark processes, analogous to the reduction of carbon dioxide. This can be symbolized in the following scheme, (see p.48),in which energy rich phosphates and reduced coenzymes may act as reducing agents.
This scheme assumes that the action of the nitrate reducing system is quite
independent of that of the carbon dioxide reducing system, while both systems
compete for the available reducing material. The independence issupported by
the data of Chapter V, which demonstrate an ammonium excretion during a
number of hours in illuminated algal cultures in the absence of C0 2 . The competition for the reducing material isdemonstrated by the experiments offig.33.
In these experiments we observed that in weaklight the rate of NH4+-excretion
was suppressed by the simultaneously occurring C0 2 -reduction.
In Chapter Vthe capacities of both systems have been measured separately.
These experiments demonstrated a roughly five fold greater capacity of the
carbon dioxide reducing system as compared with the nitrate reducing system.
The nitratereduction rates have been measured as an excretion of ammonium.
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SCHEME 2

co,

N03

light energy

Reducing
agents
CO, - reducing
system

system

Substrate
oxidation

N-free
components

->-

[NH4]

N- containing
components
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Under ample provision with C0 2 , noammonium excretion is found, buta formation ofnitrogen containing cellcomponents. The elementary compositionof
this material is approximately 50% Cand 10% N,indicating aratio of5to1.
Aswasshown by WARBURG etal.(1920)inlightan extra amount of0 2 willbe
produced asaconsequence ofnitrate reduction. Therefore, under conditionsof
simultaneously occurring C0 2 - and N0 3 -reduction the C 0 2 / 0 2 quotient willbe
influenced and may deviate significantly from 1.This quotient, therefore, can be
considered asa measure fornitrate reduction. We have discussed inChapterV
(p. 41) that the reduction of 1 molecule ofnitrate probably leadstothe production of2molecules ofoxygen.AC 0 2 / 0 2 quotient of0.70meansthereduction of
70 molecules ofC 0 2 andaproduction of 1C0molecules ofoxygen. If 70 moleculesofC 0 2 giveanoutput of70molecules 0 2 , the "extra" amount of30molecules of0 2 then represents the reduction of15moleculesofN 0 3 . The N 0 3 / C 0 2
ratio isthen 15/70 orabout 1/5.
Data onnitrate reduction inliterature revealgreat differences inthis respect.
MYERS and CRAMER (1948)with nitrogen starved algaefound aC 0 2 / 0 2 quotient
'of 0.74 in strong light, and0.17 in weak light. These quotients correspond to
N 0 3 / 0 2 ratio'sof1/5 and 2/1respectively.Ifnormalcellswereused,the C 0 2 / 0 2
quotient also deviated appreciably from unity, thevalue being about 0.70 in
weak light and about 0.90 instrong light, nearly equal tothequotient foundif
ammonium was used instead ofnitrate. This would indicate that byN-starved
algaeinweak light relatively more nitrate isreduced (with respect tothevolume
of C 0 2 assimilated) than in strong light. In strong light the relative amount
of nitrate reduced, would be very small, indicating theformation of material
with a lower nitrogen content than the material cultivated at lowlight intensities. Such lownitrogen contents arereported by MYERS (1946) and KOK
(1952). The statements of AACH (1952), however, show the reverse: at high
light intensity hefound higher nitrogen contents than inthecase oflow light
intensities. The results of VAN OORSCHOT (1955) on the other hand, do not show
anydifference inN-content atallbetweenmaterialcultivated athigh orlowlight
intensities.
According to KROLLPFEIFFER (1951), a significant deviation of the C 0 2 / 0 2
quotient from unity was only found inweak light, iftheexposureto weak light
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wasimmediatelyprecededbyanexposuretoahighlightintensity.Thissuggests
that, according to conditions of pretreatment, the N0 3 /C0 2 ratio may be influenced.
Also from the experiments of VAN NIEL et al.(1953), KOK (1952), and VAN
OORSCHOT(1955),a rough estimation of the N0 3 /C0 2 ratio's can be made. In
stronglight,theyfound C02/02-quotientsvaryingfrom 0.68to0.85,indicating
N0 3 /C0 2 ratio's of 1/4 to 1/12. The data discussed show that the results, as
measuredinourexperiments,closelyagreewithN0 3 /C0 2ratio'sas observed by
variousauthors under moregenerallyphysiological conditions.
SUMMARY

Normal algae are characterized by an N-content of 8% to 10% and a Ccontent of about 50% (N/C ratio 0.18). After removal of nitrogen from the
culture medium the protein and chlorophyll contents decrease, until a final
composition isreached witha nitrogen content of2%to 3% (ona dryweight
basis). Correlated herewith, the rate of photosynthesis decreases, and the carbohydratecontent ofthecellsincreases.Wealsofollowed thetimecourseofthe
reverseprocess:there-balancing ofN-starvedcellsto normalcomposition and
N/C ratio, after re-addition of nitrogen to the culture medium. During this
process,the rate ofphotosynthesis increases(ChapterII).
We made quantitative studies oftheuptakeofN03",N02",andNH4+under
various conditions. Provided pH is well controlled (the pH optimum for the
consumption ofallthreesourcesinvestigated wasfound tobebetween7and8)
nitriteismetabolized bythealgaeat exactlythe samerateasnitrate.
Theconversion ofinorganicnitrogen intocellnitrogen doesnot occurinthe
absence ofsimultaneousC02-assimilationunlesstheN/Cratio ofthealgaehas
been disturbed during pretreatment (ChapterIII).
Thetotal amount of nitrogen assimilated isgreater, thelower the N-content
haddroppedduringthe previous starvation. The initial rate of N-assimilation,
however,isindependentofthedegreeofpre-starvation,incaseanitrogen source
(nitrateor ammonium) isre-added to thealgae(ChapterIII).
Itappearedthattheratesofnitrateassimilationbothinlightintheabsenceof
C0 2 andindarkness(i.e.inbothcasesunderexclusion ofgrowth)inN-starved
cells was equal to the maximum rate of nitrogen assimilation in normal cells
under conditions of optimalgrowth(ChapterHI).
The conclusion is that external energy supply could be excluded as a rate
determiningfactor oftheprocessofnitrogenrebalancing.Thiswasemphasized,
furthermore, by the fact that addition of glucosedid not increase the rate of
nitrate assimilation. Therefore, the capacity of the N03"-assimilating system
must beequalinlight anddarkness.
In the absence of C0 2 , either in darkness or in light, nitrogen starved algae
showa muchfaster assimilation ofNH4+than underconditions offull growth.
Therefore, inactivelygrowingcellsthelimitingfactor for nitrogen assimilation
istheavailability ofsuitablecarbon "skeletons".
In nitrogen starved cells, nitrate and nitrite are assimilated at equal rates,
which are much lower than that of ammonium assimilation. Therefore, the
limitingstepintheassimilation ofnitratehastobelocatedsomewherebetween
thereduction levelsofN0 2 "andNH4+(ChapterIV).
In accordance herewith was the observation of a relatively strong nitrite
excretion during the period of N/C-rebalancing in case N0 3 " was used as a
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source of nitrogen. This excretion had a temporary character, and during the
first 4-5hoursamountedto5-8%ofthetotalamountofincorporatednitrogen.
It showed a pronounced optimum at pH 7-8, and wasnot influenced by light.
Anitriteexcretionofquitesimilaracharacterisshownbycellswithanormal
N/CratioincasetheyareexposedtolightintheabsenceofC0 2 . Boththerate
andtheamountoftheexcretionareoptimalatarelativelylowlightintensity.In
the presence of C0 2 , the N02"-excretion is suppressed.
In addition to the nitrite excretion, normal cells, if exposed to light in the
absence of C0 2 , show a much more conspicuous excretion of ammonium. At
medium light intensities,allabsorbed light energycan beusedfor this conversion.Inthisconversion,permoleculeofN0 3 "reduced,anumber ofquantawas
required comparable to the number required per molecule of C0 2 reduced in
normal photosynthesis.In stronglight,theNI^+ excretionproceedsfor anumberofhoursatthesamespeedastherateofN-incorporation found ifC0 2were
present.Inthelattercase,theendproducts ofN03"-reductionareorganiccompounds and no detectable amounts ofNH4+are excreted.
The correlation between the rate of C0 2 - and N03"-reduction and the light
intensity was estimated with normal algae.It appeared that the two processes
couldbeshowntorunratherindependentlyofeachotherandtocompeteforthe
reducing power generated by the light. The ratio of the capacities of the two
systems appeared to agree closely with the N/C ratio's observed in algae of
normalcomposition (ChapterV).
SAMENVATTING

Het stikstof- en het koolstofgehalte van algenmateriaal, dat in een volledig
voedingsmedium verkregen wordt, istamelijk constant. Het stikstofgehalte bedraagt 8à 10%enhetkoolstofgehalte ongeveer 50%(berekend opdroge stof).
Bijgroeiineenvoedingsmedium, zonder bruikbare stikstofbron, kan het koolstofgehalte aanmerkelijk stijgen; het chlorophylgehalte daalt dan en ook het
stikstofgehalte, totdateenminimalewaardebereiktwordtvan2à3%N.Bijhet
bereiken van dit stikstofgehalte isdephotosynthesesnelheid zeer laag,maar de
oorspronkelijke snelheid en ook de samenstelling kan weer verkregen worden
dooraandezecultureneenbruikbarestikstofbronteverstrekken(HoofdstukII).
De omzetting van anorganische stikstofverbindingen in organische celcomponenten heeft alleen plaats indien gelijktijdig koolzuur gereduceerd wordt,
tenzijdenormaleN/C-verhoudingverstoordis,tengevolgevaneen voorafgaande stikstofhongering. De totale hoeveelheid geassimileerde stikstof is dan afhankelijk vandehongeringsgraad. Het bleekverder, dat desnelheid waarmede
dit materiaal stikstof assimileert, onafhankelijk isvan de hongeringsgraad, de
lichtenergie en toevoeging van substraten, en dat die snelheid gelijk is aan de
maximalesnelheidvannitraat-enammoniumassimilatie onder omstandigheden
van groei (Hoofdstuk III). Ammoniumstikstof wordt echter door dit voorgehongerd materiaal snellergeassimileerd. Daarom moetdelangzaamste ensnelheidbepalende stap in het proces van de nitraatreductie gelocaliseerd worden
vóór ammonia.Daarnitrietnietsnellergeassimileerdwordtdannitraatenonder
bepaalde omstandigheden (afhankelijk van de pH) zelfs door de cellen in het
mediumuitgescheiden kanworden,lijkt hetwaarschijnlijk, dat dezelangzaamste stap na nitriet verondersteld moet worden (Hoofdstuk IV).
Indien normale algen belicht worden in media, dienitraat bevatten, bij afwezigheidvanC0 2 , danwordtbehalvenitriet, ookeenbeduidendehoeveelheid
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ammonia (afhankelijk van delichtintensiteit) inhetmediumafgescheiden.Het
aantalafgescheiden moleculenammoniaisinzwaklichtongeveergelijk aanhet
aantal moleculen koolzuur datgeassimileerd wordt alsnitraat afwezig is. Per
molecuulgereduceerd C0 2ennitraatwordendusongeveerevenveellichtquanta
gebruikt. Bijgelijktijdige aanwezigheid vannitraat enkoolzuur kan een onderlingeconcurrentieworden aangetoond omhetreducerende agens.Insterklicht
vindt, eveneensbijafwezigheid vankoolzuur, ammonia-uitscheiding plaats. De
snelheidhiervanisechter 5maalzo laagals desnelheidwaarmeekoolzuurwordt
gereduceerd(inovereenstemmingmetdeN/C-verhoudingeninnormalecellen).
Indien nitraatassimilatie ennitraatreductie (bij afwezigheid van koolzuur) vergeleken worden, danblijkt, datdesnelheden van dezeprocessen insterk licht
gelijkzijn.Hieruitvolgt,dathetnitraatreducerendprocesnietafhankelijk isvan
producten vandephotosynthèse(Hoofdstuk V).
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