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ABSTRACT

Nitrate-limited chemostat cultures of Selenastrum minutum Naeg.
Collins (Chlorophyta) were used to determine the effects of nitrogen
addition on photosynthesis, dark respiration, and dark carbon fixation.
Addition of NO;~ or NH,* induced a transient suppression of photosyn-
thetic carbon fixation (70 and 40% respectively). Intracellular ribulose
bisphosphate levels decreased during suppression and recovered in par-
allel with photosynthesis. Photosynthetic oxygen evolution was decreased
by N-pulsing under saturating light (650 microeinsteins per square meter
per second). Under subsaturating light intensities (<165 microeinsteins
per square meter per second) NH,* addition resulted in O, consumption
in the light which was alleviated by the presence of the tricarboxylic acid
cycle inhibitor fluoroacetate. Addition of NO;~ or NH,* resulted in a
large stimulation of dark respiration (67 and 129%, respectively) and
dark carbon fixation (360 and 2080%, respectively). The duration of N-
induced perturbations was dependent on the concentration of added N.
Inhibition of glutamine 2-oxoglutarate aminotransferase by azaserine
alleviated all these effects. It is proposed that suppression of photosyn-
thetic carbon fixation in response to N pulsing was the result of a
competition for metabolites between the Calvin cycle and nitrogen assim-
ilation. Carbon skeletons required for nitrogen assimilation would be
derived from tricarboxylic acid cycle intermediates. To maintain tricar-
boxylic acid cycle activity triose phosphates would be exported from the
chloroplast. This would decrease the rate of ribulose bisphosphate regen-
eration and consequently decrease net photosynthetic carbon accumula-
tion. Stoichiometric calculations indicate that the Calvin cycle is one
source of triose phosphates for N assimilation; however, during transient
N resupply the major demand for triose phosphates must be met by
starch or sucrose breakdown. The effects of N-pulsing on O, evolution,
dark respiration, and dark C-fixation are shown to be consistent with this
model.

Nitrogen. is an important regulator of photosynthetic carbon
flow in both higher plants and algae (2, 12, 14, 15, 22, 30). In
higher plants, NH,* enrichment increases the flow of newly fixed
carbon into TCA? cycle intermediates and amino acids while
decreasing the flux into starch and sucrose (2, 14). Phosphoen-
olpyruvate carboxylase and pyruvate kinase have been identified
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as key enzymes in regulating this metabolic shift (14, 15, 22).

The significance of N in regulating algal carbon flow increases
under N-limitation (7, 20, 27). Responses of N-limited microal-
gae to N enrichment are light and time dependent. In the dark,
N enrichment stimulates both O, consumption and CO, uptake
(19, 24). In the light, N uptake is very rapid (5, 11) and ultimately
results in an increase in photosynthesis (13, 27). In many cases,
however, N enrichment to N-limited microalgae or natural phy-
toplankton assemblages results in a temporary suppression of
photosynthetic carbon fixation (4, 7, 9, 10, 13,716, 17, 20, 25-
27).

Although there are several reports of N-induced photosynthetic
suppression, the phenomenon has yet to be studied in any detail.
In this study chemostat cultures were used to produce steady
state NO;-limited cells of Selenastrum minutum (Chlorophyta).
The effects of nitrogen resupply on photosynthetic carbon fixa-
tion, O, evolution, dark carbon fixation, dark respiration, and
RuBP concentration are reported. The observed changes enable
development of a hypothesis which explains the processes of N-
induced photosynthetic suppression in N-limited microalgae.

MATERIALS AND METHODS

Chemostat Culture. Selenastrum minutum Naeg. Collins was
isolated from Lake Ontario and grown axenically in chemostat
culture under NO;~-limitation at a growth rate of 0.3 d™'. Com-
plete culture conditions were as previously described (8) with the
exception that cultures were buffered at pH 8.0 with 50 mm
Hepes and grown at a photon flux density of 165 uE-m™2.s7",
These conditions resulted in steady state cell densities of 0.90 ug
Chl-ml™". This concentration was used in all experiments with
the exception of those associated with RuBP measurement.
Under steady state conditions, the cellular growth rate in a
chemostat depends upon the constant flow of a nutrient limited
media (in this study, NO;-limited) into the growth vessel. Upon
addition, this media is mixed rapidly and homogeneously
throughout the culture by magnetic stirring and continuous
aeration. As each drop enters the culture an equal volume is
forced out of the reactor. Consequently, the culture volume
remains constant and at steady state the growth rate of the cells
must equal the dilution rate of the culture (28). Consequently,
the lower the growth rate, the greater the degree of N-limitation.
In this study cells were extremely N-limited, growing at 18% of
the maximum growth rate. Nitrogen sufficient cells were ob-
tained by growing cells at maximum growth rate (1.68 d~') in
chemostat culture.

Photosynthetic Carbon Fixation. Culture samples (0.90 ug
Chl-ml™!, 10 mM DIC) were incubated in the presence of H'*CO;
(Atomic Energy Commission of Canada, 50 uCi-ml™!') with or
without nitrogen enrichment. Samples were withdrawn at dis-
crete time intervals and placed in 5.0 ml scintillation vials
containing 0.5 ml of stop solution (80% aqueous ethanol, 5%
HCOOH), evaporated to dryness and '“C determined as previ-
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ously described (7). Incubations took place at a light intensity of
165 wkE-m™2.s™! unless otherwise indicated.

Oxygen Exchange. Photosynthetic O, evolution was moni-
tored with a Clarke-type O, electrode (Hansatech Ltd., King’s
Lynn, England) at 165 wuE-m™2.s™" unless otherwise stated. Cul-
ture aliquots (1.5 ml, 0.90 ug Chl.-ml™') were transferred to the
electrode cuvette and bubbled with N, to depress O, concentra-
tion. The cuvette was sealed and the rate of O, evolution was
observed. Dark respiration was measured as O, consumption in
the dark.

Dark Carbon Uptake. Culture aliquots (10 ml) were preincu-
bated in capped, blackened 20 ml scintillation vials at 20°C for
5 min. H"CO; and the appropriate N concentration were added
and the samples incubated for 15 min. Incubations were termi-
nated by gentle filtration (<100 mm Hg) and acid-stable '“C
assessed as previously described (27).

Inhibitors and Analogs. Azaserine, an inhibitor of GOGAT,
was added to a concentration of 1 mm. Following preincubation
for 30 min, experiments were initiated. Methylamine, ethylam-
ine, tungstate, and chlorate were used at a concentration of 50
uM. To partially inhibit TCA cycle activity, cells were preincu-
bated for 60 min in the dark with 10 mMm fluoroacetate.

Inorganic Nitrogen Analysis. Samples were filtered through
Whatman 934-AH glass fiber filters. NO;~ content of filtrates
was determined using the method of Strickland and Parsons (23)
modified for flow-through sample injection. NH,* was measured
with an Orion 9512 NH; electrode.

Rubisco Extraction. Rubisco was extracted from commercially
obtained spinach. Deribbed leaves (0.25 kg) were homogenized
in 200 ml of sucrose isolation medium (0.35 M sucrose, 25 mM
Hepes NaOH [pH 7.6], 2 mMm EDTA, 2% w/v PVP) for approx-
imately 30 s with an Ultra-Turrax. The homogenate was filtered
through six layers of cheesecloth and the filtrate spun at 4,000g
for 2.5 min at 4°C. The chloroplast pellet was suspended in lysis
buffer (25 mm Tris HCI [pH 8.0}, 10 mm MgSO,-7H,0, 2%
w/v PVPP) for 15 min and the combined lysed fractions from
1.5 kg of leaves were spun at 15,000g for 15 min at 4°C. The
supernatant, termed the stromal fraction, was loaded onto a 50
ml DEAE Sephacel ion-exchange column and washed with elu-
tion buffer (10 mm Tris HCI [pH 8.0], 0.5 mM EDTA, 10 mm -
mercaptoethanol). Protein was eluted using a linear gradient
from 0 to 0.5 M KCl in elution buffer. The Rubisco-enriched
fractions were pooled and brought to 70% saturation with
(NH,),SO, at 4°C. The pellet was redissolved in 10 ml elution
buffer and further purified by passage through a Sephacryl S-300
gel filtration column (2.5 by 90 cm). Fractions containing Rub-
isco were pooled and brought to 50% saturation with (NH,),SO,4
at 4°C. The precipitate was frozen at —20°C until use. Purity was
confirmed by PAGE.

RuBP Assay. Cells were harvested and concentrated to ap-
proximately 35 ug Chl-ml™' by gentle centrifugation and placed
in a water-jacketed cuvette (20°C) illuminated with two Kodak
600H projectors. DIC was added to a final concentration of 60
mM and cells were preadapted under these conditions for 20 min.
Following preincubation, 750 ul samples were removed at regular
intervals over a 70 min period, placed directly into ice-cold
HCIO, (10% final concentration), and immediately frozen in
liquid N,. Twenty-five min after the initiation of sampling, either
4 mM NaNO; or NH,Cl was added. Thawed samples were
neutralized with 5 M KOH and the resulting precipitate removed
by centrifugation at 8000g for 5 min. Aliquots (100 ul) of the
supernatant were added to serum-stoppered vials containing 405
ul assay buffer (125 mm Bicine, 25 mm MgCl,, 0.25 mm EDTA,
1 mMm DTT) and 20 ul of 200 mM HCO; (60 uCi-nmol™).
Incubations were initiated by addition of 20 ul (8 mg-ml™") of
activated Rubisco (21) and were terminated after one h by the
addition of 500 gl of kill solution (80% aqueous ethanol, 5%

ELRIFI AND TURPIN

Plant Physiol. Vol. 81, 1986

HCOOH). Samples were evaporated to dryness and acid-stable
14C assessed by liquid scintillation. Parallel experiments were run
in which the rate of photosynthetic carbon fixation and the
concentrations of NO;~ or NH,* were determined.

Other Measurements. DIC, Chl, and cell numbers were deter-
mined as previously described (8).

RESULTS

N-Sufficient Cells. Nitrate sufficient cells showed no short-
term photosynthetic response to NO;~ or NH,* enrichment.
Furthermore, there was no effect on dark carbon fixation, dark
respiration or intracellular RuBP concentration (data not
shown).

N-Limited Cells. Photosynthetic Carbon Fixation. Under
NO;~-limitation addition of NOs;~ or NH,* resulted in short-
term suppression of photosynthetic carbon fixation (70 and 40%,
respectively). The duration of the suppression was dependent on
the concentration of added N but the magnitude of the suppres-
sion was constant (Fig. 1). Following suppression, photosynthetic
rates returned to the control rate (Fig. 1).

Light intensity affected the degree of NO; -induced suppres-
sion. At high light intensities (>100 uE-m™2.s™') the magnitude
of suppression was between 50 and 70% but under light-limiting
intensities (31 uE-m™2.s7!) carbon fixation was suppressed only
34% (Table I). In the presence of azaserine, photosynthetic
carbon fixation was not affected by NO;~ (Fig. 2) or NH,* pulsing
(data not shown). Nitrogen analogs (methylamine, ethylamine,
tungstate, chlorate) had no effect on photosynthetic carbon fix-
ation in N-limited cells.

Photosynthetic O, Evolution. Addition of NO;~ to NO;™-lim-
ited cultures of S. minutum resulted in a slight (24%) reduction
of O, evolution (Fig. 3A; Table II). Inhibition of N assimilation
by azaserine alleviated this effect (Table II). Partial inhibition of
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FiG. 1. Effect of N addition on short-term photosynthetic carbon
fixation in NO;-limited cultures of S. minutum (u=0.3 d™'). A, NOs~
enrichment to either 5, 20, 50, 75, or 100 uM took place at min 10. The
average initial rate of photosynthesis was 131 umol CO.-mg™' Chl-h™".
The average postsuppression rate of photosynthesis was 133 umol CO;-
mg~' Chl-h™!. B, NH,* enrichment to either 5, 50, 75, or 100 uM took
place at min 10. The average initial rate of photosynthesis was 131 umol
CO,-mg™" Chl-h™'. The average postsuppression rate of photosynthesis
was 132 umol CO;-mg™"' Chl-h™%.



NITROGEN-INDUCED PHOTOSYNTHETIC SUPPRESSION

Table 1. Effects of Light Intensity on Photosynthetic Carbon Fixation
for a 10 Minute Period Following NOs~ Addition
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Table II. Effects of Azaserine (AZA) and Fluoroacetate (FA) on
Photosynthetic Oxygen Evolution for a 10 Minute Period following
NO;~ or NH* Addition (50 um)

. . Suppression
Light Intensity Control Rate + 50 um NO5~ Treatment Rate Change
2 umol CO>-mg™ umol O;-mg™" Chl-h™ %
uE-m=.s Chl-h™ % Control , 132.3
31 54.5 33.6 Control + FA (45%)* 121.5
100 151.2 63.9 Control + AZA 144.8
310 187.2 60.6 +NO; 100.1 =244
1200 187.2 49.8 +NO; + FA (45%)* 190.4 +56.7
+NO; + AZA 111.2 =23.2
+NH, -46.9 -135.5
[ No- 110 +NH, + FA (46%)* 13.6 —88.8
3 +NH, + AZA 102.7 =29.1
NO; addition R
120 o 2 The percent inhibition of the TCA cycle by fluoroacetate, as meas-
= B CTRL _ ¢ ured by the change in dark respiration, is given in parentheses.
[&) %¢e *
T ) _ ‘
=80 |- vooe " "AZA+NO; NO3 Itd O,Jml 650,
~ L g o NH} addition 3
3 o8 X
) 40 - ...00 M xx"xxxx N°3
€ o xxxx* bl
N
o) “" ¢ | ] ] ]
o} 60

20 40
TIME (min)

FiG. 2. Effect of NO;~ addition (50 uM) on photosynthetic carbon
accumulation in NO;™-limited S. minutum in the presence or absence of
azaserine. For treatments in which GOGAT was inhibited, cells were
preincubated with 1 mM azaserine for 0.5 h. The control rate of photo-
synthesis was 134 umol CO,-mg™' Chl-h™". Control unenriched cells,
(0); cells pulsed with NO;™ in the presence of azaserine, (@®); cells pulsed
with NOs~ in the absence of azaserine, (X).
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FiG. 3. Short-term responses of photosynthetic O, evolution to sev-
eral concentrations of N in NO;™-limited S. minutum (u=0.3 d7'). A,
NO;™ enrichment at 5, 20, 50, 75, and 100 uM. The average initial rate
of O, evolution was 130 umol O,-mg™' Chl-h~'. The average post-
suppression rate of O, evolution was 122 umol O,-mg™' Chl-h~'. B,
NH,* enrichment at 5, 20, 50, 75, and 100 uM. The average initial rate
of O, evolution was 133 umol O,-mg™' Chl-h™'. The average post-
suppression rate of O, evolution was 124 umol O,-mg™' Chl-h~'.

FiG. 4. Effect of light intensity on O, evolution in response to 50 uM
NH,* pulsing. The initial rates of O, evolution were 60, 82, 131, 168,
and 169 gmol O,-mg™! Ch-h~! for 50, 80, 165, 275, and 650 uE-m™2.
s~!, respectively. The postsuppression rates of O, evolution were 47, 69,
120, 160, and 171 gmol O,-mg™' Chl-h™! for 50, 80, 165, 275, and 650
wE-m™2.57', respectively.

TCA cycle activity with fluoroacetate resulted in a 57% increase
in the rate of O, evolution following NO;™ pulsing (Table II).

Addition of NH,* to NO;-limited S. minutum resulted in the
consumption of O, in the light (Fig. 3B; Table II). The duration
of this response was dependent on the concentration of added
NH,* (Fig. 3B). Following the period of O, consumption, O,
evolution resumed at rates similar to the controls. The presence
of azaserine alleviated this effect (Table II). Partial inhibition of
the TCA cycle with fluoroacetate eliminated the period of O,
consumption but still resulted in a decrease in O, evolution
following NH,* pulsing (Table II). The response of O, evolution
to NH,* pulsing was light dependent. Increasing light intensity
above 165 wE-m~2.5™! resulted in the alleviation of O, consump-
tion following NH,* pulsing (Fig. 4). Decreases in light intensity
(<165 pE-m™2.57") resulted in higher rates of O, consumption
following NH,* addition. Nitrogen analogs (methylammonium,
ethylammonium, tungstate, chlorate) had no effect on O, evo-
lution.

Dark Respiration. Addition of 50 um NO;~ or 50 uM NH,*
resulted in a 67 and 129% stimultion in dark O, consumption,
respectively (control rate of 91 umol O.-mg™' Chl-h™'). This
stimulation was rapid and constant during the period of photo-
synthetic suppression.

Dark Carbon Fixation. Addition of NO;~ caused a 4.6-fold
stimulation of dark carbon fixation while NH,* caused a 22-fold
stimulation. In the presence of azaserine the control rate of dark
carbon fixation was four times greater in unenriched samples but
there was no effect of pulsing with NO;~ or NH,* (Table III).

RuBP Measurements. Pulsing with NO;™ resulted in a large
decrease in the rate of carbon fixation (Fig. SA) which coincided
with a large decrease in cellular RuBP (Fig. 5B). The return of
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Table HI. Effects of NOs~ or NH,* Addition (50 uM) on Dark Carbon - N _
Fixation in the Presence or Absence of Azaserine (AZA) s . NO3 Itd
. . R . =~ |20 <+ a:
Treatment Dark CO, Fixation Stimulation § :. —® ."‘\ NH, addition .
umol mg™! % "o Y /
Chl-h™ % sE ° E sof- o ."‘0
Control 2.01+0.18 Sk o ‘.M—"
+NO;~ 9.18 £ 0.43 +357 © 2
+NH,* 43.8 +3.32 +2079 2 ‘or ¢
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sk . FiG. 6. Changes in photosynthetic carbon fixation, intracellular
RuBP level and exogenous NH4* concentration in response to an NH,*
- pulse. The average initial rate of photosynthesis was 107 gmol CO,-mg™!
_ ok Chi-h™. N assimilation in chemostat cells was 8.1 gmol N-mg™' Chl.
s S h™!. The average initial RuBP concentration was 133 nmol-mg™' Chl.
E - During the period of suppression, the average rates of photosynthesis
> L and N assimilation were 78.7 umol CO,-mg™' Chl-h™* and 66.4 ymol
= 2 N-mg™ Chl-h™, respectively and the average RuBP concentration was
- \ 37 nmol-mg™' Chl. Representative standard errors for RuBP concentra-
Y T C tions are given.
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NO; TIME (min) Table 1V. Effect of NOs~ or NH* Addition (50 um) on Intracellular
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FiG. 5. Changes in photosynthetic carbon fixation, intracellular
RuBP level, and exogenous NO;~ concentration in response to a NO;~
pulse. The average initial rate of photosynthesis was 134 umol CO,-mg™"
Chl-h™". N assimilation in chemostat cells was 8.1 umol N-mg~' Chl-
h™'. The average initial RuBP concentration was 139 nmol-mg™"' Chl.
During the period of suppression, the average rates of photosynthesis
and N assimilation were 39.3 gumol CO,-mg™' Chl-h™' and 60.4 umol
N-mg™' Chl-h™', respectively and the average RuBP concentration was
20 nmol-mg™' Chl. Representative standard errors for RuBP concentra-
tions are given.

photosynthesis to the control rate coincided with the recovery of
RuBP concentration and the disappearance of NO;~ from the
medium (Fig. 5A, B, C). Similar results were obtained for NH,*
pulsing (Fig. 6), except that RuBP levels and photosynthesis
decreased to a lesser extent (Fig. 6A, B). The recovery of photo-
synthesis and intracellular RuBP was concomitant with the
disappearance of NH,* from the medium (Fig. 6C). In the
presence of azaserine, pulsing with NO;~ or NH,* had no effect
on the levels of RuBP (Table IV). The relationship between

RuBP Levels in the Presence or Absence of Azaserine (AZA)

Treatment RuBP Content Change
nmol-mg™" Chl + s %

Control 141.8 £44

+NO;~ 255+ 1.9 -83
+NH,* 430+ 2.6 =70
Control + AZA 1448 + 7.0

NO;™ + AZA 1438 £ 2.6 0
NH* + AZA 130.3 £ 3.0 -10

photosynthetic carbon fixation and RuBP concentration during
these experiments were indicative of saturation kinetics (Fig. 7).

DISCUSSION

N pulsing of NO; -limited cells resulted in different effects on
photosynthetic O evolution and carbon fixation. NO;™~ enrich-
ment resulted in a 70% suppression of carbon fixation (Fig. 1A)
but only a 24% suppression of O, evolution (Fig. 3A). In contrast,
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FiG. 7. Relationship between intracellular RuBP concentration and
photosynthetic carbon fixation as determined from the data in Figure 5.
Representative standard errors are given (Figs. 5, 6).

NH,* enrichment resulted in a 40% suppression of carbon
fixation (Fig. 1B) and the consumption of O, in the light (Fig.
3B). In interpreting these data it is important to realize that the
processes of photosynthetic O, evolution and *CO, fixation are
distinct. Net O, evolution is the net result of O, production from
water photolysis and O, consumption by mitochondrial respira-
tion and other reactions. The observed rate of photosynthetic
14CO, fixation represents the net accumulation of acid stable
counts due to Rubisco and PEP carboxylase activities after photo-
and dark respiratory '“CO; release in the light. It has been shown
that CO; release in the light is much lower in algae than higher
plants (3) and consequently the rates of net and gross carbon
fixation may be very similar.

Based on these considerations, several hypotheses are proposed
to explain the mechanism of N-induced photosynthetic suppres-
sion. One explanation is that this phenomenon is the result of a
transient uncoupling event caused by excessive levels of intracel-
lular NH; resulting from NH,* addition (1). Similarly, since
NOs~ and NO,™ reduction are rapid in comparison to NH,*
assimilation (6, 29), intracellular NH; pools could also result
from NO;~ pulsing. Several lines of evidence indicate that un-
coupling is not the cause of photosynthetic suppression. First,
cells growing under N-sufficient conditions did not exhibit
suppression in response to NO;~ or NH,* pulsing. Second, the
concentration of NH,* employed was well below that required
for uncoupling (1). Finally, inhibition of GOGAT by azaserine
protected photosynthetic CO, fixation, O, evolution, and RuBP
concentration from NO;~ or NH,*-induced suppression (Fig. 2;
Tables II and IV). We can therefore conclude that photosynthetic
suppression is dependent on N assimilation (Tables II-IV; Fig.
2) and is not an uncoupling phenomenon.

A subsequent hypothesis is that the suppression of photosyn-
thetic carbon fixation, in cells acclimated to low N supply, may
be a result of competition for metabolites between N assimilation
and CO; fixation (7, 9, 27). The transient supply of new N could
result in the diversion of photogenerated reductant and ATP
from the Calvin cycle to N assimilation. This would reduce
RuBP regeneration and consequently cause a suppression of
carbon fixation. Furthermore, the increased carbon skeleton
demand for NH,* assimilation by GS/GOGAT would most
likely be met through increased TCA cycle activity. The source
of carbon for increased TCA cycle activity would be triose
phosphates from the Calvin cycle. A sudden drain on Calvin
cycle intermediates would cause a decrease in RuBP regeneration
and result in a decrease in carbon fixation. A schematic repre-
sentation of the biochemical pathways associated with this hy-
pothesis is presented in Figure 8.

The observation that RuBP levels decrease following NOs™ or
NH,* addition and that this decrease coincides with the period
of N assimilation is consistent with this hypothesis (Figs. 5, 6).
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The relationship between RuBP concentration and photosyn-
thesis is indicative of saturation kinetics. This correlation be-
tween RuBP concentration and photosynthesis suggests that
during the period of photosynthetic suppression. RuBP regener-
ation was limiting carbon afixation (Fig. 7). Carbon skeleton
requirements for the assimilation of equimolar amounts of NO;~
and NH,* would be similar and result in a comparable drain
from the Calvin cycle. Because NO;~ reduction has an additional
reductant requirement (18) one would predict a larger decrease
in RuBP and a greater suppression of C-fixation following NO;~
addition. Our results are consistent with these predictions. RuBP
levels decreased to 20 nmol-mg™' Chl in response to NO;~
pulsing but to only 37 nmol-mg™"' Chl following NH,* addition
(Figs. 5, 6). Figures 1 and 6 show that the greatest suppression
in carbon fixation followed NO,~ addition. It would also be
expected that the duration of suppression would be dependent
on the time required to assimilate the N pulse and consequently
on the concentration of added N. This is consistent with the data
presented (Fig. 1).

Rapid removal of a-ketoglutarate from the TCA cycle to
provide carbon skeletons for N assimilation requires anapleurotic
reactions to replenish TCA cycle intermediates. These reactions
would be expected to occur via the production of oxaloacetate
from the carboxylation of PEP by PEP carboxylase and increased
pyruvate kinase activity. Previous work on higher plants has
shown that NH,* increased the flow of recently fixed carbon into
TCA cycle intermediates through an increase in PEP carboxylase
and pyruvate kinase activities (2, 14). This resulted in an in-
creased photosynthetic carbon flux into amino acid biosynthesis
(15, 22). Our hypothesis predicts that N pulsing should increase
dark C-fixation. In S. minutum, NH,* pulsing resulting in a 22-
fold increase in dark C-fixation, whereas NO,~ addition resulted
in a 4.6-fold stimulation (Table III). The lower stimulation

- resulting from NO;~ addition is consistent with the decreased

rate of NO;™ assimilation in the dark (18, 24). The observation
that N addition at low light intensities resulted in decreased
suppression of photosynthetic carbon fixation provides indirect
evidence that dark C-fixation was also stimulated in the light
(Table I). To maintain TCA cycle integrity, removal of one
molecule of a-ketoglutarate would require the input of one
oxaloacetate derived via PEP carboxylase. Consequently, the rate
of dark carbon fixation should be roughly equivalent to the rate
of NH,* assimilation. The measured rate of NH,* assimilation
(66.4 umol NH,*-mg™' Chl-h™', Fig. 6) was similar in magnitude
to the enhancement in dark carbon fixation (43.8 umol CO,-
mg~' Chl-h™', Table III).

This hypothesis is also consistent with the observed changes
in net O, exchange in response to N addition. If photosynthetic
carbon fixation were the only sink for photogenerated reductant,
N addition should result in an equivalent decrease in O, evolu-
tion. In fact, NH,* pulsing in S. minutum resulted in O, con-
sumption in the light (Fig. 3). We propose that this may be the
result of increased mitochondrial O, consumption associated
with the increased TCA cycle activity previously proposed (Fig.
8). Consistent with this are three observations. First, NH4* ad-
dition resulted in a large stimulation of dark respiration. Second,
increased light intensity relieved the effect of NH,* addition on
O, exchange (Fig. 4). Finally, partial inhibition of the TCA cycle
with fluoroacetate decreased the consumption of O, following
NH,* addition (Table IT). NO;™ reduction, unlike NH,*, requires
a significant amount of photogenerated reductant and conse-
quently supports O, evolution independent of CO, fixation (18).
Consequently, the decrease in O, evolution associated with both
decreased CO, fixation and increased TCA cycle activity would
be partially offset by the increase in O, evolution associated with
NO;~ reduction. This explains why NO;~ addition resulted in
only a slight decrease in O, evolution (Fig. 3). As expected,
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FiG. 8. Proposed interactions between the Calvin cycle and N assim-
ilation during photosynthetic suppression in response to N pulsing in N-
limited S. minutum. The theoretical carbon stoichiometry required for
N assimilation through the proposed pathway is given. This stoichiometry
assumes that the Calvin cycle provides all the carbon for N assimilation
and that the TCA cycle operates only to provide a-ketoglutarate for N
assimilation (via GS/GOGAT). Calculations based on this stoichiometry
indicate that the minimum rate of CO, fixation required (362 umol CO,-
mg™~" Chl-h™") to support the measured rate of N assimilation (60.4 pmol
N-mg™' Chl-h™") during N resupply is far in excess of that actually
observed (39.3 umol CO,-mg™" Chl-h™"). This implies that although one
source of TP for N assimilation is the Calvin cycle a major portion of
TP demand is met by starch or sucrose breakdown. Abbreviations: a-
KG, a-ketoglutarate; E.T.C., electron transport chain; Fd, ferredoxin;
glu, glutamate; OAA, oxaloacetate; PEP, phosphoenolpyruvate; PGA, 3-
phosphoglycerate; pyr, pyruvate; RuBP, ribulose bisphosphate; TP, triose
phosphate.

partial inhibition of TCA cycle activity with fluoroacetate re-
sulted in an increase in O, evolution following NO;~ addition
relative to the controls (Table II).

In conclusion, the data presented in this study can be explained
on the basis of competition for carbon skeletons and photoge-
nerated reductant between the processes of photosynthetic CO,
fixation and N assimilation (Fig. 8). We suggest that sudden N
resupply to NO; -limited cultures of S. minutum results in
increased TCA cycle activity associated with the supply of carbon
skeletons for NH,* assimilation. Increased demands on TCA
cycle intermediates requires anapleurotic reactions to maintain
cycle activity. One source of carbon for these reactions is sug-
gested to be Calvin cycle triose phosphates, the depletion of
which decreases RuBP regeneration thereby limiting carbon fix-
ation. However, based on stoichiometric calculations, the major
source of TP for N assimilation during N resupply must be from
starch or sucrose breakdown (Fig. 8). The consumption of O, in
the light which follows NH,* addition is a result of the decreased
reductant required for carbon fixation and an increase in O,
consumption associated with increased TCA cycle activity. The
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requirement of photogenerated reductant for NO;~ reduction
results in higher rates of O, evolution following NO;~ addition
when compared to NH,* addition. This hypothesis allows us to
establish a number of predictions, the testing of which should
provide further insight into the relationship between C and N
metabolism in N-limited microalgae.

Acknowledgments—We wish to thank Dr. S. Hemmingsen for expert assistance
in Rubisco extraction and Drs. K. Budd, D. T. Canvin, G. S. Espie, N. J. Kruger,
A. G. Miller, and D. B. Layzell for helpful comments.

LITERATURE CITED

1. Azov Y, JC GOLDMAN 1982 Free ammonia inhibition of algal photosynthesis
in intensive cultures. Appl Environ Microbiol 43: 735-739
2. BassHAM JA, PO LARSEN, AL LAWYER, KL CORNWELL 1981 Relationships
between nitrogen metabolism and photosynthesis. JD Bewley, ed, Nitrogen
and Carbon Metabolism. Junk, London, pp 135-163
3. BiDWELL RGS 1975 Photosynthesis and light and dark respiration in freshwater
algae. Can J Bot 55: 809-818
4. CoLLos Y, G SLAWYK 1979 '*C and '*N uptake by marine phytoplankton. 1.
Influence of nitrogen source and concentration in laboratory cultures of
diatoms. J Phycol 15: 186-190
5. CoNwAY HL, PJ HARRISON 1977 Marine diatoms grown in chemostats under
silicate or ammonium limitation. IV. Transient response of Chaetoceros
debilis, Skeletonema costatum and Thalassiosira gravida to a single addition
of the limiting nutrient. Mar Biol 43: 3343
6. CULLIMORE JV, AP SiMs 1982 Glutamine synthetase of Chlamydomonas: its
role in the control of nitrate assimilation. Planta 153: 18-24
7. ELriFi IR, DH TurpIN 1985 Transient photosynthetic responses of nitrogen
limited microalgae to nitrogen addition. Mar Ecol Prog Ser 20: 253-258
8. ELriF1 IR, DH TURPIN 1985 Steady-state luxury consumption and the concept
of optimum ratios; a study with phosphate and nitrate limited Selenastrum
minutum (Chlorophyta). J Phycol 21: 592-602
9. FALKOWSKI PG, DP STONE 1975 Nitrate uptake in marine phytoplankton:
Energy sources and the interaction with carbon fixation. Mar Biol 32: 77-
84
10. GoLbmAN JC, MR DENNETT 1985 Photosynthetic response of 15 phytoplank-
ton species to ammonium pulsing. Mar Ecol Prog Ser 20: 259-264
11. GotHAM IV, G-Y RHEE 1981 Comparative kinetic studies of nitrate-limited
growth and nitrate uptake in phytoplankton in continuous culture. J Phycol
17: 309-314
12. GRANT BR, F WINKENBACH, DT CANVIN, RGS BIDWELL 1972 The effect of
nitrate, nitrite and ammonia on photosynthesis by Acetabularia chloroplast
preparations compared with spinach chloroplasts and whole cells of Aceta-
bularia and Dunaliella. Can J Bot 50: 2535-2543
13. HeaLEY FP 1979 Short term responses of nutrient deficient algae to nutrient
addition. J Phycol 15: 289-299
14. KaNazawa T, MR KIRK, JA BassHaM 1970 regulatory effects of ammonia
on carbon metabolism in photosynthesizing Chlorella pyrenoidosa. Biochim
Biophys Acta 205: 401-408
15. LARSEN PO, KL CORNWELL, SL GEE, JA BassHAM 1981 Amino acid synthesis
in photosynthesizing spinach cells. Plant Physiol 68: 292-299
16. LEaN DRS, FR Pick 1981 Photosynthetic response of lake plankton to nutrient
enrichment: a test for nutrient limitation. Limnol Oceanogr 26: 1001-1019
17. LEaN DRS, TP MurpHY, FR Pick 1982 Photosynthetic response of lake
plankton to combined nitrogen enrichment. J Phycol 18: 509-521
18. LosaADA M, MG GUERRERO, JM VEGA 1981 The assimilatory reduction of
nitrate. H Bothe, A Trebst, ed, The Biology of Inorganic Nitrogen and Sulfur.
Springer-Verlag, New York, pp 30-64
19. Morris I, CS YENTSCH, CM YENTSCH 1971 The physiological state with
respect to nitrogen of phytoplankton from low nutrient subtropical water as
measured by the effect of the ammonium ion on dark carbon dioxide
fixation. Limnol Oceanogr 16: 859-868
20. OHMORI M, FR WOLF, JA BassHaM 1984 Botryococcus braunii carbon/
nitrogen metabolism as affected by ammonia addition. Arch Microbiol 140:
101-106
21. PierCE JW, SD MCCURRY, RM MULLIGAN, NE TOLBERT 1981 Activation and
assay of Ribulose-1,5-bisphosphate Carboxylase/Oxygenase. Methods En-
zymol 89: 47-55
22. PLATT SG, Z PLAUT, JA BAssHAM 1977 Ammonia regulation of carbon
metabolism in photosynthesizing leaf discs. Plant Physiol 60: 739-742
23. STRICKLAND JDH, TR PARsONs 1972 A Practical Handbook of Seawater
Analysis, Ed 2. Fish Res Board Can Bull 167
24. SYRETT PJ 1953 The assimilation of ammonia by nitrogen starved cells of
Chlorella vulgaris. Part 1. The correlation of assimilation with respiration.
Ann Bot 65: 1-19
25. Terry KL 1982 Nitrate uptake and assimilation in Thalassiosira weisflogii
and Phaeodactylum tricornutum: interactions with photosynthesis and with
the uptake of other ions. Mar Biol 69: 21-30
26. THOMAS RJ, CR HIPKIN, PJ SYRETT 1976 The interaction of nitrogen assimi-
lation with photosynthesis in nitrogen deficient cells of Chlorella. Planta
133:9-13



NITROGEN-INDUCED PHOTOSYNTHETIC SUPPRESSION 279

27. TurpIN DH 1983 Ammonium induced photosynthetic suppression in am- Capone, eds, Nitrogen in the Marine Environment. Academic Press, New
monium limited Dunaliella tertiolecta (Chlorophyta). J Phycol 19: 70-76 York, pp 309-346

28. TurPIN DH, DB LAYZELL 1985 A culture system enabling in situ determina-  30. WINKENBACH F, BR GRANT, RGS BIDWELL 1972 The effects of nitrate, nitrite
tion of net and gross photosynthesis, O, evolution, N assimilation and C;H. and ammonia on photosynthetic carbon metabolism of Acetabularia chlo-
reduction in cyanobacteria. Can J Bot 63: 1025-1030 roplast preparations compared with spinach chloroplasts and whole cells of

29. WHEELER PA 1983 Phytoplankton nitrogen metabolism. EJ Carpenter, DG Acetabularia and Dunaliella. Can J Bot 50: 2545-2551



