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1. ABSTRACT

The short term response iceeumr.g within 0-13 ssinutesj ot 
photosynthetic carbon dioxide fixaeion 4«d cxygan evoiuticn to 
the assimilation of inftrgaatc nitrcyen supplied te leaf sellj, 
either as intact tissue, leaf disss sr protoplasts, was inves­
tigated, The long and short term responses s£ Ivccpersissr. es- 
culentua and that cf Pl#%r satiwgr differed. ese^le^f-jr. nad 
higher photasynthetie races ar.d was scnszderas:^ resre sensitive 
to N supply, wj. gssuler.e^r. pMtssyntheti; :I- ass^i:afi:n was 
stimulated by HOj" supplied cut shr;ts as NaU:; in the rar.se 
0.1 - I sM by up to Airr.ir.ijjr *~f.p2i«£ as SH4S54 • >. 5 r»t - 1
tcMl enhanced carbon assinlatun by -up to :n g\ sativ^r law*
concentrations of NOj" in the range 3.1 - H r #  wtre ts’-nd t» 
cause an isrediate szall - 5%): increase m  pkst-tsynthetis carbon 
fixation. X-yroniyn csnsentratiins in excess si C.SaM we. e fsund 
to inhibit CO; fi.xat5.sn in t -̂.s p ^ n t  «hu‘.e lever ctr.te'-.tntisns 
were stimulatory.

g. sativum protoplasts supplied with nitrate <0.1 - IrsX* shewed 
increased C02 fixation while higher concentrations 810 sM! had a 
depressive effect. Carbon assimilation was inhibited by exogenous 
nitrite and ammonium. Nitrate, nitrite and ammonium all exhibited 
the ability to stimulate photosynthetic Gg evolution from 
protoplasts at low concentrations, Higher concentrations, am­
monium especially, had a limiting effect on 0 % evolution.

The hypotheses advanced to explain these results propose that 
reductant for HC3” assimilation is exported from the chioroplast 
in the form of DHAP and malate. The NO3" stimulated withdrawal of 
reducing equivalents in the form of DHAP and malate may lea'’, to 
competition with the Calvin cycle for reductant and inter­
mediates. The chloroplastic reduction of NO2" and NH*+ may com­
pete with the Calvin cycle for reducing equivalents. Nitrite



acidification of the stroma and NH4+ uncoupling and inhibition of 
photophosphorylation are likely to inhibit CO2 assimilation. The 
mechanisms of the observed responses are discussed in the light 
of these and other hypotheses.
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4. LIST OF ABBREVIATIONS

ABA
ADH
ADP
AMP
ATP
ATPase
BSA
CCCP
CCP
chi
cpm

DCMU
DHAP

E M A

FSP
FADa ®
Fig.
FMN(H2)

»
QAPDH
GAP

GS
HEPES
h
HMP
hv
I.R.G.A.

MFA

ml

Abscisic acid 
alcohol dehydrogenase 
Adenosine 51-diphosphate 
Adenosine 5 1 -monophosphate 
Adenosine 5 1-triphosphate 
. tenosine 5'-triphosphatase 
&. ine serum albumin
Carconyl cyanide m-chlorophenylhydrazone
Carbon dioxide compensation point
Chlorophyll
counts per minute
Cytochrome
3-(3'-41-dichlorophenoi1-1,1-dimethyl urea
Dihydroxyacetone phosphate
Decimetre
disintegration per minute 
Bthylene-dinitrilo tetraacetic acid 
Reducing equivalents;
Fructose 6-phosphate
Flavin adenine dinucleotide
Ferredoxin oxidised
Ferredoxin reduced
Ferredoxin (unspecified redox state)

Flavin mono-nucleotide (reduced) 
gramme
Change in Gibbs free energy 
Glucose 6-phosphate
Glyceraldehyde phosphate dehydrogenase
Glyceraldehyde phosphate
Glutamate
Glutamine: a-ketoglutarate amino transferase 
Glutamine synthetase
ti-2-hydroxyethylpiperazine-N ‘ -.. ethane sulphonic acid
Hexose monophosphate shunt 
Light energy 
Infra red gas analyzer 
Michaelis-Menton constant 
Kilo Daltons

Lactate dehydrogenase

Malate dehydrogenase
2-(N-morpholino)-ethanesulphonic acid
Monofluroacetic acid
Milligramme
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Millimolar
MSO Methionine sulfoximine
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NADK Nicotinamide adenine dinucleotide reduced
NAD Nicotinamide adenine dinucleotide
NADPH Nicotinamide adenine dinucleotide phosphate reduced
NADP Nicotinamide adenine dinucleotide phosphate
NiR Nitrite reductase

Nanometre
Nitrate reductase
Oxaloacetic acid
Phosphoenol pyruvate carboxylase
Phosphoenol pyruvate
Phospho-fructose kinase
Phospho-fructose phosphatase

PGA Phosphoglyceric acid
Pi Inorganic phosphate

parts per million
PQ Plastoquinone
PS 1(1) Photosystem 1(1)
QA Primary guinone electron acceptor of PS II
QB Secondary guinone electron acceptor of PS II

Resistance
RH Relative humidity

Ribulose fcisphosphate carboxylase
Ribulose bisphosphate oxygenase
Ribulose bisphosphate
Statistical analysis system
Standard deviation
Standard error
Sucrose phosphate synthetase
Seconds
Tri-Carboxylic acid cycle
Triose-Phosphate

Triose-P Triose-Phosphate
[X] Concentration of substance X

Uridine 51 -diphosphate
Ubar Micro-bar
UE Micro-Einsteins
ug Microgramme
Ul Microlitre
UM Micro-molar
umol(es) Micro-moles

Degree Centigrade
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INTRODUCTION

Light, temperature, water availability and mineral nutrients are 
the major environmental factors which determine plant produc­
tivity (Yoneyama, 1984). Availability of nitrogen limits growth 
in many ecosystems. In agriculture, mineral nutrition is 
routinely manipulated to increase yield and crop productivity. 
Supply of nitrogen strongly affects plant growth and dry matter 
productivity which are related to photosynthetic carbon assimila­
tion (Cresswell, 1980). It is well known that nitrogen supply can 
change crop photosynthetic rates by affecting leaf areas or 
photosynthetic rates per leaf area (Yoneyama, 1984). The 
mechanisms through which these effects occur are complex and mul­
tifaceted. Conflicting reports exist regarding the effect of in­
organic nitrogen on photosynthetic carbon assimilation. Some of 
the conflict at least arises out of different experimental condi­
tions and ways of expressing data.

A large number of physiological parameters have been found to be 
influenced by the supply of NOg*. In Amaranthus powellii total 
leaf N, chlorophyll content, specific leaf mass, leaf area, rela­
tive growth rate, unit leaf rate and net production rate 
decreased with decreasing NO%" concentration while the leaf area 
ratio increased (Hunt et al., 1985a). In addition stomatal con­
ductance was sensitive to the vapour pressure difference between 
leaf and air in plants with high total leaf nitrogen concentra­
tions while plants with low total leaf nitrogen showed relative 
insensitivity (Hunt et al., 1985b). This indicates the pos­
sibility of improved water usage in plants supplied with 
nitrogen. A number of photosynthetic parameters (assimilation 
rate at 340 ubar COg/bar, stomatal conductance, COg and light 
saturated net photosynthesis, RuBPc activity and PEPc activity) 
were found to be positively related in a linear fashion to leaf 
NO3" content (Hunt et al., 1985c).



Frank and Marek ('.983) determined that the carbon compensation 
points of barley were increased by N deficiency while photosyn- 
tnetic rates were decreased. This was accompanied by an increase 
in mitochondrial respiration under N deficient conditions (Marek, 
1984). This was concluded to imply that the change in compensa­
tion points was attributable to the alteration in mitochondrial 
respiration (Marek and Frank, 1984). There are numerous other 
reports of the effects of NOg" and NH4* on photosynthetic and 
photorespiratory activity. Vaklinova et al., (1981) report that
N0 3- and NH4+ ions enhance photosynthetic and photorespiratory 
activity in pea protoplasts and barley leaves. The form and con­
centration of nutrient medium nitrogen has been reported to in­
fluence the net photosynthetic rate and COg compensation points 
of C3 and C4 grasses (Tew et al., 1974? Cresswell et al., 1977).
Vacuum infiltration of nitrate and ammonium ions into nitrogen 
starved leaves of Themeda triandra and 2ea mays increased co% 
compensation points and nitrate increased net photosynthesis but 
ammonium ions inhibited net photosynthesis (Amory and Cresswell, 
1984). Evidence was advanced by these authors suggesting that an
alternative pathway for photorespira tiony may exist involving 
formate and suggested that this pathway may become effective at 
high levels of N fertilization (Amory and Cresswell, 1986). In 
contrast Stepanova ct al. (1980) found a reduction of CO2 as­
similation and indications of an increase in photorespiratory ac­
tivity in maize supplied with nitrate. Change of the nitrogen 
growth regime from NO3" to MH4+ has been reported to result in no 
change in CO2 assimilation or photorespiratory activity (Hall et 
al., 1984; Klaus et al., 1985).

Although inorganic nitrogen has been suggested to regulate meta­
bolism through a number of specific effects, no consensus of
opinion exists. This investigation was undertaken in an attempt
to gain clarity on the influence of inorganic nitrogen on
photosynthetic carbon assimilation and the possible mechanisms of 
any effects. As a result of the rapid metabolism of inorganic 
nitrogen, the primary aim of this study was to ascertain the 
short term effects of inorganic nitrogen.



7. LITERATURE REVIEW

7.1. TRANSPORT AND TRANSLOCATION OF NITROGEN

Like many metabolic reactions, the reduction of nitrogen requires 
the movement of nitrogenous compounds between cellular compart­
ments . A number of metabolic processes involve extensive membrane 
transport. The reduction of NOj" is thought to be extrach- 
loroplastic while NOg" reduction and NH4+ assimilation to amino 
acids is chloroplastic. The photorespiratory cycle involves the 
movement of amino acids between the chlorop-ast, peroxisome and 
the mitochondria. Ammonium released in the process in the 
mitochondrion is probably reassimilated in the cytoplasm and 
chloropiast. Thus component parts of some metabolic pathways in­
volve highly specific and often large volume translocation across 
a membrane. Each membrane system has its own unique characteris­
tics which place different restraints on transport. The 
chloropiast and mitochondrial outer and inner membranes are, for 
instance, substantially different, exhibiting different protein 
and lipid compositions and permeability characteristics.

Nitrogen metabolism is well known to be closely integrated with 
carbon assimilation. This involvement extends to the inter­
relationships between the movements of nitrogen and carbon across 
membranes. The transport of nitrogen compounds may be through ac­
tive or passive mechanisms. Even if the proposed active 
mecharisms do not directly involve carbon metabolism, energy cou­
pling invariably involves the withdrawal of energy from a common 
pool resulting in secondary effects on carbon metabolism.

The purpose of this review is to discuss the mechanisms, both



physical and physiological, pertaining to the intracellular 
transport and assimilation of nitrogen. Much of the work referred 
to is with algae, fungi or bacteria because the- higher plant sys­
tems have been incompletely studied.

7.1.1. PLANT ROOT UPTAKE OF INORGANIC NITROGEN

The amount and form of nitrogen, in soils depends on the extent of 
mineralization of the soil and nitrification. Ammonium may be 
tightly held by the micaceous clay minerals of the soil. Plant
roots in soils absorb N largely as NO3- since this ionic form oc­
curs in higher concentration than NO2" and NH4+ and is free to 
movvi within the root solution (Reisenauer, 1978). This has the 
consequence that it may thus be readily lost through leaching.
Some NH4+ is usually present and may affect growth to some ex­
tent. Ammonium requires less energy for its reduction than NO3” 
and it may thus be supposed that it would be the preferred 
species for uptake although from evidence derived from root car­
bohydrates and growth it appears that ammonium may require more 
energy than nitrate (Reisenauer; 1978). increasingly nitrification 
inhibitors are being applied in agriculture to elevate the levels 
of soil-NHj+.On the other hand NH44 may exhibit some toxic ef­
fects (reduced photosynthesis and respiration, susceptibility to 
water stress) on plants. The uptake systems for NO3- and NH4+ are 
separate and are affected differently by pH, temperature and car­
bohydrate supply (Haynes rind Goh, 1978). Nitrite uptake by plant 
roots is not generally considered to be of consequence as a 
result of the low levels of NOg" in the soil and the reported 
toxicity of this ion. Nitrite may arise in the soil from trans­
formation of nitrogen compounds in the soil and rhizosphere, from 
organic wastes or from NO]" containing roots during oxygen stress 
(Bretler and Lucsak, 1982).

The kinetics of NO3*" uptake are unlike those of other ions; in­
stead of a constant rate of absorption, NO3" uptake exhibits an 
early lag phase followed by a more rapid phase of absorption 
(Ashley et al., 1975; Haynes and Goh, 1978). The duration of this 
induction is reduced by higher NO3" concentrations (Morgan et



al., 1985). Uptake and reduction of NO3- are often similar in­
dicating at least some inter-dependence and similar regulation of 
these two systems. Evidence that these two systems (uptake and 
reduction) are not identical is presented later. Uptake of NO3- 
is saturated with external concentrations around 1 mM for most 
plants (Dale, 1979) although this is subject to considerable 
variation, plants can absorb NO3" during both the light and dark 
portions of the drily cycle at nearly equal rates (Rufty et al., 
1984). The NO]" accumulated in the dark period is however only 
translocate^ and reduced, predominantly in the shoot (80% in 
soybean), in the following light period (Rufty et al., 1984).
Root absorption of NOg" may result in the .passage of the absorbed 
ions into:

- xylera vessels
- root medium
- reduction via NR and NiR to HH4"1"
- deposition in root vacuoles which probably accounts for

most of the tissue NO3- (Jackson et al., 1986).

The pathway of NO3- into the root is likely to be strongly in­
fluenced by the position of NR within the root. NR has been 
reported to occur predominantly in the epidermal cells of the 
maize root (Rufty et al., 1984). This observation is consistent
with observation reported below of limited reduction of en­
dogenous NO3". Of net influx during 24 hours exposure to 1 mM 
K:L5N0 3 , 56% was translocated, 30% reduced and 14% accumulated in 
maize roots (Jackson et al., 1986). The site at which NO3" is
reduced varies between plant species. In some reduction is 
predominantly in the root and in others predominantly in the 
shoot. In rice it appears from 15N studies that nitrate is 
largely incorporated into glutamine and glutamic acids in the 
root (Yoneyama and Kumazawa, 1975). In contrast shoot reduction 
has been observed for barley by Lewis et al. (1983). The propor­
tion of NO3'" translocated is dependent to some extent on the con­
centration supplied. At greater NO3" concentrations more NOg" was 
translocated with the percentage NO3" reduced in the root remain­
ing relatively constant, but the amount of translocated reduced N 
increased from 10% to 5CP (Morgan et al., 1985a;b). The amino



acid products of NO3- reduction and N H ^  assimilation may be ac­
cumulated in vacuoles, translocated to the xylem or utilised in 
protein synthesis, the latter consuming a fairly constant propor­
tion of NO3- (25-29%) (Jackson et al., 1986). A N0 3“ uptake 
uniporter and efflux nitrate-proton symporter is thought to exist 
(Deane-Drummond, 1984c). Maize roots, bathed in deionized water,
were found to excrete H+ actively without concommitant cation up­
take (Mengel ai:d Schubert, 1985). A NO3" insensitive H+ATPase has 
been identified in maize roots by O'Neill et al. (1983). Thus the 
ATBase for proton export is available in the maize root and may 
be coupled to efflux. Reduction of NO3" results in the
production of OH~ (Raven and Smith, 1976) which may in turn par­
ticipate in an antiport for N03- uptake. Thus any decrease in 
NO3'* reduction may also influence uptake to some extent although 
NO3- uptake is not obligatorily coupled to reduction (Jackson et 
al., 1986). MacKown et al. (1983) report little reduction but ap­
preciable translocation and efflux of N03" during the influx of 
this ion, while extensive reduction, but little translocation and 
efflux occurred, in the absence of influx. The uptake into roots 
may be thought of as a three compartment system with the 
cytoplasm functioning both as a destination for NO3"" from the 
root solution and the vacuole (storage pool) and as a source for 
vacuole, xylem and root solution NO3" (MacKown et al., 1983;
Jackson et al., 1986). The NO3" in the vacuole does not however
appear to be rcduced when sufficient exogenous NO3" is available 
but is reduced in the absence of exogenous NO3" (Jackson et al., 
1986).

Uptake of NO3" into plant roots is the net result of both influx 
and efflux in what may be considered to be a futile cycle. Total 
efflux may represent as much as 50% of influx (Jackson et al., 
1986). The apparent induction of NO3" uptake has been observed in 
a number of plants and has been ascribed to NO3' stimulated syn­
thesis of the uptake system (from protein synthesis inhibitor 
evidence) although changes in the efflux system could also be a 
factor in modifying uptake (Jackson et al., 1986).

Plants absorb ions from a multi-ion environment and the interac­
tions between these ions a;re often complex.The effects of one ion
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on the uptake of another are important when considering the com­
bined effects of inorganic nitrogen species. For example, the 
report that NO3” reduced ^COg accumulation by maize while the 
combination of NO3" and NH4+ increased accumulation (Morot- 
Qaudry et al., 1985) may be related to uptake phenomena. Supply
of NH44" has been reported to both stimulate and retard NO3" and 
K+ uptake by barley but these effects were strongly dependent on 
the cultivar of barley used and the accompanying ions supplied 
with the NH4+ (Bloom and Finazzo, 19S6). The absorption of NO3" 
decreased the capacity of the plant for anion uptake and in­
creased the capacity for cation uptake, presumably as a result of 
charge balance requirements (Haynes and Goh, 1978). Lewis et al. 
(1983) found that nitrogen supplied as NO%~ to barley was 
predominantly assimilated in the shoot (66% xylem sap NO3- ) while 
NH4+ was assimilated in the root (93% xylem sap organic N). With 
a combination of NO3" and NH4+ feeding only 29 % of the xylem sap 
was in the form of nitrate, indicating a suppression of N0 3“ ab­
sorption by NH4+. Reduced net NO3" uptake in the presence of NH4+ 
has been reported for numerous higher plants although little or 
no effects have been evident in others (Haynes and Goh, 1978? 
MacKown et al., 1982). This effect is apparently not exclusively 
reduction related, because influx is more strongly inhibited by 
NH4+ than NO3" reduction (Morgan et al., 1985b). A number of
mechanisms were suggested by M&cKown et al. (1982) to account for 
these effects:

- enhanced efflux of NO3"
- allosteric inhibition of the uptake system
- inactivation or repression of NR activity thereby in­

fluencing uptake
- decreased availability of carbon substrates and ATP
- alteration in net synthesis or regulation of uptake 

system.

Supply of NH4+ to maize did not alter the levels of tissue NO3- 
and thus efflux was not apparently enhanced by this treatment. 
Ammonium is well known to act as an uncoupler of non-cyclic 
photophosphorylation resulting in a rise in reducing potential 
and ADP which may result in the inactivation of NR (Haynes and



Goh, 1978). Precisely how this uncoupling (presumably 
chloroplastic) results in an increase in cytoplasmic reducing 
potential and ADP is not clear. From the different-.al inhibition 
of uptake and reduction it was suggested that the uptake system 
was itself influenced although and itsi reduction products
have been suggested oy other workers to affect uptake by altering 
NR activity (MacKown et al., 1982). Although the net uptake of
N03“ was smaller (MacKown et. al., 1982,• Lewis et al., 1983), ac­
cumulation of N0 3“ in roots was enhanced by application of 
while the accumulation of reduced N was inhibited (MacKown et 
al., 1982).

The absorption of NH4+ by plant roots is rapid but is subject to 
feedback controls, the most important of which is pH (Reisenauer, 
1978). The absorption jf NH4+ increased with pH which may be re­
lated to the NHf concentration (Reisenauer, 1978). In addition 
the uptake of the NH4+ cation results in the accumulation of cat­
ions within the plant in contrast to the accumulation of anions 
as a result of NO3- uptake. The balance may be restored through 
the synthesis and decarboxylation of organic acids. Ammonium ab­
sorbed by the roots is, in virtually all recorded cases, con­
verted through reductive amination of a~ketoglutarate to 
glutamate and glutan-ine prior to translocation, although in peas 
asparagine may play an important role as the major translocated 
amino acid form (Ta and Joy, 1984). Absorption of divalent anions 
(PO4Z", SO^ ~ ) was increased while absorption of divalent cations 
was decreased by NH4+ (Reisenauer, 1978; Haynes and Goh, 1978). 
The effects of on uptake of monovalent ions were inconsis­
tent (Reisenauer, 1978).

Uptake of 0.1 mM NOj" was found to occur in roots of Phaseolus 
vulgaris against an electrochemical gradient. The rate of uptake 
exhibited an inverse relationship to medium NO2” concentration 
(Bretler and Luczak, 1982). At pH 5, 2% of NO2" is in the form of 
nitrous acid which is believed to be the toxic form of NOg" and 
this may account for reduced uptake. The uptake of NOg" may af­
fect other aspects of metabolism or it could restrict its own up­
take. Of the absorbed N02~ only one third accumulated as NOg" in 
the root (Bretler and Luczak, 1982). Although NOg" can induce NR,



it does not appear to be capable of inducing NO3" uptake (Bretler 
and Luczak, 1982).

For the majority of plants the best growth and highest protein 
production rates are achieved with a mixture of NH4+ and N0 3“ in 
the proportion 30 mM:10 mM (Reisenauer, 1978). Maximum rates of 
growth and N assimilation were reported by Lewis et al. (1983) to 
occur in barley maintained on a mixture of NOj"* and The op-
timu depends on the species of plant, age and pH of growth 
medium (Haynes and Goh, 1978). Root temperature has been indi­
cated to play an important role in determining the specific ab­
sorption rates for NH4+ and NO3" although the overall N-intake 
remained relatively constant (Clarkson et al., 1986).

7.1.2. Transport of nitrogen compounds across the plasmalemma

7.1.2.1. Nitrate transport

Although one might expect the plasmalemma to play an important 
role in the regulation of nitrogen flux into the cell, it appears 
that this control is predominantly exerted at the tonoplast and 
any control at the plasmalemma is simply a 'pump and- leak' system 
(Glass et al., 1985). NO3" 'leakage' across the plasmalemma down
the electrochemical gradient, which can be stimulated by NH4+ , 
may be appreciable in higher plant roots and may be important in 
determining the overall rate of translocation (Deane-Drummond, 
1985). In Chara a linear relationship between NO3" efflux and 
cytoplasmic CN03"'] was found to exist. This linear relationship 
may be modified by the addition of NH4+ (Deane-Drummond, 1985).
Efflux was concluded to be active because the electrochemical 
driving force is in favour of N03" entry, which is not to say 
that M0 3“ entry is passive, but that it may be accelerated by a 
carrier (Deane-Drummond, 1985). If cytoplasmic N0 3~ is very high
then influx is active and efflux passive (Deane-Drummond, 1985).

The site of proton linked NO3"" reduction/transport in 
spheroplasts prepared from Escherichia coli has been shown,



through the use of azide inhibition, to be on the outer aspect of
the cytoplasmic membrane» while the FMNHg reducible site is on
the inner aspect {Garland et al., 1975). With raalate supplied as
a source of: reductant, a ratio of 4 H+/NO3"" (H+ e£flux:N03~
supply) was found while formate and succinate yielded a ratio of 
2. The rate of entry of NO3" into spheroplasts by passive diffu­
sion was found to account for 0.1% of the NO3" required for NO3"
reduction (Garland et al., 1975). In haeme deficient mutants, no
uptake of NO3" occurred indicating a link between respiratory 
electron transport and NO3- reduction/transport. In addition 
lipophilic carriers facilitating transport of cations (K+ - 
valinomycin and H+ - CCCP) stimulated transport of 803" across 
the membrane indicating the electrogenic nature of NO3" 
transport. This has led to the proposal that NO3" reduction is 
vectorial utilizing reducing potential from the cytoplasm for the 
reduction and transport of NO3- into the cytoplasm (Garland et 
al., 1975).

Active transport mechanisms may be divided into two classes:
1 ) carrier mediated - carrier molecule facilitating membrane
transport with the requirement for an energy supply
2) vesicle mediated - vesicular exrcytosis or endocytosis.

Vesicle mediated transport has received some support recently 
(Selga, 1983) and may provide for nonspecific transport. Carrier 
mediated transport may involve a number of different mechanisms 
of energy coupling:

1) group translocation
2 ) primary active transport
3) coupled flow.

Butz and Jackson (1977) suggest that the transport and reduction 
of NO3" is a group translocation type of transport. They envi­
sioned a NR tetramer associated with an ATPase in the plasmalemma 
capable of binding NAD(P)H and functioning in both the transport 
and reduction of NO3" in a 3:1 ratio. A similar dimer system was 
proposed for the chloroplast envelope functioning in a 1:1 
transport:reduction. These authors presented correlative evidence



that NR activity is coupled to transport of nitrate. Correlative 
evidence for this dual role may be drawn from the finding that 
the electrophoretic properties of NR differ between diatoms 
(clones of Biddulphia aurlta) living in different temperature 
zones and capable of different NO3- uptake rates at various tem­
peratures (Underhill, 1977). Evidence of this nature is not ac­
ceptable however, in that some of the algae have no vacuoles and 
thus lack a substantial storage capacity. The rate of uptake in 
this case should be determined by the rate of reduction purely as 
a consequence of the unlikely event of large amounts of NO3" ac­
cumulating in the cytoplasm. In addition mutants of Arabidoois 
thaliana exhibiting no NR activity were capable of significant 
rates of NO3- uptake (Doddema et al., 1978). The role of NR in
transport of NO3" has largely been discredited due to a lack of 
evidence and the dependence of uptake on reduction in the non- 
vacuolate systems described above.

The involvement of an ATPase in NO3- uptake was proposed because 
of the sensitivity of some ATPases to NO3" and the apparent sen­
sitivity of N03~ reduction to adenylates. The ATPase was sug­
gested to play a role in transporting the N03“ to reducing sites 
across the membrane. Alternatively the ATPase was suggested to 
facilitate the coupling of a transmembrane proton gradient with 
ATP formation and thus NO3" reduction (Butz and Jackson, 1977). 
This proposal is however lacking in experimental evidence. The 
only NO3- sensitive ATPases are those found in the tonoplast, and 
thus it is unlikely that the regulation of the ATPase on the 
plasmalemma can be achieved by nitrate. Although doubt exists 
about the role of ATPase in N0 3~ transport, evidence is available 
for the existence of permeases across the plasmalemma (Fuggi, 
1985).

A substantial amount of evidence exists for the implication of a 
N03~/0H" counter transport (or N03"7H+ co-transport) in N0 3 up­
take. An immediate transient depolarization, followed by 
repolarization, of the membrane potential in Lemna gibba was 
found on addition of 20 mM NO3" (Novacky and Fischer, 1978). This 
application is however extremely concentrated and not in the 
physiological range of NO3" levels at all. Later work by Ullrich



and Novacky (1982) showed that smaller concentrations (0.2 mM) 
had a similar effect. In addition these authors showed that 
plants with low membrane potentials shoved no depolarization and 
even a slight hyperpolarization on supply of light (Ullrich and 
Novacky, 1981). Two permease systems (high and low affinity) have 
been proposed for NO3- uptake into Cvanidlum caldarlum. The high 
affinity uptake system co-transported 1 KO3" and 2 H+ with the 
N03~ binding first to the transport system (Fuggi, 1985). Al­
though ligi.t is known to cause a reduction in the extent of 
membrane depolarization on supply of NO3" over dark conditions, 
it is thought that this light induced decrease in the depolariza­
tion on supply of NO3" is due to the photosynthetically linked 
simultaneous extrusion of protons from the cells. Thus it appears 
that the NO3" uptake process involves a H+zNO]" co-transport 
(Novacky et al., 1978).

Correlative evidence may be found from the similarities of NO3" 
and pH changes to changes in the membrane potential (Ullrich and 
Novacky, 1981). If this type of system is operative for NO3- up­
take in a 1:1 stoichiometry, then the uptake of NO3" is an 
electrically neutral process (Deane-Drummond, 1984c). Ammonia and 
NQ3" utilization is reported to be accompanied by a decrease and 
increase in the external pH respectively (Fuggi et al., 1981). 
This alkalinization during uptake and metabolism of NO3™ has been 
reported to proceed with the stoichiometric release of 1 or 2 H+ , 
depending on whether or not NO3" derived NH4+ was incorporated or 
not (Eisele and Ullrich, 1977? Fuggi et al., 1981; Novacky et 
al., 1978). Under steady state conditions, the incorporation of
each equivalent of ammonia was accompanied by 0 .8-1 equiv. of 
protons while for e»ch equiv. of NO3" 1-1.2 equiv. protons wore 
absorbed (Fuggi et al., 1981). Immediate alkalinization has been 
reported during NO3 uptake as well as acidification although the 
alkalinization has been disputed to have any role in NO3- uptake.

Additional supporting evidence comes from the report that 
SGciOj/ NO3' flux into Chara was to be sensitive to pH and ex­
hibit a maximum at pH 4.5 (Deane-Drummond, 1984b).
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The effect of pH on NO3" uptake has been reported to depend on 
the concentration of N03" supplied, with greater pH dependence at 
lower NO3" concentrations and with maximal uptake occurring at pH 
4.7 (Deane-Drummond, 1984c). This author found no correlation be­
tween alkalinization and HC3' uptake. The proton pump inhibitor, 
DBS, was found to dramatically stimulate N03- uptake, although 
extremely high concentrations of DBS had an inhibitory effect 
(Deane-Drummond, 1984c). An effect of NH^1" on the uptake of ^03" 
has been reported for Penicillium chrvsogenum although in this 
case glutamine and asparagine supply was reported to result in a 
similar response (Goldsmith et al., 1973). The effect of NH4*, or 
a metabolic product thereof was proposed to occur through one of 
the four mechanisms:

a) It may promote the inactivation of MR
b) It may act as an allosteric inhibitor of the NOj" uptake 

system
c) A NH4+ utilizing system (enzyme) may inactivate NR
d) It may repress the synthesis of NO3™ uptake associated 

proteins.

Ammonia has been shown to have a similar effect to DBS and the 
evidence pointed to a stimulation of NO3" efflux by NH4+ as the 
mechanism responsible for reduced MO3"' uptake (Deane-Drummond, 
1984b).

This effect was explained as being the result of an inhibitory
effect on the efflux of NO3"" from the cells and NO3" efflux was
proposed to occur in exchange for NO3- influx. Nitrate efflux has 
previously been reported to be an important component of net N03~ 
uptake and to be independent of the supply of DBS (Deane- 
Drummond, 1984a). In kinetic studies it was found that the uptake 
of 3GCIO3 was inhibitud competitively by NO3" at low concentra­
tions while at higher concentrations inhibition was not charac­
teristic of competitive or non-competitive inhibition (Deane-
Drummond, 1984a). These results have led to the following
conclusions:

a) NC>3~ efflux is not a simple electrochemical diffusion
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b) NOj- efflux and NOf influx are linked
c) Protons have a direct effect on the activity of the NO3" 

transporter.

A model proposed by Deane-Drummond (1984c) and Deane-Drummond 
(1984a) (Fig. 1) envisages a counter exchange, influenced by 
protons, of N03~ and HC03~/0H" or HC03“/H+ at low external NO3' 
concentrations while at higher concentrations, the external N0 3"" 
may exchange for internal N03" where net NO3- uptake is deter­
mined by reduction and transport into the vacuole. Although a 
single carrier has been proposed for both influx and efflux of 
NO3” , Deane-Drummond (1985) has found evidence for the existence 
of two independent carriers. The differential effects of in­
hibitors (DBS inhibited efflux and N H ^  stimulated efflux) on ef­
flux and influx and apparent independence of NO3" efflux of ex­
ternal [NO3""] have been taken as evidence for two carriers. The 
influx of N0 3~ is thought to occur in exchange for HC0 3~. The 
control of NO3" etflux form the cell is proposed to occur to 
prevent the unnecessary reduction of N03“ when alternative more 
reduced, and thus, less expensive forms of nitrogen are available 
(Deane-Drummond, 1985).
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Pig. 1. A tentative model for N03* uptake into Ghara cells under different 
conditions of nitrate status, t * tonoplast, m = plasma membrane, o = out- 
si-’e cell, i * inside cell, v ■ vacuole, a.a. ■ airino acids (Deane- 
Drummond, 1984).

7.1.2.2. Ammonium uptake

Nonspecific diffusion of NH4 + across membranek has been favoured 
by some authors, but evidence for carrier mediated NH4'1' transport 
has accvr-ulated recently (Bertl et al., 1984). Addition of NH4+
has been reported to cause a concentration dependent change in 
cellular pH in Riccia fluitans (Bertl et al., 1984). On addition 
of 1 yM NH4CI the cytoplasmic pH of 7.2-7.4 dropped by 0.1-0.2 pH 
units, but shifted to pH 7.8 in the presence of 50 uM NH4CI. The 
vacuolar pH increased drastically from 4.5 to 5.7 with 50 uM 
NH4CI. These results were interpreted by the authors to imply the 
operation of two processes: first, acidification due to
deprotonation of nh4+ ? and second alkalinization through protona­
tion of NH3 which is taken up to a significant extent from high 
external concentrations. Recently an energy dependent specific
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uptake of NH4+ by both a high (pH optimum 7.4) and a low (pH op­
timum 5.2) affinity system has been described for Anacystis 
nidulans. Both transport systems were found to be light dependent 
and sensitive to DCMU (Kashyap and Singh, 1985).

7.1.2.3. Amino acid transport

The transport of amino acids is accompanied by a simultaneous 
proton transport, although no alkalinisation of the external 
medium during steady state uptake was found (Novacky et al.,
1978). A large variety of cells have been reported to possess a 
transport systes for amino acids. In Chlorella vulaaris the 
transport system has been shown to be inducible by the supply of 
hexoses and by nitroaen shortage iSauer et al., 1983). This in­
duction was attributed to the C/N ratio. An amino acid transport 
system in Chlorella vulaaris has also been described which is in­
ducible with NH4+ and NO3" whan supplied with glucose (Sauer,
1984). The more rapid utilization of amino acids than of NO3' by 
sugarcane suspension cultures has led to the suggestion of a 
specific transport system for amino acids. Several translocators 
have been proposed for either specific amino acids or groups of 
amino acids (Robinson and Beevers, 1981; Felle, 1981). The uptake 
of amino acids has been proposed to be related to the influx of 
protons across the plasmalemma. An immediate depolarization of 
the plasmalemma membrane potential in Lemua gibba was induced 
through the addition of glycine. This depolarization suggested
that glycine transport is coupled to a H+ extrusion mechanism, 
probably maintained by an ATPase, and that amino acid transport 
occurs with the concommitant uptake of 1 H+ (Novacky et al., 
1978). similar results were obtained using sugarcane tissue sec­
tions (Franz and Tattar, 1981) and oat coleoptiles (Kinraide and 
Stherton, 1980).

In oat coleoptiles strong pH insensitive depolarization of
'embrane potentials by basic amino acids und pH sensitive
.Membrane depolarization by acidic and neutral amino acids has 
been reported. This led to the proposal by Kinraide and Etherton 
(198V) that neutral amino acids are co-transported with a H+ and



that acidic amino acid transport is associated with a cation and 
a H+ , while basic amino acid transport is not associated with 
proton co-transport. Sugarcane suspension cells have been shown 
to have three amino acid uptake systems specific for the net 
charge on the amino acid. Uptake of neutral amino acids is 
coupled with the uptake of 1 H+/araino acid and the efflux of 1 
K+ , while basic amino acids are imported by a uniport with com­
pensating H+ and K+ efflux. Acidic amino acids are transported 
with 2 H+ and the efflux of 1 K+ (Wyse and Komor, 1984). In ft.veaa 
sativa the transient depolarizations resulting from amino acid 
supply (1-2 minute duration) are followed by repolarizations 
which are complete within 2-3 minutes (Kinraide et al., 1984).
These authors suggest that the repolarizations are a result of 
efflux of K+ in a passive manner.

7.1.3. Transport of nitrogen into the vacuole

A large body of evidence suggests that the vacuole is an impor­
tant site for the storage of at least nitrate. Studies on the up­
take of NOg" have been interpreted to suggest that the control of 
this process originates from the regulation of transport across 
the tonoplast (Glass et al., 1985). These authors report that
NH4+ strongly inhibited the uptake of NO3" and that NO3- influx 
across the plasmalemma of barley roots was insensitive to tissue 
NO3- and Cl" status; inhibition of tonoplast uptake led to higher 
cytoplasmic contents and thus greater translocation to the shoot.

Plasmalemma and tonoplast H+ - ATPases involved in the production 
of electrogenic gradients have been established. These activities 
may represent electrogenic proton pumps which have been postu­
lated to generate proton electrochemical gradients which may 
drive the transport of ions and small molecules (Lew and 
Spanswick, 1984). The plasmalemma form is sensitive to vanadate, 
molybdate and azide and insensitive to N0 3" while the tonoplast 
ATPase H+ pumping is stimulated by Cl" and inhibited by NO3" 
(Zocchi, 1985). No explanation of the effect of Cl” has been 
forthcoming, but the effect of NO3" has been found to be competi-



tive in nature (Griffith et al., 1986). Nitrate, because of its
trigonal planar geometry and thus its similarity to the terminal 
phosphate of ATP, has been suggested to competitively occupy the 
active site of ATPase. Conditions producing protein phosphoryla­
tion (CePVith calmodulin and a protein kinase) have been reported 
to inhibit total and ionophore stimulated ATPase activity 
(Zocchi,1985). Activity of the N0 3“ sensitive form of the ATPase 
was found to be more depressed than the activity of the vanadate 
form suggesting that the tonoplast ATPase is more sensitive than 
the plasmalemma form to phosphorylation. The tonoplast form is 
unaffected by the supply of AMP (Raush et al., 1985 and Zocchi,
1985) but ADP is a potent competitive inhibitor (Kj_ 0.18 mM) 
(Raush et al., 1985). The proton pumping ability of this ATPase
is inhibited by nitrate, but this inhibition does not prevent the 
electrophoresis of this ion into the vacuole (Lew and Spanswick, 
1985). Nitrate uptake has been shown by these authors to be a 
saturable phenomenon and relatively specific in that only certain 
anions (KC1 and KNO3 ) could induce the associated proton uptake 
(Lew and Spanswick, 1985).

Vacuoles, traditionally considered a storage and detoxification 
compartment, may function as a multifunctional compartment in­
volved in many metabolic processes. The vacuole has a limited 
number of anabolic enzymes but has many hydrolytic enzymes and 
transport systems involved in vacuolar acciemulation across the 
tonoplast (Boudet et al., 1984). Vacuolar storage allows
intracellular accumulation of end products without the associated 
feedback effects and may serve for reversible and irreversible 
storage, the former of which may occur over long term (storage 
for periods of active growth) or short term (accumulation for 
temporarily separated utilization). It has been noted that NO3T 
is often stored by species from arid environments where th-s N0 3" 
is accumulated after rain, possibly to maintain growth during the 
dry period (Smirnoff and Stewart, 1985).

In unicellular green algae without major storage vacuoles supply 
of ABA has been found to stimulate the uptake of M0 3" by up to 
200%. Although this stimulation was proposed to be the result of 
the activation of H+ extrusion at the plasmalemma, no evidence



for this was found and the effect of A*' was more directly re­
lated to increased starch degradatic-- co form glucose and thus 
respiratory activity (Ullrich and .vunz, 1984). ABA had very
little effect on photosynthetic Og '-volution, NO2" reduction and 
NH4+ assimilation (Ullrich and Kv.iz, 1984).

Nitrate may accumulate in some circumstances in crop plants 
(spinach, beet, radish) to 10-24% dry weight (Martinoia et al., 
1981 and Smirnoff) Stewart, 1985). •Normal1 levels of NO3" in 
plant tissues are in the range 0-140 umol.g dry weight-*1 or 0- 
0 .2% of dry weight and accounts for 0-10% of plant nitrogen 
(Smirnoff and Stewart, 1985). High nitrogen fertilization can 
lead to accumulation of NO3" to such an extent that the plant 
tissue is toxic if consumed (Smirnoff and Stewart, 1985). This 
accumulated NOg" does not mix with the existing pools of nitrate, 
but is found to be required for the maintenance of r. fully in­
duced NR. Vacuoles isolated from protoplasts have been shown to 
contain much (99%) of the cellular NO3" (Martinoia et al., 1981)
and thus the 'storage' and 1 metabolic' pools are probably 
separated, by the tonoplast.

The in vivo assay for NR depends on the accumulation of NOg" un­
der anaerobic conditions. With the supply of NOg" this activity 
continues for in excess of 1 hour, but in the absence of supplied 
NO3" the reaction quickly (<1 hour) runs down, although supply of 
NO3" or monohydroxy alcohols causes a resumption of activity. In 
addition the amount of NO2- accumulated is only a small fraction 
of the amount of NO3" present in the tissue (Ferrari et al., 
1973). Gradual leakage of NO3- out of the tissue could not ac­
count for this because NOg" production continued even after the 
cessation of leakage. These results have been taken to suggest 
the presence of a small pool of NO3™ available for reduction, 
while the rest of the tissue N03" is in storage (Ferrari et al,, 
1573). The effects of the alcohols on NO2" accumulation were sug­
gested to be the result of increased leakage of NO3- from storage 
to the metabolic pool (Ferrari et al., 1973). it has however been 
shown that different types of alcohols have different effects. 
Gray and Cresswell (1983) found that while both propanol and 
ethanol promoted NO3" utilization, propanol brought about an ac~



cumulation of NOg" under both aerobic and anaerobic conditions 
while ethanol caused an accumulation of NOj" only under anaerobic 
conditions in mays. In contrast Yoneyama (1981) reported that 
propanol only increased NOg"" accumulation under aerobic condi­
tions and depressed NOg" utilization for several species. Even if 
the differential effects of these alcohols do exist, it is still 
uncertain what the effects of the alcohols on NO3* and NO2" meta­
bolism are, except that they may be more complex than suggested 
by the leakage of NO3- into the metabolic compartment. It is pos­
sible to speculate that the differences may arise from the meta­
bolism of ethanol under aerobic conditions. From experiments in 
which the plant cells were washed repeatedly it was concluded 
that the metabolic pool of NO3'" is cytoplasmic while the storage 
component is probably vacuolar (Ferrari at al., 1973). Inter­
pretation of these results is however open to question as it has 
been recently shown that even under anaerobic conditions, NO2” is 
metabolised, and thus the lack of NC>2~ accumulation is not a 
reliable indicator of the flux of nitrate (Yoneyama, 1981? Gray 
and Cresswell, 1983? Ben-Shalom et al., 1983). In addition to the 
trophic function of nitrate, this ion may play a role as a cel­
lular osmotic.m (Smirnoff and Stewart, 1985).

The high NO3- content of some leaves means that it may be as im­
portant as other major anionic components of leaf osmotic poten­
tial (Smirnoff and Stewart, 1985). Boudet et al. (1984) have 
shown an inverse relationship between NO3- and malate and have 
suggested that malate balances NO3" uptake into vacuolar storage. 
The relationship between NO3" and malate may exist for other 
reasons discusred later. A similar Inverse relationship between 
sugar concentration and NO3- has been reported in Lolium multi- 
florum (Veen and Kleinendorst, 1985). Blom-Zandstra and Lampe 
(1985) found evidence suggesting that NO3" may serve as an os- 
moticum at low light intensity to compensate for a decline of 
carbohydrate concentration. Nitrate assimilation has also been 
suggested to contribute toward the avoidance of photoinhibition. 
A light dependent ATPase maintained pH gradient has been found 
between the cytoplasm and the vacuole and may explain many of the 
energetically uphill transport systems operating on the tonoplast 
and some of the control mechanisms (Boudet et al., 1984). Al-



though the NO]" readily permeates the vacuole with the expendi­
ture of ATP, NO3" cannot passively diffuse out of this compart-

7.2. NITROGEN EFFECTS ON CARBON METABOLISM THROUGH UPTAKE 
MECHANISMS

The apparent interdependence of HR and transport of NO3" makes it 
difficult to distinguish between the effects of NO3" on carbon 
metabolism and the effects on transport, because carbon may be 
involved in both functions. Nitrate reduction has been reported 
not to occur or not to be assimilated further than under
conditions of COj deprivation. Nitrate derived NOg" and NH4+ have 
been reported to accumulate in the external medium of Chlorella
(Di Martino Rigano et al., 1985) and Scenedesmus (Larsscm et al.,
1985a) suspensions kept under conditions of COg deprivation. This 
effect has often been reported to be pH dependent with no ac­
cumulation occurring at pH 6.4. Accumulation of NO3" occurs at pH 
8.2 but the products of reduction are returned to the medium as 
NH/j+ (Di Martino Rigano et al., 1985). Supply of light and
glucose to barley seedlings has been reported to induce NR. This
induction occurred without exogenous NO3- when light was sup­
plied, while glucose was only effective if NO3'' was present 
(Aslam et al., 1976). These results were interpreted by the
authors to imply that the metabolic pool was replenished from a 
storage pool in the presence of light while glucose and light are 
both effective in the transport of extracellular NO3" into the 
metabolic pool. Eisele and Ullrich (1977) reported a glucose re­
versible inhibition of N03” uptake and reduction, especially at 
low pH. The effect of glucose was found not to be markedly pH de­
pendent and high levels of CO2 (1%) exhibited the same effect. 
Whether this effect was primarily the result of an effect on N03~ 
uptake or NO3” reduction is difficult to assess. It is un'ikely 
however that the external pH has a strong effect on the reduction 
of NO3" and thus it would seem that the effect is localized in 
the plasmalemma (Eisele and Ullrich, 1977). in addition NR has a 
pH optimum of between 7 and 8 which is markedly different from 
the pH optimum shown for NO3- uptake (Eisele and Ullrich, 1977).

I
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The further reduction of NOg" is likely to be even further buf­
fered against external changes in pH because of its localization 
in the chloroplast. Thus the effect of glucose addition and 
elevated levels of CO2 may exert their effect through an inter­
mediate common to the pathways for the metabolism of both sub­
stances (Eisele and Ullrich, 1977). These authors propose that a 
carrier molecule responsible for NO]" uptake is stimulated by the 
intermediate. The production of an OH" during the complete reduc­
tion of NO]" is constant with pH and thus the efflux of the OH" 
and the uptake of NO3" either has to occur up a concentration 
gradient or against a membrane potential. Thus the uptake and 
reduction of NOj must be an active process (Eisole and Ullrich, 
1977).

In Chlorella the accumulation of nitrate, NO]” and NH^* at pH 8.2 
resulted in no excretion into the external medium and this led to 
the proposal that the effect of pH is op the mechanism of 
transport and not the availability of either carbon to supply 
reductant or as an organic acceptor molecule for the reduced 
nitrogen. It seems unlikely that carbon availability would be 
controlled by the extracellular pH (Di Martino Rigano et al., 
1985). A permease, labile at low pH, has been proposed to explain 
these results. An alternative explanation is that a permease is 
normally controlled by the cellular carbon status, but at high pH 
this control is lost. Larsson et al. (1985b) reported that NO]" 
uptake and/or reduction was stimulated by CO] at non-limiting 
light intensities (>100 wmol.m"Z.s"l) associated with reduced 
NH4+ efflux. They also report a reduced uptake and reduction of 
NO]" and a positive correlation between NH^-1- uptake/reduction 
with CO] concentration. These authors commented on the proposal 
that a C-N intermediate dependent on the ratio of carbon to NH4+, 
plays a regulatory role in the cell and extended this proposal to 
include the effect of NO]". The control of the uptake of NO]" is 
suggested to be unlikely as this species can apparently cross the 
chloroplast envelope freely as the undissociated anion (Larsson 
et al., 1985b). Kaiser and Heber (1983) reported sensitivity of
photosynthetic O] evolution to both bicarbonate and nitrite. In 
examining the effects of NO]" on photosynthesis it soon becomes 
evident that pH considerations are very important. In studies of



the pH sensitivity of protoplast and chloroplast photosynthesis 
it was found that protoplasts were more tolerant of pH changes 
than chloroplasts, although both systems demonstrated a capacity 
for controlling the intracellular pH. The utilization of bicar­
bonate is strongly pH dependent due to the predominance of HCO3" 
at high pH. Evidence indicates that CO2 is the species which is 
transported across the plasmalemma (Kaiser and Heber, 1983) and 
not HCO3" and thus lower pH favours uptake of carbon dioxide from 
the medium. High concentration of HCO3" (30 mM) have been found 
to lead to stromal acidification owing to the loss of OH" through 
the stromal formation of HCO3"" from GO2 (Kaiser and Heber, 1983). 
Similarly NO2" entering the stroma would result in acidification. 
In this regard it is important to establish whether NO2" or HNO2 
enters the chloroplast. Kaiser and Heber (1983) concluded from 
theoretical calculations that both the protonated and the 
unprotonated forms can cross the plasmalemma and chloroplast en­
velope, although anions crossed 10^ times more slowly . The plas- 
malenana was found to be less permeable to NO2” than the
chloroplast by a factor of 200. It should be noted that the ex­
periments of Kaiser and Heber (1983) were conducted at extremely 
high concentrations of NOg" (up to 100 mM).

Incubation of unicellular green algae with glucose or in the 
presence of light has been found to enhance the consumption of 
NG3~ (Schlee et al., 1985) and this enhancement has been at­
tributed, in most cases, to the provision of energy or carbon 
skeletons for NO3" reduction. Glucose has recently been reported 
however to induce general amino acid transport and NH4+ transport 
and a similar mechanism has been proposed for NO3- accumulation 
(Schlee et al., 1985). The effect of glucose on NO3" uptake (5-
fold increase) was only apparent after a 40 minute incubation
period although glucose did not influence the uptake rate. Thus 
the effect of glucose appears to be only in induction. The uptake 
of NO3” was accompanied by the operation of an H+ symport in a 
stoichiometry of 1:1 but no K+ movement was observed (Schlee et 
al., 1985). Thus the uptake of NO3" may be an electroneutral 
process.
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7.3. ACCUMULATION OF IONS ASSOCIATED WITH INORGANIC NITROGEN
REDUCTION

Considerable attention has been given to the accumulation of 
various ionic species during the reduction of various nitrogen
species. The accumulation of these ionic species has been ac­
corded much importance by some authors (eg. Raven and Smith,
1976; Smith and Raven, 1979; Smirnoff and Stewart, 1985). Al­
though the production of these ions undoubtedly occurs during 
nitrogen reduction, it is hard to conceive that these ions should 
present a major problem to the plant considering the vast number 
of redox and acid/base reaction which occur. In spite of these 
reservations, the literature dealing with this subject is briefly 
reviewed below.

Nitrate assimilation generates OH" ions C. per NO3 ) and N H ^  as­
similation generates H+ (1 per NH^) which must be excreted or 
neutralized to maintain a constant cytoplasmic pH (Raven and 
Smith, 1976; Smith and Raven, 1979). Although the cell walls = \
could store some of the H+ and OH", this could only account for a 
fraction of that produced. For the roots this problem is simply 
overcome through fche excretion of bicarbonate or hydroxyl into 
the bathing medium (Smirnoff and Stewast, 1985) and this excre­
tion may even be linked to the uptake of anions such as NO3'’ 
(Ben-Zioni et al., 1971).

The distribution of nitrogen reductive sites has been proposed to 
be the result of selective pressures related to the requirement 
of the plant for the disposal of excess H+ and OH- (Raven and 
Smith, 1976). The site of NH4+ assimilation is predominantly the 
root and N is transported to the shoot as a mixture of amino 
acids and their amides. Ammonium assimilation by the root in­
volves the acidification of the rooting medium (Raven and smith, 
1976). If NH4+ assimilation is to occur in the shoot sucrose 
translocated from the shoot may be converted into malate in the 
root releasing 2 H* which may be exchanged for ions and the
malate is translocated to the shoot where it enters the pH stat 
and is decarboxylated to yield pyruvate. This pH control may be 
mediated through the pH effects on PEPc and malic enzyme (Smith
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and Raven, 1979), Ra'--.-n and Smith (1976) concluded that all the 
H+ produced in the reduction of could not be stored in the
vacuole for osmotic and pH reason? and thus the predominant means 
of detoxification appears to be throuyh root excretion.

Reduction of NOj" actually results in the formation of 2 OH“ , but 
the production of H+ by the subsequent assimilation of NH44, 
results in a net stoichiometry of oily 1 0H“ per NO3". This as­
sumes that NO3- reduction and NH^4- assimilation occurs in the 
same pH poclr which is probably not the case. Although NOg- as­
similation can occur in the roots, depending on external NOg" 
concentration, it appears that the major site of NO3" reduction 
is the shoot for energetic reasons. It is presumed inefficient to 
transport sugars to the root and then have to transport the 
products of NO3" assimilation to the shoot and it is assumed that 
light intensities are generally sufficient to saturate photosyn­
thesis for provision of reductant to NR in the leaf (Smirnoff and 
Stewart, 1985). Whether translocation of NO3* occurs or not is 
dependent on the external NO3" concentration and the root tem­
perature as discussed previously. The reduction of NO3" in the 
root provides none of the problems associated with the leaf in 
terms of the disposal of OH". The OH" produced in the root is 
either excreted to the external medium or metabolised via the 
biochemical pH stat. The assimilation of NOj- in the root is 
proposed to lead to a drop in pH which activates PEEc which 
neutralizes OH" with the production of malic acid. In the shoot 
efflux accounts for 50% in maize and 10% in Beta vulgaris of the 
generated OH", and the balance is thought to be accounted for by 
biochemical pH stat.

With increasing NO3" assimilation, the bulx of the anions (OH") 
produced accumulated in the plant as malate with a parallel ac­
cumulation of cations, while efflux of OH" accounted for only 20% 
of the anion charge (Kirkby and Knight, 1977). The stimulation of 
cation uptake was proposed to result from a requirement for an 
accompanying ion for shoot translocation. In addition, the cation 
.fas suggested to balance the production of organic acids formed 
during N03" reduction (Kirkby and Knight, 1977). The implication 
of this proposal is somewhat different from that of Ben-aioni et



al. (1971) where the accompanying cation (K+ ) was suggested to be 
retranslocated downward in the phloem. Here the cations are sug­
gested to accumulate in the shoot.

In the leaf organic acids may be stored in the vacuoles as salts 
or be anslocated to the phloem and on down to the roots where 
they ind/ be decarboxylated and the resulting hydroxyl excreted, 
possibly in exchange for further NOg" (Ben-Zioni et al., 1971).
These authors propose that the strichiontetric production of ma- 
late wit*' ■}" reduction allows the movement of K-malate to the
root whe, the malate is oxidised to yield KHCO3 which may then
exchange for KNO3 . HO3- feeding has been reported to result in an 
increase of K* and inorganic acid content (aconitate and malate) 
of maize leaves (Morot-Gaudry et al., 1983). Criticisms leveled
against this suggestion include the observation that significant 
root S03~ reduction occurs and tracer studies in tomatoes did not 
shct-7 the cycling of organic acids (Kir sy and Knight, 1977? van
Beusichem et al., 1985). In Ricinus communis it was shown that
the efflux of was strongly dependent on the supply of NO3-
and that K+ recirculation was significant (Kirkby and Armstrong, 
1980). On the other hand, excretion from the same species was 
found to only account for 47% of the anion charge and significant 
root reduction of NO3" was observed (van Beusichem et al., 1985). 
The same authors fmnd that only 24% of excreted HCO3" could be 
attributed to shoot borne organic anions. Thus different species 
appear to support different mechanisms and the interpretation of 
results is, in some cases, somewhat dubious.

It has been suggested that the OH~ excretion from the root is the 
result of NO3" reduction in this organ alone (Raven and Smith, 
1976). The formation of calcium oxalate from malate allows the 
deposition (precipitation) of .this salt in the vacuole thus 
avoiding the associated osmotic potential problems. The formation 
of OAA is cata .ysed by the enzyme PEPc which is found in the 
cytoplasm and in some cases the chloroplasts of C3 and C4 
mesophyll cells which are in the latter case also the site of 
NO3” and NO2" reductase (Smirnoff and Stewart, 1985). The absence 
of PEPc from the bundle sheath, and thus the lack of a pH stat, 
Las been suggested to account for the lack of NO3” reduction in



these cells. This compartmentstion has been further suggested to 
spatially separate N0 3" reduction and carbon assimilation by 
RuBPc preventing competition between the two processes (Smirnoff 
and Stewart, 1985). These considerations obviously do not apply 
to C3 plants. There are however many other possibilities through 
which competition may be avoided. C4 plants do not exhibit 
saturation of photosynthesis even at high light intensities. Thus 
there may be insufficient photochemical energy to allow competi­
tion between nitrogen ant carbon assimilation. Mechanisms to 
avoid such competition in C3 plants have been suggested to in­
clude t’.>e following:

a) Nitrate assimilation most active when light intensity 
maximal and CO2 fixation at a minimum (e.g. at noon in some 
plants)
b) Nitrate assimilation has been suggested (perhaps naively) 
to diF'dpate excess photochemical energy in place of 
photorespiration
c) Nitrate enhancement of the photosyrthetic light reactions 
may provide enough reductant to avoid competition between 
nitrogen and carbon assimilation (Smirnoff and Stewart, 
1985).

The use of a biochemical pH stat involves the partitioning of 
large quantities of carbon into storage in the vacuole. Oxalate 
is the most efficient because it can neutralize one OH" for each 
-tarbon. Up to 10% of the organic carbon may be involved in or­
ganic acid formation. The sequestering of this organic acid in 
•r.he vacuole has been estimated to consume about 5-10 ATF/N while 
transport of carbon to root probab’y only requires 2 ATP (Smith 
and Raven, 1979). Simultaneous supply of NO3' and N H ^  would al­
leviate the pH stress imposed by supply of one of the two forms. 
This may in part account for the synergistic effects of NO3- and 
NH4+ supply on growth.



7.4. EFFECTS OF INORGANIC NITROGEN ON METABOLISM OF OTHER IONS

Inorganic phosphate is known to be essential for the transloca­
tion of photosynthates out of the chloroplast. Reduced supply of 
phosphate has been shown by several workers to be related to the 
accumulation of starch in the chloroplast (Heldt et al., 1977;
Ariovich and Cresswell, 1983). Thus anything affecting the 
availability of Pi in the cell is also likely to have wide rang­
ing effects on carbon metabolism. has been reported to in­
hibit the accumulation of Pi in corn roots. This was suggested to 
be the result of reduced exchanges between the symplasm and 
vacuoles where NO3" inhibited the transport of Pi from the 
cyaoplasm to the vacuole leading to an increase in cytosolic 
phosphate (Lantaze et al., 1984). This may have significance for
the role of NO3" in regulating the efflux of photosynthate from 
the chloroplast. Nitrate has been proposed to utilize triose-p 
produced in the chloroplast as a source of reductant (Klepper et 
al., 1971) so that NO3” is expected to have an independent role.
Phosphate is known to be required for the functioning of the 
DHAP/PGA shunt across the chloroplast membrane and has been sug­
gested to be a major controlling influence on the levels of 
chloroplastic triose-P {Flugge and Heldt, 1977). CO2 dependent 0% 
evolution is strongly dependent on the adequate supply of Pi a'" -1 
passive leakage of Pi from the chloroplast drastically reduces 
this 0% evolution (Mourioux and Douce, 1981). Furthermore, the 
rates of photosynthetic carbon assimilation have been shown to be 
strongly influenced by the lack of either NO3” or phosphate and 
this has been related to the accumulation of starch under these 
conditions tAriovich and Cresswell, 1983). Thus a further link 
between triose-P transport and NO3' may exist through the effects 
of this anion on phosphate accumulation in the cytosol.
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The effects of inorganic nitrogen nutrition or short term supply 
on photosynthesis and photorespiration are not only due to the 
direct participation of nitrogen in biochemical reactions, but 
have also been attributed to the influence of nitrogen on enzymes 
associated with these processes. Active transport of HCO3- which 
is sodium inducible has been described in Anabaena cells 
(Reinhold et al., 1984). Although it is possible carbonic an-
hydrase plays an important role in aquatic plants (Salvucci, 
1983), it appears that the major permeant carbon dioxide species 
in Asparagus mesophyll cells is CO2 with HCO_i" contributing to 
only 5-16% of tha total net inorganic carbon uptake at high pH 
(8.5) (Espie et al., 1986; Espie and Colman, 1986). Similar 
results have been reported for Chlamydomonas reinhardii (Marcus 
et al., 1984). Thus the possibility of direct effects of inor­
ganic nitrogen on an HCO3" uptake system for higher plants can be 
neglected.

A close relationship between photosynthetic rate, quantity and 
activity of RuBPc exists (Avdeeva and Andreeva, 1973). Vaklinova 
et al., (1981) report that NO3- and NH4+ ions enhance photosyn­
thetic and photorespiratory activity in pea protoplasts and bar­
ley leaves. This was found to be correlated with increases in 
ruBPc/o activities. Supplied nitrogen of unspecified form has 
been reported to activate PEPc, RuBPc and glyceraldehyde phos­
phate dehydrogenase (expressed i;or gram fresh weight) in both C3 
(broad bean) and C4 (Zea mays) plants (Avdeeva and Andreeva, 
1973; Sugiyama et al., 1984). Fair et al (1974) reported that in­
creasing NO-3~ and concentration in the medium of Hordeum
vulgare resulted in higher activity of RuBBc, glycolate oxidase 
and catalase (expressed per gram fresh weight) while RuBPo ac­
tivity was reported to increase in vulgare (Tew et al., 1974). 
Similarly PEPc, glycolate oxidase and RuBPc activities (expressed 
per gram fresh weight) have been reported to increase with both 
NO3” and NH4* supply to Zea mays. Themeda triandra. Hvoarrhenia 
hirta and Eragrostis curvula (Cresswell et al., 1977). The same 
authors report e change in '.he ratio of carboxylase to oxygenase



activities of RuBPc/o in all the species studied and with both 
NO3" and NH4*. This was suggested to be the result of an allos- 
teric change in the enzyme as no significant changes occurred in 
the activity of RuBPc. This increase in activity of RuBPo was as­
sociated with an increase in carbon dioxide compensation points 
and increased sensitivity to oxygen inhibition of net
photosynthesis. Shieh and Liao (1985) reported little effect on 
CO2 assimilation in rice on the supply of NH4NO3 over a wide 
range of concentrations although growth, RuBSc activity, PEPc 
activity, NR and NiR activities were found to increase, in spite 
of the increase of RuBPc activity, specific activity of this en­
zyme and that of RuBPo remained fairly constant.

Apart from the role of PEPc in carbon assimilation, it is largely 
assumed that this enzyme, with malate dehydrogenase and raalic 
ensyme, functions as a cellular pH stat in C3 plants (Schweiser 
and Brismann, 1985). PEPC is also postulated to function as an 
important anaplerotic enzyme for the TCA cycle from which carbon 
may be derived in some tissues for assimilation (Schweizer
and Erismann, 1965). The extractable activity of PEPc was en­
hanced in leaf tissue of NO3" fed plants but not in NH4* fed 
plants. Roots of NO3” fed nlants showed no increase in PEPc ac­
tivity while NH4+ fed plant root PEPc responded positively 
(Schweizer and Erismann, ]285). These results may be interpreted 
as meaning that N H ^  requires a pH stat or carbon from the TCA in 
the roots while no such requirements are made in the leaf because 
Nity* is assimilated into amino acids in the roots. Nitrate on the 
other hand is assimilated in the shoots of some plants and may 
therefore require a pH stat in this tissue. Schweizer and Eris­
mann (1985) reported no effect of inorganic nitrogen on RuBPc.

No consideration of the mechanism of these effects exists in the 
literature and a general elevation in protein synthesis on supply 
of various nitrogen forms cannot be excluded. The reduction of 
NO3" produces OH” in cells whereas assimilation of NH| produces 
H+ . The chloroplastic system is remarkably sensitive to rq 
changes and such a release of cations/anions could have important 
consequences (Schweizer and Erismann, 1995). PEPc is largely as­
sumed to function as a pH stat in C3 plants and is also at­
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tributed an important anaplerotic role in the TCA cycle. 
Schweizer and Brismann (1985) found differential effects of NOg" 
and NH4+ on PBPc and pyruvate kinase (expressed on the basis of 
both fresh mass and soluble protein) which they suggest may be 
related to a requirement for a pH stat in cells supplied with 
NO3- and NH4+ . No effects of NO3” and NH4+ on RuBPc were found. 
Differential effects of NO3- and NH4+ on the carboxylation en­
zymes and the alteration in the ratios of RuBPc/RuBPo may point 
to other mechanisms than just an elevation of general protein 
synthesis on supply of nitrogen nutrition.

7.5. DIRECT EFFECTS OF INORGANIC NITROGEN ON THE LIGHT REACTION 
OF PHOTOSYNTHESIS

Direct effects on the light reaction of inorganic nitrogen, par­
ticularly in the the form of NO3" , are not often considered. It 
has been known for some time that NO3- stimulates oxygen evolu­
tion (Warburg and Negelin, 1920 in Osman et. al., 1982), but it 
is an open question as to whether this stimulation is exclusively 
due to an acceleration of NO3- reduction and the concomittant, 
demands on the light .eaction for reducing potential or more 
direct effects. It has been suggested that NO3" could act as an 
electron acceptor for the Hill reaction or replace the Cl*" anion 
in the water oxidation system (Osman et al., 1982).

Addition of NO3- to a suspension of salt depleted thylakoids in­
capable of NO3- reduction raised the rate of 0 % evolution by a 
factor of 2-3. Through the use of inhibitors and artificial 
electron donors/acceptors it was determined that the site of N03~ 
action was at the water oxidation step or the donor side of PSII 
(Osman et al., 1982). In these studies NO3" was supplied at 10 mM 
while other authors have applied much higher concentrations (100 
mM) and obtained inhibitory responses (Stemler and Murphy, 1985).

High concentrations of various anions inhibit PSII electron 
transport. Nitrate supplied as KNO3 inhibited 0% evolution in a 
competitive bicarbonate reversible farhion. This was attributed 
to the binding of NO3" to site(s) on PSII (Stemler and Murphy,

let jJt . Xa. Sî = - ««8l *  *



1985) probably located between QA and the PQ pool (van Rensen and 
Snel, 1985). Supply of HCOj" has been shown to stimulate Hill 
reaction activity (Shin et al., 1985). Removal of COg from the
culture medium of Chlamvdobotrvs stellata resulted in an initial 
diminishment of photosynthetic electron transport at the oxidis­
ing side of photosystem II followed by an additional effect on 
the reducing side of the photosystem (Mende and Wiessner, 1985). 
The effects of HC03~ on PSII have been related to the provision 
of H* to the reaction site where HCO3" functions as a shuttle be­
tween the aqueous phase and QB or alternatively HCO3- may cause 
conformational changes in the proteins involved with PSII (Van 
Rensen and snel, 1985). A comparison between th ffects of NO3" 
at high and low concentrations and the different .es of action 
between the bicarbonate reversible and water oxidation step shows 
that HO3" may exhibit specific effects at this level.

Low concentrations of NĤ "*" are known to uncouple photophos­
phorylation and higher concentrations inhibit the water oxidation 
step of the light reaction (Isawa, 1977). The uncoupling effect 
is a purely physical process resulting from the protonation of 
the NH3 within the thylakoid system which results in the deple­
tion of the proton gradient while inhibitory effects are related 
to the effects of NH3 on the manganese center responsible for 03 
evolution (izawa, 1977). The uncoupling effect applies to other 
systems (eg. cyanobacteria) with a small closed space in which H+ 
gradients are Important (Sarskii et al., 1985).

THE inter: .spendence of i n o r g a n i c n i t r o g e n re d u c t i o n an d c a r bon
METABOLISM

7.7. REDUCTION OF NITRATE

7.7.1. Light energy dependent nitrate reduction

The role of the chloroplast in thn reductive assimilation of COg 
is well known. This process is dependent on the provision of ATP 
and reducing equivalents (NAD(P)H) by the light reaction. The



light reaction occurs in the thylakoid membrane system and 
releases ATP, NAD{P )H and into the stroma of the
ohloroplast (Anderson, 1981). There the high energy phosphate and 
reducing equivalents are available for the reductive assimilation 
of CO2 as well as a variety of other processes. Quantitatively 
one of the most important reductive processes is the assimilation 
of NO3" to NH4+ (Anderson, 1981). The initial reduction of NO3- 
to NO2'' probably occurs in the cytoplasm with NAD(P )H as the 
electron donor. The reducing power for this reduction may be sup­
plied from the ohloroplast or from the respiratory processes 
(Anderson, 1981). Because of the dependence of the cytoplasmic 
compartment on the ohloroplast for the provision of respiratory 
sub it becomes very difficult, but possible, to distin-
gu ,n the two compartments.

7.7.2. Reduction requirements of Nitrate Reductase

The reduction of NO3" to NO2" is facilitated by the metaloprotein 
NR in a 2 e" step.

2 e~
n o 3- ---------- > N02~
nitrate reductase

The NR found in higher plants is pyridine nucleotide dependent 
ar.d the enzyme is soluble (Guerrero et al., 1981). The enzyme has 
a diaphorase activity resulting in the reduction of a variety of 
electron acceptors by NAD(P)H and a NR ability which is pyridine 
nucleotide independent resulting in reduction of NO3" by reduced 
flavins or viologens (Guerrero et al., 1981). Both moieties par­
ticipate jointly and sequentially in the transfer of elections 
from NAD(P)H to N O V  (Guerrero et al., 1981). The reaction 
mechanism is ping-pong (bi-bi) so NADH binds before NO3"" (Hewitt 
et al., 1979)» Once NADH is bound to the enzyme and NO3" also at­
tached, the second site of the enzyme for NAD(P )H becomes un­
available in the presence of NO3".



N03~ + NAO {P) H + H’*’ -> N02' + NAD(P) + H20

Ago. pH 7 = -34 icaal.mol-1

FAD, cytochrome b557 and molybdenum have been identified as es­
sential components of NR (Hewitt, 1975). The FAD component is as­
sociated with the diaphorase moiety while the Mo is thought to tiu 
the site at which NO3" binds. MO(VI}/MO(IV) is probably the 
proximal reductant of NO3”. The cytochro.ne b557 component is 
reduced by NAD(P )H and oxidised by NO3" and has thus been 
proposed to mediate electron transfer between FAD and NO3-.

NAD(P)K ----> FAD  ---> Cyt b557 —  — > Mo ---- > NO3"
(Guerrero et al., 1981)

Nitrate reductase capable of utilizing NADH occurs in both root 
and shoot material although the enzyme from different tissues ex­
hibits subtle differences (Oaks, 1979)• This author reported that 
root NR was localized in the cytoplasm in the soluble phase. Al­
though ATP is not obviously involved with the reduction of NO3", 
ADP and Pi have been reported to play a role in the regulation of 
NR activity. XDP inhibited hr where AMP and ATP were relatively 
ineffective (Chaparro et al., 1976). The inhibition of NR ac­
tivity by ADP is reversibly determined by the concentration of 
NADH and thiols in the system (Baglesham and Hewitt, 1971). The 
offsets of ADP are complex and inhibition is both competitive 
with NADH and non-competitive for NADH plus NO3" (Hewitt et al., 
1S79), Ivo separate sites on the enzyme react with ADP and the 
competitive effect is co-operative while the noncompetitive ef­
fect is linear and abolished by thiols. The Inhibitory capacity 
of ADP is however low (’5-18%) in the dark and nonexistent in the 
light due to its concentration. Both glutamine and fructose 
diphosphate play some uncertain role in modifying this effect 
(Hewitt et al., 1979). Pi on the other hand was shown to increase 
reductase activity under high reducing potential conditions. ADP 
was proposed to play a -‘die in allosteric regulation of NR to 
facilitate a balance between NO3" reduction and oxidative phos­
phorylation (Nelson and Ilan, 1969). Sawhney et al., (1978)



proposed that the levels of ATP regulate the supply of NADH for 
NO3- reduction through feedback on mitochondrial respiration al­
lowing greater partitioning of NADH into NR than oxidative phos­
phorylation. An alternative possibility is that low ATP restricts 
the permeability or attachment of a proposed membrane bound com­
partment containing NR to the cbloroplast thus causing a 
cytoplasmic accumulation of N02" (Soares et al., 1985?.j. Dry et 
al. (1981) reported no direct requirement of ATP for NCg" reduc­
tion but did find a requirement for ATP regulated G6P.

The type of pyridine nucleotide required for NO3" reduction has 
been the subject of much controversy. This question has added im­
portance because of the production of NADPH by the chloroplast 
and NADH and NADPH in the cytoplasm from glycolysis and the pen­
tose phosphate shunt respectively. In most higher plants NO3" 
reduction is catalysed by NADH:NR which is specific for NADH and 
has a relatively low %  for NO3' (Redinbaugh and Campbell, 1981). 
The simultaneous presence of an NADH specific and a bispecific 
NAD(P)H:NR with a higher for NO3- has been reposted. The
evidence for a specific NADPH;NR is contradictory (Redinbaugh and 
Campbell, 1981). Some of the NAD(P)H forms reported may be NADH 
specific forms where NADPH is converted to NADH by phosphatases 
during the assay (Dailey et al., 1982). In barley when lactate
dehydrogenase and pyruvate were added to mop up NADPH ac­
tivity of NAD(P )HtNR was reduced by 80-95%. There '■ however a 
small capacity for using NADPH by barley which couxd not be ex­
plained through the mediation of phosphatases (Dailey at al.,
1982). Over reduction of the NR enzyme by NAD(P )H is inhibitory. 
Various oth.-r inhibitory effects on the enzyme become apparent in 
the presented of NAD(P )H *,nd NO3- or various thiols (Eaglesham and 
Hewitt, 1971).

The role of the two types of NR has recently received more atten­
tion and the requirements for specific pyridine nucleotides 
linked to the occurrence of the enzyme. Apart from the inducible 
NR it appears that a constitutive component also exists (Hewitt- 
et al., 1979) which dees net require the presence of NO3" for its 
activity and is more tolerant of tungstate inhibition than the 
inducible form. Immunochemical characterization of NR from a
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soybean mutant lacking the constitutive component has produced 
evidence that the constitutive component is NAD(P)H:NR and the 
inducible component NADHtNH. (Robin et al., 1985),

7.7.2.1. Regulation of Nitrate Reductase

The activity of NR i s ' regulated by a number of chemical 
compounds. Diverse mechanisms of control have been postulated. An 
inhibitor specific for NADHiNR, suggested to facilitate dark- 
light changes in NR activity, has been described for soybeans 
(Jolly and Tolbert, 1978). The inhibitor was non-competitive with 
NC>3~, although it was associated with the enzyme, and became in­
active in the light. An elegant and complex scheme for the con­
trol on NR involving the feedback from NiR involving cyanide and 
hydroxylamine has been suggested. Hydroxylamine was assumed to be 
formed from NOg" during NOg" reduction and the hydroxylamine was 
postulated to form cyanide in the presence of glyoxylate (Hewitt 
at al., 1979). The cyanide complexes 1:1 with NR resulting in
complete inactivation. Cyanide inhibition may be removed by fer- 
ricyanide and rhodanese, which can transfer sulphur from thiosul- 
phate to cyanide (Tomati et al., 1976). The possible physiologi­
cal action of rhodanese may be through sulphation of cyanide to 
thiocyanate thus protecting NR. One of the features of the NR en­
zyme is that it can exist in two stable forms, one active and the 
other inactive. The interconversion between these two states ap­
pears to be governed by the levels of reductant and ADP {Chaparro 
et al., 1976). Ammonia, which functions as an uncoupler, results
in the inhibition of NR activity and also causes an elevation of 
NAD(P)H levels in the cell (Chaparro et al., 1976) by 40 % in
Chlorella (Hewitt et al., 1979). The uncoupling results both in
an increase in NAD(P)H and a decrease in ATP/ADP ratios. This ef­
fect has been reported to be pH dependent (Radin, 1973) although 
this pH effect could be the result of the higher uptake of N H ^  
at more alkaline pH (Metvgel et. al., 1983) and t’. vs a greater ef­
fect on NAD(P )H levels. Reactivation is facilitated by white or 
blue light and it has been proposed that light aids the reoxida­
tion of NR by exciting FAD which can then donate its electrons to 
0 % (Aparicio and Maldonado, 1977). A direct effect of NH^1- on NR



has been suggested to occur, particularly in roots. It was not 
clear as to whether th; • effect was the result of the action of 
ammonium itself or whether the products of metabolism were
responsible because amino acids exhibited similar effects in some 
cases (Hewitt et al., 1979).

Nitrate has long been known to cause substrate induction of NR. 
It has been reported however that NO2" may activate NR and this 
activation has been proposed to occur at the molybdenum subunit 
while N03~ induces the dehydrogenase component (Kaplan et al.,
1984). Induction of NR by NO3" is a protein dependent response 
(Hewitt et al., 1979), Mangel et al (1983) proposed that NR ac­
tivity or synthesis is stimulated by the production of OH" during 
NO3" reduction or through the production of organic anions. This 
was supported by the effects of pH and various anions on NR 
activity.

Glucose, sucrose and various other sugars have been reported to 
be effective in inducing NR. Glucose has been reported to be ef­
fective in inducing NR in maize roots (Puranik and Srivastava,
1983). The rate of NO3' uptake by Chlorella vulgaris was stimu­
lated 5-fold by application of glucose but tnis was attributed to 
induction of an uptake system (Schlee et al., 1985). K specific
increase in levels of NR by sucrose in bean leaves has been 
linked to direct induction of NR synthesis although it is also 
possible that sucrose may accelerate uptake of NO3" or mobilize 
the NO2" from a storage pool (puranik and Srivastava, 1983).

A direct oxygen effect has been proposed which can be reversed or 
over-ridden by light (Reed and Hageman, 1977 in Hewitt et al., 
1977). The rationale behind this postulate was the observation of 
the stimulation of the activity of the enzyme under dark 
anaerobic conditions. This type of oxygen repression is commonly 
observed in bacteria.

7.7.2.2. Alternative systems of nitrate reduction

An alternative schame for the reduction of NO3" has been sug-



gested by Ivanova and Drobysheva (1985). The formation of the 0% 
anion radical occurs during biological oxidation. It is possible 
that up to 5% of the oxygen used during respiration can be 
reduced through the formation of superoxides (Ivanova and 
Drobysheva, 198.'). In addition superoxides may be generated from 
the photolysis of water in the light reaction and other enzymatic 
systems and self-oxidising substances, i .a plant is generally 
protected from the effocts of the superoxide through the 
detoxification effects of superoxide diemutase which catalyses 
the dismutation of superoxide to O2 and H2°2 (Ivanova and
Drobysheva, 1985). Nitrite accumulation in salt stressed plants 
was shown to be inversely related to superoxide dismutase ac­
tivity (Kayupova et al., 1983). It has been suggested by Ivanova 
and Drobysheva (1982) that the superoxide may function in the 
reduction of NOg" to NO2" in situations where the protective 
detoxification performed by superoxide dismutase is not fully 
operational. Evidence for the possibility of such a pathway was 
derived from the observation that superoxides produced from 
peroxidase or xanthine oxidase systems could reduce NO3-. The 
system was however inoperative without the addition of 
diethyldithiocarbamate. Diethyldithiocarbamate becomes a free 
radical in the presence of superoxide and has been proposed to 
reduce NO3". In previous work the same authors suggested that the
O2- anion may itself reduce NO3" (Ivanova and Drobysheva, 1982). 
It is open to question ar to whether the system is operational 
unless a thiol compound with similar properties to diethyl­
dithiocarbamate functions in vivo and to what extent it may 
function.

7.7,3. The source of reductant for Nitrate Reductase

The source of reductant is of considerable importance because .f 
the implications it may have for carbon assimilation and thus 
productivity. The sv \rce appears to depend on the type of tissue 
considered (ie, leaf cr root) and t .e presence and intensity oS 
light. In addition any factor which alters the production or con­
sumption of rsducing potential will be of consequence, The 
literature on this subject is fraught with contradictions, some



of which at least have arisen from the experimental procedure for 
the assay of NR. The in vivo assay for NR measures the accumula­
tion of NOg" under conditions (dark anaerobic) which supposedly 
prevent the reduction of NOg"". The NOg" accumulated is then taken 
as an indication of the amount of NO3" reduced, and thus the ac­
tivity of NR. The assumptions made in this assay are :

- dark anaerobic conditions are not usual physiological 
conditions

- the assay assumes that NOg" is the only product of the 
reduction of NO3”

- NR activity is assumed to be unaffected-by the conditions 
of the assay

- NO2- is assumod not to be metabolized under the 
conditions of the assay

- N©3~ and are assumed not to leak from the tissue 
during the assay.

Questions mav ic raised as to validity of all of these 
assumptions. Ben-Shalom et al. (1983) and Gray and Cressweil 
(1983) have reported for instance that NOg" is further reduced 
under dark anaerobic conditions and in the presence of varioL 
inhibitors. Nitrate and NO2- have been reported to leak at sig­
nificant rates from the tissue into the surrounding medium (Aslam, 

1981). These authors also reported that the storage com­
ponent of NO3”, not usually available for metabolism, may be made 
available through the effects of ethanol formed during anaerobic 
conditions. Evidence for this came from the stimulatory effects 
of propanol, ethanol and 2,4-dinitrophenol on NO3- reduction. Im­
proved methods for NO3" determination are now available (Cataldo 
et al., 1975) and these may be used for an effective in vivo as­
say by measuring NOg" loss from the tissue (Soares et al., 1985a).

The two major tissues used (leaf and root) are very different 
with respect to their pathways for provision of reductant to NR 
principally as a result of the lack of the light reaction and 
carbon assimilation in the root. This review is principally con­
cerned with events in the leaf but results obtained, from roots 
cannot be ignored as they provide a valuable insight into the



control of N0 3" reduction. In leaves the principal question is 
whether N03“ reduction is directly or indirectly dependent on the 
light and/or dark reaction of photosynthetic carbon assimilation.

The chloroplast envelope is impermeable to NAD(P)H (Walker, 1976) 
and thus direct export of light reaction produced reducing equiv­
alents is not possible. Evidence for this comes from the ability 
of ruptured chloroplasts in contrast to the inability of intact 
chloroplasts to utilize NADI? as a Hill oxidant (Walker, 1976). 
Similarly,rapid direct ATP translocation across the membrane does 
not occur. A slow and specific counter exchange involving ATP 
movement into the chloroplast probably for dark prevision of ATP 
to the chloroplast does occur (Heber and Heidt, 1961). The site 
at which the blockage of movement across the chloroplast envelope 
occurs is probably the inner membrane. The outer membrane is 
reportedly permeable to metabolites of low molecular weight while 
the inner membrane provides a site of specific metabolite 
transport (Heldt and Sauer, 1971).

The impermeability of the chloroplast to these important high 
energy substances has led to the postulation of shuttles which 
would involve the movement of intermediates across the membrane. 
Light generated reducing equivalents and high energy phosphate 
are transported across the chloroplast envelope as reduced and 
phosphorylated metabolites (e.g., malate and DHAP), that are 
freely permeable to the chloroplast (Anderson, 1981). The occur­
rence of shuttles capable of transporting these metabolites in 
and out of the chloroplast is dependent on the presence of trans­
locators in tt ■ tloroplast envelope. Two major systems are 
thought to be involved:

a) a phosphate and phosphate ester translocator
b) a dicarboxylate translocator (Heber and Heldt, 1981).

The phosphate translocator facilitates the transport of fixed 
carbon in the form of triose-phosphate or 3-phosphoglycerate from 
the chloroplast in exchange for inorganic phosphate or other 
phosphate ester (Heldt and Rapley, 1970). The phosphate esters 
transported are usually 3 carbon compounds (Heldt, 1976). These 
substances are transported as divalent ions and as a consequence



the transport is strongly pH dependent. The translocator appears 
to be a protein of 29 kD (Flugge and Heldt, 1977? 1978) rith one 
inhibitor binding site and a turnover time of 5000 ndn-1 (Heber 
and Heldt, 1981).

A number of dicarboxylates such as L-malate, oxaloacetate, a- 
ketoglutatate, L-aspartate and L-glutamate are rapidly taken up 
by the chloroplast (Keber and Heldt, 1981). There is competition 
between these compounds for transportation indicating that the 
same carrier is involved (Heldt and Rapley, 1970). However incom­
plete inhibition of uptake of some, but not other dicarboxylates, 
points to a number of different carriers with overlapping 
specificty (Keber and Heldt, 1981). in addition to these two 
major translocators there also appears to be a specific glucose 
translocator functioning in the translocation of D-glucose (but 
not L-glucose) produced from starch degradation out of the 
chloroplast. This glucose translocator was strongly inhibited by 
high cytoplasmic glucose concentrations (Heber and Heldt, 1981). 
A pyruvate translocator has also been reported which functions in 
C4 plants but not apparently in C3 plants (Heber and Heldt, 
1981).

Apart form the existence of these specific carriers and passive 
diffusion across the envelope, there exists the possibility that 
exocytosis and endocytosis may occur providing a relatively non­
specific port of exit/entry. Various types of exosomes have been 
reported and the type and content depend on mineral nutrient 
supply and light intensity (Selga, 1983). Entry of substances 
from the apoplast by endocytosis was also observed by the same 
authors.

7.7.3.1. The dicarboxvlic acid (malata/oxaloacetate) shuttle

Leaf tissue has the ability to reduce OAA to malate in the light 
and this process has been shown to be linked to the photoproduc­
tion of C>2 by the light reaction (Anderson and Done, 1978). 
Reduction of OAA is dependent on light coupled NADP-MDH as 
evidenced by the promotion of OAA-dependent 0% evolution by NADfH
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Pig. 2. The C& dicarboxylic acid shuttle for the export ox light generated 
reducing equivalents from illuminated chloroplasts and their utilisation in the 
reduction of a cytoplasmic substrates. Area within double lines represents 
chloroplast. Reaction I involves light coupled NADP-MDH with the concomitant 
evolution of O2. Reaction 11a involves the outward transport of malate with as­
sociated inward transport of OfeA (reaction lib) which is effected by the dicar­
boxylic acid trans.'.ocator associated with the inner membrane. Reaction III is 
catalysed by NAD-MDH. Reaction IV can in theory be one of many reactions. Reac­
tion lie involves the inward transport of aspartate by the C4 dicarboxylic acid 
translocator and transamination of OAA by chloroplast aspartate-a-kG amino 
transferase (reaction V) (After Anderson, 1981).



but not by NADH (Anderson and House, 1979). In C4 plants the role 
of light coupled NADP-MDH is well established} it serves to 
reduce OAA to malate which is then transported to the bundle 
sheath cells where decarboxylation and recarboxylation through 
the C3 cycle occurs (Anderson, 1981). The role of light coupled 
NADP-MDH in C3 plants is less clear. It has been proposed that 
the light generated reducing equivalents (in the form of malate) 
may be transported from the chloroplast into the cytoplasm where 
they may be used for various reductive reactions. In this regard 
the proposal by Neyra and Hageman (1978) and Sawhney et al. 
(1978a?b) that N03" may be reduced using this reductant is of in­
terest. The chloroplast envelope is freely perm^abl» to malate 
via the dicarboxylate translocator and exogenous malate enhances 
the reduction of NOg" in leaf tissue. It has thus been proposed 
that light enhanced N0 3- reduction is mediated through ma1ate 
(Neyra and Hageman, 1978? Rathnam, 1978). According to this 
hypothesis malate produced in the 1’ght may be oxidised in the 
cytoplasm for the formation of NADH, and OAA produced in vhe 
process could be recycled into the chloroplast for further reduc­
tion. This shuttle can in theory provide reductant for any 
cytoplasmic reactions of which NO3" is one. A scheme of the meta­
bolic pathways involved is shown in Fig. 2. Chloroplasts supplied 
with enzymes and substrates are capable of reducing these sub­
strates in the light (Anderson, 1981). 0% evolution and pyruvate
reduction did not proceed in the absence of any one of OAA, NAD- 
MDH, LDH, NAD or pyruvate, but malate could substitute for OAA 
(Anderson and House, 1979). Direct evidence for this shuttle un­
der normal physiological conditions is lacking (Anderson, 1981) 
although Neyra and Hageman (1976) have provided, evidence for the 
operation of this pathway in maize. An extension of this C4 cycle 
has been proposed and includes the formation of aspartate from 
OAA and the tra,nslocation of this intermediate across the 
chloroplast membraine (Walker, 1976).

7.7.3.2. The PGA/DHAP shuttle

Both PGA and DHAP are intermediates in the Calvin cycle and rep­
resent major export products of the chloroplast. Because of the
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specificity of the phosphate translocator for divalent ions the 
trivalent PGA is not transported out of the chloroplast during 
the light reaction because of the pH. Thus DHAP is more readily 
exported even though the PGA concentration in the stroma may be 
ten times that of DHAP (Heber and Heldt, 1981). The reduction of 
PGA to DHAP within the chloroplast is light dependent and 
proceeds through the phosphorylation of PGA by ATP to form diPGA 
which is reduced by NADFH to GAP with the concomittant release of 
Pi and GAP is converted to DHAP by an isomerase (Anderson, 1981).' 
The DHAP is apparently more readily transported than GAP (Walker, 
1976). DHAP is exported with the counter transport of PGA via the 
phosphate translocator and DHAP is oxidised in reactions involv­
ing enzymes of the glycolytic sequence with the release of NADH 
and ATP (Anderson, 1981). This shuttle can in theory provide 
reductant for any cytoplasmic reactions of which NO3” reduction 
is one. A scheme of the metabolic pathways involved is shown in 
Fig. 3. A variant of this pathway is the oxidation of GAP by an 
irreversible NADPH-GAPDH outside the chloroplast resulting in the 
formation of NADPH but not ATP (Anderson, 1981). The link between 
phosphate and NO3- may be more complex than the dependence of 
N03" reduction on phosphate exchange across the chloroplastic 
membrane. Nitrate appears to regulate the transport of phosphate 
into the vacuole from the cytoplasm and may thus control the 
cytoplasmic levels of phosphate (Lamaze et al., 1984). The effect 
of NO3" on phosphate uptake into the tonoplast may result from 
the inhibition of the tonoplast ATPase by N0 3" which has been 
reported by Lew and Spanswick (1985). This may have important im­
plications for the effects of NO3" on carbon metabolism because 
of the role played by phosphate in the translocation of photosyn­
thetic carbon products out of the chloroplast.

The principal difference between the dicarboxylate shuttle and 
the PGA/DHAP shuttle is that the latter involves the loss of 
reducing potential and phosphorylation potential from the Calvin 
cycle whereas the former involves only the withdrawal of reducing 
potential from the light reaction. This has important con­
sequences for the effect of NO3" reduction on the assimilation of 
carbon dioxide. These pathways represent the possibilities for 
withdrawal of reducing potential from the light reaction. Other
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Fig. 3. The i?GA/DHAP shuttle for the export of light-generated reducing 
equivalents and high-energy phosphate from illuminated chloroplasts. Reac­
tion I to III involve enzymes of reductive CO2 assimilation. DHAP is ex­
ported from the chloroplaat (reaction IVA) with the counter transport 01 
PGA (reaction XVB) via the phosphate translocator. The PGA and DHAP form 
part of the Calvin cycle intermediates pool. DHAP is oxidised in the 
cytoplasm in reactions involving enzymes of the glycolytic sequence 
(reaction V to VII) (After Anderson, 1981).



possibilities, which have received rather less attention may in­
clude thv export of glucose, the participation of fatty acids and 
amino acids, although these mechanisms are likely to be less 
direct. The situation in roots or leaf tissue kept in the dark is 
considerably different and depends on the metabolism of storage 
products. Because roots are dependent on the supply of sugars 
from the shoot for growth, and considering the carbon require­
ments of NR, it is evident that NO3- could be an effective com­
petitor for carbon. The effects of endogenous sugar levels on 
root growth and NO3" reduction have been shown to be different. 
Nitrate reduction was more adversely affected than root growth at 
low endogenous sugar levels (Radin et al., 1978). The dependence 
of N03" assimilation in the root on the provision of photosyn- 
thate is illustrated by the proportion of NO3- reduced in dark 
and light conditions in the root. In the dark 40% of NO3" was 
reduced in the root whereas in the light only 20% was reduced 
here (Aslam and Huffaker,1982), This also indicates the greater 
capacity of the leaves for NO3"' reduction. Rufty et al. (1984) 
showed that uptake of NO3- in the dark was only slightly 
depressed (Dark 7.93 and light 8.42 umoles/hr) but total plant 
NOg" reduction was significantly diminished in the dark.

7.7.3.3. Carbon assimilation coupled nitrate reduction

Roots are known to assimilate NO3"" in the dark by making use of 
photosynthates translocated .'rom the green tissues. This would 
appear to indicate that NO3" assimilation is only indirectly de­
pendent on photosynthetic carbon assimilation. However, light has 
often been shown to accelerate NO3" reduction. There are a number 
of proposals as to why light is required;

- light stimulates uptake of NO3"
- light promotes transfer ~ from storage to the

metabolic pool
- light induces NR sym.
- light activates pre-exi. 4  NR
- photosynthesis provides reductant for NO3'" assimilation 

(Naik et al., 1982).



Recently it has been claimed that the role of light is only to 
supply photosynthates for NO3" assimilation. That the in vivo as­
say for NR depends on dark anaerobic conditions for the reduction 
of NO3" further supported the view that NO3" reduction is essen­
tially light independent. Canvin and Atkins (1974) concluded from 
experiments using i5N03_ (supplied to leaves either through the 
transpirational stream or through vacuum infiltration) incorpora­
tion into amino acids that NO3" reduction under physiological 
conditions had an absolute requirement for light. In these ex­
periments * % H 4+ was incorporated in the dark but light stimu­
lated this incorporation 5-fold. From the data of these experi­
ments it does however appear that there was some small incorpora­
tion of 1% 03" into amino acids in the dark. Dark utilisation of 
NO3-,. even in chlorophyll free mutants of Orvza satlva has been 
reported (Yoneyama, 1984).

Sy adding various metabolites of the glycolytic, pentose phos­
phate and. citric acid pathways, Kleppet et al. (1971) demonstrated 
that sugars that migrated from the chloroplast were the prime
source of energy and that GAP was the ultimate in vivo source of 
NADH for NR. Isolated leaf protoplasts of spinach are capable of 
NOg' reduction at rates of 9 nmoles.mg~l.hr"! in the light with a
3-4 fold stimulation in t‘-a presence of HCO3" (Rathnam, 1978). Za 
addition a light independev • stimulation of NO3" reduction by ma- 
late and DHAP and a liglv. .pendent stimulation with OAA and PGA 
was demonstrated and these effects were attributed to the opera­
tion of the dicarboxylate and the PGA/DHAP shuttles (Rathnam,
1978; Mann et al., 1978). Woo And Canvin (1980) provided evidence
that malate oxidation in the cytoplasm, above the reduction of 
NAD by malate in the mitochondrion,- could account for the reduc­
tion of NO3". Illuminated pea ohloroplasts have been shown to
reduce OAA to malate with the concomittant production of 02 and 
in the presence of NAD, NAD-MDH and catalytic amounts of OAA, 
chloroplasts were capable of N0 3~ reduction (House and Anderson,
1980). In addition the enzyme NAD-MDH is light activated and it 
follows that the effect of light on NO3” reduction could be 
mediated both through the effect of light on this enzyme and 
through the supply of NADPH by the light reaction. The C3 shuttle



could be similarly regulated because glyceraldehyde 3-phosphate 
dehydrogenase is also light activated (House and Anderson,I960). 
In the absence of added PGA, DHAP or C4 acids, glyeeralaehyde 
(which inhibits the Calvin cycle) inhibits both CO2 fixation and 
NO3- reduction by spinach protoplasts (Rathnam, 1978). This indi­
cates that the physiological mechanism, at least in spinach, is 
through the DHAP/PGA shuttle.

The functioning of the DHAP/PGA translocator and the apparent de­
pendence of NO3" reduction in the light has important implica­
tions for the effects of nitrogen on the partitioning of carbon 
from photosynthesis into starch and sucrose. Larsson et al. 
(1985b) reported that NOg" uptake-reduction was stimulated by COg 
at high light intensities, in addition these authors show a com­
petitive relationship between NO3" and COg at low light inten­
sities but this effect disappears at high light intensities. This 
was taken by the authors to imply that photoproduced reductant 
transferred across the chloroplast envelope was involved in NO3" 
reduction and depletion of this within the chloroplast resulted 
in inhibition of COg fixation at low light intensities. Di Mar­
tino Rigano et al. (1985) found that CO^ deprivation prevented 
the assimf atlon of NOj" by Chlorella vulgaris in a pH dependent 
fashion \t pH 6.5 no NO3" assimilation occurred whereas at pH 
S.2 NO3 as reduced to NOg" but no further reduction occurred. 
In addition cells grown without phosphate were unable to assimi­
late NOj” even in 5% COg. Under low nitrogen and phosphorus con­
ditions starch has been shown to accumulate in Panicum maximum 
(Ariovich and Cresswell, 15:"- •). These authors and others 
(Champigny, 1985) propose that .m u  accumulation is the result of 
a reduced tr&nslocation of Calvin cycle intermediates out of the 
chloroplast. Leaf extracts of . : supplied plants have been
reported to have higher SP: .-..tlvity correlated with reduced
starch accumulation (Kerr et e , 1984; Huber et al., 1985).
Similar results were not cj Vied with plants dependent on 
sources of nitrogen other than (Kerr et al., 1984). Black­
wood and Miflin (1976) found thst NO3" supplied to maize leaves 
increased the incorporation of into malate and aspartate, but 
decreased incorporation into sucrose and starch. Apart from the 
importance of partitioning of carbon into sucrose, the lack of



starch accumulation under NO3" supply is very significant, starch 
is known to disrupt chloroplastic structure and function 
(Arievich and Cresswell, 1983).

Considering the importance attached to the formation of sucrose 
and starch from photosynthate it may be pertinent to mention the 
possibility of control through fructose 2 ,6-bisphosphate which 
exerts a powerful control over cytosolic fructose 1,6-
bisphcsphatase which is attributed a crucial role in controlling 
carbon assimilation (Champigny, 1985). This enzyme catalyses the 
first step in the formation of sucrose in the cytosol from 
triose-P. The absence of sufficient Pi results in a depression of 
photosynthesis as a result of the accumulation of phosphorylated 
intermediates in the stroma while excess Pi results in the
withdrawal of TP so rapidly that RuBP is depleted and photosyn­
thesis decreased (Stitt and Heldt, 1985). After export from the 
chloroplast, TP may be metabolised to sucrose with the concom- 
mitant release of Pi (Stitt and Heldt, 1985). Thus control of 
sucrose synthesis is important for the control of cytoplasmic Pi
levels (champigny, 1985). in addition, during rapid
photosynthesis, excess sucrose may accumulate in which case 
starch is formed. Fructose 6-P, Pi, DHAP and PGA can control the 
synthesis and degradation of fructose 2 ,6-P2 which in turn modu­
lates the activity of fructose 1,6-bisphosphatase. There is also 
the possibility of direct effects of fructose 1 ,6-P2 , DHAP, fruc­
tose 6-P, Pi, AMP, UDP, pH and Mg^+ on the activity of fructose 
1,6-bisphosphatase (Stitt and Heldt, 1985).

Hot all workers are in agreement that NO3"" has a positive in­
fluence on photosynthetic CO2 fixation and suppression of 
photosynthesis in Selenastrum minutum resulted from the supply of 
NO3" to previously nitrogen limited cells (Elrifi and Turpin, 
1986). Supply of up to 100 uM NC>3~ resulted in a 70 % reduction 
in carbon assimilation and a 24 % reduction in oxygen evolution. 
On the basis of these results, and considering that similar 
supply to N sufficient cultures did not produce the same results 
it was concluded that the response was not the result of NH4+ un­
coupling effects (Elrifi and Turpin, 1986). it was proposed in­
stead that the inhibition resulted from competition between the



Calvin cycle and nitrogen assimilation with the TCA cycle supply­
ing the carbon skeletons for nitrogen assimilation and the TCA 
cycle in turn reliant on the Calvin cycle. This was suggested to 
result in the depletion of RuBP thus reducing the efficiency of 
the Calvin cycle. These authors indicate a dependence of NH4+ as­
similation on the provision of a-ke'ioglutarate from the TCA cycle 
but apparently ignore the possibility of the reliance of 
cytoplasmic NO3" reduction on either the respiratory pathways or 
thti Calvin cycle, although it is proposed that starch and sucrose 
may play an important role as a source of TP for nitrogen as­
similation.

7.7.3.4. The interdependence of photosvnthetic and respiratory 
carbon metabolism and nitrate assimilation

Inhibition of photosynthetic electron transport by DCMU resulted 
in a decrease in the fixation of ^ C 02 and the reduction of 
15N03~ although 15N03~ reduction was not as strongly inhibited as 
14C02 fixation (Atkins and Canvin, 1975). Similar results were 
obtained with the uncoupler of photophosphorylation CCCP (Atkins 
and Cfinvin, 1975). These results may be interpreted as meaning 
that NO3" reduction is closely linked to the light reaction. 
Nitrate is however reduced i, the dark but apparently only under 
anaerobic conditions. 0% concentrations c- 2% support only 25% of 
anaerobic NO;".reduction (Canvin and Woo, 1979). Inhibitors of 
mitochondrial electron transport had similar consequences to the 
deprivation of 0% implying that NO3' reduction is promoted when 
mitochondrial dehydrogenase activity is inactivated (Canvin and 
Woo, 1979).

That NO3" and NOg" are only assimilated under anaerobic condi­
tions when deprived of light has recently been challenged by Ben- 
Shalom et al. (1983) who reported that NO3" and NOg" were reduced 
in both light and dark conditions. The use of uncoupLers in this 
type of study may be questioned however, because the inhibitors 
may have different effects depending on the concentration at 
which they are supplied. Gray and Cresswell (1984) found that low 
concentrations of uncouplers resulted in a decrease on both NO3"



reduction and NO2" a-'-umuletion relative to higher concentrations 
of these uncouplers This may be related to the stimulation of 
respiratory electron transport associated with low levels of un­
coupler while higher levels actually inhibit electron transport. 
A stimulation of electron transport would deplete the supply of 
NADH derived from respiratory pathways and thus inhibit the 
reduction of and the accumulation of NOg". Gray and
Cresswell (1984) and Ben-Shalom et al. (1983) report a decreased 
reduction of NO3' by plants supplied with light and oxygen on 
supply of. DCMU. Other conditions (light + anaerobic + DCMU, dark 
+ anaerobic + DCMU and dark + anaerobic + DCMU + CCCP) all stimu­
lated NO3- reduction (Gray and Cresswell 1984). Similarly Ben- 
Shalom et al. (1983) and Reed et al. (1583) reported that condi­
tions restricting mitochondrial electron transport stimulated 
NO3" reduction. This observation is supported by the small (2-3 
fold) increase in NO2- assimilation under aerobic conditions com­
pared to anaerobic conditions whereas NOg" accumulation under 
dark anaerobic conditions increased 2.5-20 fold over aerobic 
levels (Stitt et al., 1983). This indicates that NR is at least
facultative in the use of photosynthetic and respiratory reducing 
potential. Inhibition of the light reaction with DCMU could 
result in the reduction of the supply of photosynthetically 
produced reducing potential while similar treatment in the dark 
could limit the functioning of oxidative phosphorylation and thus 
make NADH more available for NO3" reduction. Thus, under condi­
tions limiting mitochondrial electron transport, amaerobic 
respiration could proceed or the glycolytic and TCA pathways may 
operate with the NADH generated from these two paths being 
oxidised by NO3".

Although light has been implicated in the reduction of .-IO3” it 
has been suggested that NO3" reduction is essentially linked to 
respiration and that light really only plays a role in control­
ling the availability of respiratory NADH. In this regaid Sawhney 
et al. (1978b) suggest that increased adenylate charge resulting 
from photophosphorylation inhibits mitochondrial respiration and 
that the reducing equivalents resulting from glycolysis and the 
TCA cycle mv/ be diverted into NO3" reduction. This suggestion 
was based on the observation that infiltrated ATP and fructose-1-



6-diphosphate (which could be rapidly metabolised to yield NADH 
and ATP by glyceraldehyde-3-phosphate dehydrogenase) led to an 
accumulation of NOg" even under aerobic conditions. Thus ATP was 
suggested to prevent the dark accumulation of NOg"". Dry et al.
(1981) have shown that at least for root plastids, NO2- reduction 
was dependent on the supply of glucose ̂ 6-phosphate, and did not 
require ATP. A negative correlation between NOg" accumulation in 
anaerobic conditions and the level of G6P led to the proposal by 
these authors that anaerobic metabolism of G6P depleted this me­
tabolite leading to an accumulation of NO2"• G6P was proposed to 
be utilized via the pentose phosphate pathway for the provision 
of NADFH for NO2"" reduction, Chloroplastic NADPH could reduce 
ferredoxin in the dark through the reversal of Fd:NADP 
oxidoreductase and the chloroplastic NADP may be imported via the 
malate/oxaloacetate, glucose-6-p/6-P-gluconate or the PGA/DHAP 
shunts (Stitt et al., 1983).

That photophosphorylation inhibits mitochondrial respiration is 
however equivocal. Reports in the literature indicate that 
respiration continues in the light while, on the other hand, 
light inhibition of respiration has been reported. Plant 
mitochondria, unlike animal mitochondria, are reported to be 
relatively insensitive to the extramitochondrial ATP/ADP ratio
(Hamp, 1985). In contrast Tobin and Givan (1984) report extensive 
effects of exogenous ATE1 and ADP on plant mitochondrial malate 
oxidation. ATP was found to increase pyruvate production and
decrease oxaloacetate formation independent of electron 
transport. Stitt et al. (1982) reported that cytosolic ATP/ADP 
ratios actually decreased in the light which contradicts the 
widespread assumption that export of photosynthetically produced 
ATP increases cytosolic ATP/ADP and results in a decrease of 
oxidative phosphorylation. For this reason other forms of control 
have been examined. During dark-light transition a transient 
increase in the mitochondrial NADH pool has been found to be 
correlated with an increase in the concentration of TP in the 
cytoplasm (Hamp, 1985). This initial inhibition of mitochondrial 
respiration was followed by a decrease in the extent of
inhibition during steady state photosynthesis. This is
attributable to the decline in the levels of TP (mostly in the
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form of DHAP) frCTti 30 mM in the cytosol to between 2 and 5 mM 
leading to only a moderate inhibition of mitochondrial respira­
tion (Hamp, 1985). Thus mitochondrial respiration probably has a 
substantial role in the provision of ATP in the light.

7.7.3.5. Role of respiration in nitrate reduction

From the observations described in the previous sections, it can 
be concluded that under light conditions, NO3” reduction is 
facilitated by the export of TP and the utilization of this for 
the provision of reductant. In the dark under aerobic conditions 
O2 competes strongly with NO3" for NADH, but any factor 
(anaerobic conditions or supply of inhibitors) which limits 
oxidative phosphorylation results in a stimulation of NOg" reduc­
tion through the removal of the competitive effects of O2 (Radin, 
1973; Hewitt et al., 197?). In spinach the concentrations of NADH 
were found to be 8 uM in dark aerobic tissue, 13 uM in dark 
anaerobic tissue and 17 uM in light aerobic tissue. The dark 
levels are 2-3 times the of NR while the light levels are 4-5 
times the (Hewitt et al., 1979). These levels are for leaf
tissue however and do not reflect the intracellular distribution 
of NADH. At very high levels of NO3- (100 mM) Radin (1973) found 
that strictly anaerobic conditions were not required for the dark 
reduction of NO]". This may indicate that high NO3” levels may 
competitively overcome the inhibition of NO3- reduction by 
oxygen. The levels of NADH even under anaerobic conditions have 
been reported to be sufficient for the reduction of NO3" (Mann et 
al., 1979). These authors proposed that the effects of some of
the inhibitors (DNP and CCCP) could be primarily on the membranes 
where they may control the flux of NO3*". Under physiological 
conditions, inhibition of mitochondrial oxidatioL of NADH is 
either brought about through enhanced cytoplasmic adenylate 
charge os the presence of triose-P.

The question now arises as to which respiratory pathways are 
responsible for the supply of reductant to NR. The requirement 
for anaerobic conditions immediately suggests the participation 
of anaerobic fermentation in this process. Under anaerobic
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conditions, respiratory degradation of glucose results in the ac­
cumulation of alcohol and/or lactic acid. The pathway involves 
the normal glycolytic sequence up to the transport of pyruvate 
into the mitochondrion where it would normally be oxidised via
the TCA cycle. Under anaerobic conditions this oxidation is not 
possible and an alternative system for the removal of pyruvate 
has to operate to avoid the accumulation of pyruvate (Lehninger,
1976). An additional problem is that the NADH formed during the 
oxidation of GAP cannot be reoxidized by oxygen to form ATP. One 
solution is the reduction of pyruvate to lactate catalysed by
lactic acid dehydrogenase which converts NADH to NAD in the
process. This occurs in some plant systems but declines after a 
few hours and only accounts for a small proportion of anaerobic 
respiration (Reggiani et al., 1985). The alternative is the
decarboxylation of pyruvate to acetaldehyde, catalysed by pyruvic 
carboxylase and the subsequent reduction of acetaldehyde to 
ethanol by alcohol dehydrogenase wit-’ re oxidation of NADH. 
This pathway has often been implicated reduction of NO3-
under anaerobic conditions. The operav the anaerobic path­
way in parallel to the reduction of KO3'" .yiies that these two 
processes must be competitive for NADH. Ar. alternative mechanism 
for the provision of reductant to NR under anaerobic conditions 
is discussed later.

Dry et al. (1961) have reported a decline in glucose 6-P corre­
lated with increased NO2" production. The levels of glucose 6-P 
were suggested by these authors to be regulated by 02 through 
ATP/ADP ratios and their effects on glycolysis. The utilization 
of glucose 6-P during anaerobiosis may deplete this metabolite 
thus preventing the utilization of this metabolite for the provi­
sion of reductant for NO2" reduction {Dry et al., 1981). Under
anaerobic conditions ATP is thought to become limiting and this 
would relieve the regulatory effect of ATP on PFK, or indirectly
through fructose 2,6 bisphosphate on PFP (Champigny, 1985), and 
result in the rapid metabolism of glucose. Because anaerobic 
respiration yields little ATP this system is thought to continue 
operating at a high rate. Tne proposal that anaerobic respiration 
could provide reductant for NOg" reduction implies that pyruvate 
or acetaluehyde must accumulate. For the reduction of 1 NO3” we



require the provision of 1 NADH which means that 1 pyruvate can­
not be reduced to ethanol/lactic acid.

An additional consideration is that alcohol dehydrogenase may be 
an effective competitor for reductant with NR. Thus , although 
anaerobic respiration probably does occur under the appropriate 
conditions, it does not seem likely that it could be an effective 
source of reductant for NO3" reduction. An additional considera­
tion is that the anaerobic stimulation of NO3" assimilation was 
not found in barley roots in vivo 'Lee, 1973). Anoxia resulted in 
a decrease in the capacity of nitrate assimilation and, at least 
partial, inhibition of NOg" reduction (Lee, 1978). These results 
may in part be related to the observation that NO3” may be com­
partmentalised away from the metabolic pool and may be unavail­
able during anaerobic conditions (Lee, 1978; Ferrari et al.,
1973). A similar reduction in the capacity for HO3" reduction un­
der anaerobic conditions has been reported for barley leaf tissue 
by scares et al. (1985a) but these authors reported that this 
could not be attributed to the compartmentation of the NO3" 
within the cell. These authors proposed a model in which NO3" is 
reduced to NO;" in a confined metabolic compartment from which 
NO;" cannot escape under conditions of low ATP.

Nitrate does however stimulate the anaerobic evolution of CO2 and 
the accumulation of ethanol in rice roots. Under anaerobic condi­
tions the ratio of ethanol/C02 was not affected by the presence 
of NO3" while the adenylate energy charge was elevated by NO3” 
(Reggiani et al., 1985). The ratio of ethanol/COg was very high
indicating the possible operation of other pathways, but N0 3- 
does not influence the relative contribution? of these pathways. 
The enhanced production of ethanol contradicts the assumption 
that NR and ADH compete for reductant (Reggiani et al., 1985).
The two factors which prevent normal glycolytic respiration under 
anaerobic conditions are the accumulation of NADH and pyruvate 
(Bidwoll, 1974). In the light there is likely to be an adequate 
supply of TP in the cytoplasm which could participate in the 
glycolytic sequence resulting in the formation of NADH. These 
substances are also likely to generate NADH in the mitochondrion 
through the TCA cycle (Ramarao et al., 1981). Pyruvate accumu-



lates because the TCA cycle cannot operate under these conditions 
as a result of the accumulation of NADH and FADH, which in turn 
cannot be reoxidized. It is well known that the malate-aspartate 
shunt is capable of transporting NALH into and out of the 
mitochondrion (Lehninger, 1976). Thus cytoplasmic NADH and 
mitochondrial NADH pools are in reality part of one respiratory 
NADH pool. If there was a mechanism for the oxidation of NADH 
then glycolysis and the TCA cycle could operate in the absence of 
oxygen. That NO^" could fulfill this requirement has been sug­
gested by Naik and Nicholas (1981). These authors found a N03" 
dependent evolution of 14C02 from leaf disks in anaerobic condi­
tions supplied with 14C labeled citric acid cycle intermediates. 
A 1:1 stoichiometry was observed between NOg" production and 
14C02 evolution. Sawhney et al. (1978) observed that PEP, 
pyruvate and other citric acid cycle intermediates stimulated 
NO3” reduction and proposed that TCA produced NADH was important 
for NO3" reduction. Malate exported from the mitochondrion has 
also been proposed as a source of reductant for NR (Woo and Can- 
vin, 1980). This malate may be directly exported from the TCA 
cycle or may function as a carrier for NADH. Malonate completely 
inhibits N0 3" reduction in vivo under dark anaerobic conditions 
indicating that the citric acid cycle is essential to provide 
reductant and that glycolytic sources are not that important 
(Ramarao et al., 1981). In the light the TCA cycle may be
slightly different to the normal pathway as a result of the im­
port of malate which is rapidly produced by the chloroplast 
(Ramarao et al., 1981). Thus the proposal that the TCA cycle
produces NADH which is exported from the mitochondrion by a 
malate-oxaloacetate shunt, enjoys some experimental support.

An additional possibility is that the hexose-monophosphate shunt, 
which produces C02 and NADPH could be responsible for the reduc­
tion, at least in part, of NO3". The NADPH may reduce NAD through 
the enzyme transhydrogenase and the NADH thus produced may par­
ticipate in N03~ reduction (Dailey et al., 1982). Alternatively
the NADPH may directly reduce the NADPH:NR which is found in some 
plant species at least as a constitutive enzyme (Robin et al., 
1985). The HMP pathway also produces GAP, but this may be com­
bined with DHAP (produced from GAP by an isomerase) to form
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P6P which can then re-enter the pathway. The operation of this 
pathway in the cytoplasm normally accounts for a significant 
proportion of glucose degradation and may be favored during N0 3" 
reduction. NADPH has been shown to act as the physiological 
reductant of NOg" under dark aerobic conditions (Ramarao et al.,
1981). The activity of one of the primary enzymes of the hexose- 
monophosphate shunt (glucose 6-P dehydrogenase) in Chlamvdomonas 
relnhardii has been reported to increase in the-presence of NO3- 
as compared to NH4+ fed cells (Hipkin and Cannons, 1985). Thus 
there is evidence for the involvement of this pathway.

Chloroplast respiration describes the operation of oxidative 
phosphorylation and glycolysis (starch to PGA) within the 
chloroplast (Row et al., 1962). Originally it was supposed that 
the chloroplast derived reducing potential and ATP from the 
cytoplasm in the dark. Considering the low permeability of the 
chloroplast membrane to NAD(P)H and ATP it seems unlikely that 
this would be the case, although the dicarboxylate and PGA/DHAP 
shuttles could fill this requirement to some extent. Row et al.
(1982) reported the oxidation of glyceraldehyde-3-P to PGA with 
the formation of NADP which could be converted to Fd(r(j). The 
carbon source was suggested to be chloroplast starch. The reduc­
tant provided by such reactions was suggested to be utilized for 
a number of reactions including NO2- reduction to amino acids.

Nitrate and NH4* absorption by roots elicited an immediate 
respiratory rise of 160 % in roots of Pisum sativum. 90 % of
which was attributable to an alternative respiratory path not in­
volving cytochromefcWisser et al., 1986). This was not accom­
panied by an immediate increase in shoot photosynthesis although 
shoot photosynthesis did increase after a 1 hour delay indicating 
that the respiratory effect was not photosynthesis related.
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Nitrite, the product of NO3" reduction, must be further reduced 
to NH4+ before the constituent nitrogen can enter into organic 
combinations. Nitrite rarely accumulates and has been reported to 
be toxic (Hewitt et al., 1976). Nitrite reduction involves the
transfer of six electrons.

N0 2~ + 6 e- + 8 H+ ------- > NH4+ + 2 H20

Nitrite reductase is a single protein enzyme with a molecular 
weight of 62 000 (Hewitt et al., 1976) although a molecular
weight of 68 000 has been reported (Ishiyama et al., 1985). The
enzyme possesses one sirohaeme which functions in the transfer of 
the six electrons. The enzyme is thought to occur mainly in the 
chloroplasts in leaves and in plastids in roots (Magalhaes et 
al., 1974; Neyra and Hageman, 1974? Miflin, 1974? Plaut et al.,
1977). Other worker,, h”. . proposed that NiR occurs in the 
cytoplasm (Grant et al., 1970) or in the peroxisome (Lips and
Avisaar, 1972). The enzyme from a variety of sources (Phaseolus 
vulgaris green shoots, etiolated shoots and roots) was found to 
have common antigenic determinants (Ishiyama et al., 1985). Il­
luminated intact chloroplasts reduce N02" rapidly without any ad­
ditional requirements. spinach chloroplasts in the light actively 
reduce N02“ of which 60-90% is incorporated into amino acids 
(Anderson and Done, 1978). Nitrite reduction was found to be 
functionally associated with electron transport arising from the 
light reactions of the chloroplast. Nitrite reductase was 
reported to be closely associated with photosystem I and ATP was 
found to have no direct effects on the enzyme (Neyra and Hageman,
1974), In contrast Sawhney et al. (1978a) report no effect of ADP 
and Pi on the reductive assimilation of N02" while ATP was 
reported to promote N02~ accumulation. Initially the reduction of 
N0 2~ to NH4* was proposed to involve the production of free in­
termediates .

N02-  > h2022"  > M82OH  > NH3
Nitrite Hyponltrite Hydroxylamine Ammonia
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Hyponitrite n t 1 hydroxylamine have not been demonstrated to exist 
in any appreciable amounts in plant tissue and the former is not 
reduced by NiR (Hewitt et al., 1975). It is now believed that the 
reduction of N02- to N H ^  does not involve the formation of free 
intermediates, but that the intermediates, if they exist at all, 
remain bound to the enzyme complex.

The NiR enzyme is inducible in the presence of both NQ3- and 
NOj” . Recent studies have shown that light and NO3"* modulate NiR 
levels (Gupta and Beevers, 1985). Use of antibodies against NiR
was made to determine whether the synthesis of this enzyme is 
regulated at the level of transcription or translation (Gupta and 
Beevers, 1985). From these studies it was concluded that N0 3~ is
required for the formation of NiR either in dark or light condi­
tions and that synthesis is stimulated by light. In addition it 
appears that NQ3" regulates transcription while light may control 
either transcription or translation. The induction of NiR may be 
enhanced in the presence of either NOg" or N0 3" by exogenous 
sucrose, glucose and fructose and other hexoses, although the in­
duction was more marked in the presence of NO3" (Sahulka, 1981). 
The reduction of NOj" is associated with Og evolution only in 
chloroplasts isolated from plants previously supplied with NO3". 
This is consistent with the induction of NiR by NO3” (Anderson 
and Done, 1978).

7.8 .0.1. Reduction requirements of Nitrite Reductase

In initial studies benzyl viologen and methyl viologen was used 
as an artificial electron donor but subsequently Fd^d) has 
been shown to be capable of providing the reducing power. Ini­
tially the enzyme was shown to have NADPH dependent activity. 
Purified NADPH dependent NiR has been shown to separate into two 
fractions ? a Fd-NADP reductase activity capable of transferring 
electrons from NADPH to Fd(OX) and a NiR component capable of ac­
cepting electrons from Fd(rd) and a % o f  0.15 mM for NO2™ (Joy 
and Hageman, 1966). The purified N o y  reductase was proposed to 
accept electrons directly from benzyl viologen and Fd(rd) while



NADPH and dithiouite electrons were channeled through Fd {Joy and 
Hageman, 1966).

Although NlR and GOGAT (see below) are found in roots and are ac­
tive with Fd(r(j) prepared from spinach leaf material, a natural 
electron donor in roots has only recently been characterized. A 
non-haeme iron containing protein, with antigenic similarity to 
ferredoxin has been identified in maize roots (Suzuki et al.,
1985). In addition a pyridine nucleotide reductase immunologi- 
cally similar to Fd-NADP reductase from spinach leaves has also 
been characterized by these workers. Under chemically reducing 
conditions these carriers served as electron carriers for maize 
root GOGAT and NlR. NADPH could drive GOGAT using these carriers 
but not NiR (Suzuki et al., 1985). The question arises as to what 
the physiological reductant for NO^" reduction is in the root 
plastid. The reductant has been proposed to be derived from the 
pentose phosphate shunt. Glucose 6-P or 6-phosphogluconate is 
proposed to reduce NADP which then passes the reducing potential 
through a diaphorase to a carrier (suggested to be that proposed 
by Suzuki et al. (1985)) and onto NOg" (Oji et al., 1985). These 
authors cite as evidence for this pathway the presence of the 
required enzymes in the root plastidl

7.3.0.2. The source of reductant for Nitrite Reductase

The chloroplastic location of the NiR enzyme is strong evidence 
for the dependence of the enzyme on the photosynthetic provision 
of reducing equivalents, Nitrite assimilation of chloroplasts 
from a number of crops is linked to the availability of Fd(r<j) 
generated through photosynthetic electron transport reactions 
(Venkataramana and Das, 1983). Photoreduction of NOj" ir. thu 
stroma of higher plant chloroplasts involves the participation of 
Pd(rcj). Ferredoxin is required for both the reduction of NOg" and 
assimilation of considering the total flux of NOg" and NH4+
the supply of Fd^d) needs to he considerable. This is especially 
true when the flux of NH4+ from photorespiration is considered. 
The assimilation of NOg" to glutamate requires 8 Fd(rcjj and 1 ATP 
(Robinson, 1986). The Fd(rd) employed for NOg" assimilation may



alternatively be routed through NADPH to the Calvin cycle for the 
photoassimilation of COg. The magnitude of cog assimilation is 5- 
20 tiir.es greater the He magnitude of N02“ reduction.

Light dependent assim . lion of NOj” and CO2 wera equally in­
hibited by DCMU and similarly inhibited by CCCP (Atkins and 
Canvin, 19751. This is not consistent with other reports indicat­
ing that CO2 assimilation was considerably mo're sensitive to DCMU 
than NO2" (Miflin, 1974). These results do however indicate that 
NO2" and CO2 assimilation are closely linked to photosynthetic 
electron transport.

The 0% evolution dependence of NO2" reduction may be summarized 

hv
h2o + hno2  ■* nh3 + 1| 02

This equation is derived from the fact that the photosynthetic
electron transport system produces 4 electrons for the formation
of 1 O2 and the reduction of NOg" requires 6 electrons. The
O2/NO2” ratio approached 1.5 in short term experiments, but on 
the whole was lower (Anderson and Done, 1978). Miflin (1974), 
working with isolated spinach chloroplasts, reported ratios of 
1.15 for the first 30 minutes of reduction, 1.45 for the second
thirty minutes and 1.86 for the third period. This deviation was 
attributed by this author to the inhibitory effects of NO2" in 02 
evolution which were reported by Grant et al. (1970). These ex­
periments were performed in C02 free media and, although Miflin 
(1974) did report inhibition of 02 evolution by NOg" (0.4 mM) 
ovar long time periods (53 minutes), there was also a N02" depen­
dent O2 evolution component of his results over a shorter term 
(20 minutes).

The rate at which NO2" reduction occurs falls in the range 10 - 
25 nmol NO2~.h~-i-.mg chi”1 which would indicate a maximum demand 
for Fd(ra ) of 200 umol.h-1.mg chi--*- (Robinson, 1986). C02 as­
similation has been suggested to repress NOa- reduction indicat­



ing some competition between the two processes for F<i(r<i) 
(Larsson et al., 1985b) although other workers have reported no 
effect of COj assimilation on NO2” reduction. Supply of DL 
glyceraldehyde, which inhibits the Calvin cycle, has also been 
found to stimulate NO2™ reduction (Anderson and Done, 1978). 
Supply of NO3- (Robinson, 1986) and NH4+ (Woo and Canvin, 1980) 
have been reported to stimulate photosynthetic CO; assimilation. 
The interdependence of COg fixation and NO2" assimilation has 
been further demonstrated through the observation that a stimula­
tion of NO;* reduction may be achieved oy allowing isolated 
chloroplasts a short period of photosynthetic COg fixation in the 
light prior to the addition of N02-. A similar response was 
achieved through the addition of DHAP or fructose 6-P and the 
suggestion was made that photosynthetic intermediates may regu­
late NO;” reduction (Plaut et al., 1977).

Measurements of Fd indicate that its tissue concentrations is 2mM 
which, at high light intensity, should provide adequate reduced 
Fd to support both CO; assimilation and NO2" reduction without 
competition (Buchanan, 1980). Baysdorfer and Robinson (198S) 
report a decline of NADP reduction rates on supply of NO;"" which 
implies that NO2" can successfully compete for Fd(rd) even at 
high rates of NADP reduction. In contrast Robinson (1986) 
reported equal rater of NO;™ reduction by spinach and soybean at 
CO; concentration in the range 0.5 mM to 5 mM. In addition the 
same author reported a stimulation of CO; assimilation by plas- 
tids in the range 50 uM - 100 uM NO;” while leaf mesophyll culls 
responded positively to NO;" between 250 4M and 2500 uM. These 
findings led to the conclusion that NO;" and CO; photoas- 
similatory processes do not inter-compete at high light intensity 
(1000 yE.m"2^ " 1). Depression of NO2' uptake and reduction has 
been reported in Scenedesmus during CO; fixation (Larsson et al., 
1985b). Stimulation of 0; assimilation by NO;" was not found in 
protoplasts or chloroplasts of spinach by Kaiser and Heber 
(1983). These authors used 0; as an indicator of photosynthetic 
activity but it should be noted that 0; evolution and CO; fixa­
tion are in reality quite distinct. In contrast to the findings 
of Robinson (1986), Purczeldt et al. (1978) reported an inhibi­
tion of CO; fixation in intact spinach chloroplasts at pH 7.3 in



presence of 1 mM NO^". This effect was attributed to stromal 
acidification which inhibited the activity of fructose and 
sedoheptulose bisphosphatase which play an important role in the 
regulation of CO2 fixation (Purczeldt et al., 1978; Kaiser and
Heber, 1983). Similar reasoning was invoked by Larsson et al.
(1985b) to explain the inhibitory effects of N02“ on C02 assimila­
tion in Scenedesmus. Thus the effects of N02' on photosynthesis 
are complex and not attributable to any one phenomenon.

7.9. THE REDUCTION OF AMMONIUM

Two possible routes of assimilation have been postulated;

Route 1: The reductive amination of a keto acid to yield an amino 
acid directly catalysed by the enzyme glutamate dehydrogenase.

a-Ketoglutarate + MH3 + NAD(P)H + H+ <---- » Ql'i 4 NAD(P) + H20

Route 2: The initial incorporation of NH4"1" into glutamine by 
glutamine synthetase.

Glutamate + NH3 + ATP — ..> Glutamine + ADP + Pi

The amine group of glutamine is then transferred to the a posi­
tion of a-ketoglutarate by the enzyme glutamine synthase NAD(P)H 
oxidising or Fd(r<i) oxidising, otherwise named glutamine: a- 
ketoglutarate amino transferase (GOGAT).

Glutamine + a-ketoglutarate + Fd(r^j + H+  » 2 Glutamate +
Fa(ox)

The metabolism via both routes requires a minimum of two reducing 
equivalents plus an additional ATP in route 2. In addition carbon 
is required tor the formation of glutamate (5 carbon atoms).



Ammonium assimilation in higher plants was long thought to begin 
with the synthesis of glutamate by glutamate dehydrogenase. It is 
now believed that the major pathway for NH4+ assimilation is the 
glutamine synthetase-glutamate synthase pathway. Supporting 
evidence for this pathway has teen produced from kinetic
studies showing that NH3 is first assimilated into glutamine and 
then into glutamate (Kaiser and Lewis, 1980; Klaus et al., 1985). 
In tobacco cell cultures it was concluded from [^%Jammonium and 
[^Njnitrate experiments that the major route for the assimila­
tion of N H ^  is through the glutamine synthetase-glutamate syn­
thase pathway although a minor contribution was made by 
glutamate dehydrogenase (Skokut et al., 1978). Similar results
have been reported for maize roots and leaves (Baskakova and
Izmailov, 1984) and barley roots (Lewis et al., 1983). Response
of chloroplasts to low NH4+ concentrations (10"^ M) indicate that 
GS-GOGAT is the pathway for NH4+ assimilation in this organelle.

Glutamine synthetase has been found in several plant tissues and 
was observed to be localized in the chloroplaat and the cytoplasm 
(Lea and Miflin, 1979). GS has an extremely low %  of 19 uM which 
nwans that cellular could be kept at very low levels (100
UM) thus preventing any toxic effects. The activity of this en­
zyme is stimulated by light (Lea and Miflin, 1979). NADH depen­
dent GOGAT and Fd(rd) dependent GOGAT have been extracted from 
several plant tissues but also appears to be associated with the 
chloroplast or root plastid. In higher plant leaves glutamate 
synthase is Fd{r(j) dependent (Klaus et al., 1985) although roots
and cell cultures may have the pyridine nucleotide dependent 
form. The enzyme is specific for glutamine with a Kjg of 330 uM 
and can only function with a-ketoglutarate as an acceptor (Lea 
and Miflin, 1979).

Gluuamate dehydrogenase exhibits a 10 fold higher activity with 
NADH than with NADPH. The levels of glutamate dehydrogenase in 
plant tissue are usually low and are associated with the 
mitochondrion with only extremely low levels detectable within 
the chloroplast (Lea and Miflin, 1979). Both NADPH and NADH forms 
of glutamate dehydrogenase have been described tor chloroplasts. 
The enzyme shows a greater NADH activity but a chloroplastic



''■* ■r*'

NADPH activity has also been reported with a K# for of 5.8
!1M. Such a high makes it unlikely that this enzyme could func­
tion in vivo (Lea and Miflin, 1979).

Although glutamate dehydrogenase is now attributed a relatively 
minor role in NH4+ assimilation, some authors still claim this 
enzyme to have an important role in inorganic nitrogen 
assimilation. The giutamate dehydrogenase enzyme has been found 
to have sever?.1, isozymes which are differentially sensitive to 
specific nitrogen sources (Loyola-Vargas and De Jimenez, 1984).

In barley leaves the conversion of inorganic nitrogen to amino 
acids was found to be stimulated in the presence of light. In the 
presence of NH4+, freshly assimilated COg is withdrawn from or­
ganic acids and carbohydrates and is recovered in amino acids 
(Klaus et al., 1985). With supply of NH4+ increased amounts of
i4C02 are incorporated into arino acids (Platt et al., 1977).
Thus supply of N H ^  may be expected to alter the partitioning of 
photosynthate into sucrose and starch. Alfalfa leaf disks sup­
plied with NH4CI and ^^C02 produced more labeled amino acids and 
less sucrose than control leaf disks (Platt et al., 1977). These
changes were accompanied by an increase in pyruvate and a 
decrease in PEP which led to the conclusion that the activity of 
pyruvate kinase was increased by NH4+ (Platt et al., 1977).
Pyruvate, derived from PEP, is presumably metabolised to a- 
ketoglutaxate which in turn may form the carbon skeletons for 
glutamate and glutamine. The formation of these amino acids sug­
gests that OAA was formed and utilised at an increased rate. OAA 
may be derived from cytoplasmic PEP carboxylase or from 
mitochondrial oxidation of malate. Lea and Miflin (1979) con­
cluded that there was little evidence to suggest that 
chloroplasts can independently synthesize the carbon skeletons 
for NH3 assimilation. It is more likely that carbon leaves the 
chloroplast as DHAP and PGA and is converted to a-ketoacids in 
the mitochondrion and cytoplasm before re-entry into the 
chloroplast. This suggestion is not in accord with the findings
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of other authors. The suggested interaction of exogenous NH4+
with cytoplasmic and mitochondrial metabolites implies that the
NH4+ must exert its influence in these compartments from within 
the chloroplast. Exogenously supplied NO3" has been reported to 
result in the activation of pyruvate kinase and amino acid 
levels. Thus it is possible that chloroplastic NH4+ penetrates
the chloroplastic membrane in order to exert an effect on the
cytoplasmic and mitochondrial compartments (Platt et al., 1977).

Ammonium derived from NOg" is thought to be incorporated into 
amino acids within the chloroplast and is thus reliant on concur­
rent photosynthesis for the provision of carbon skeletons. While 
a proportion (10%) of photosynthate had been traced into amino 
acids it is likely that stored carbon would be required to meet 
the demand for carbon during rapid NH4+ assimilation (Atkins and 
Canvin, 1975). In isolated chloroplasts the conversion of 
glutamate to glutamine occurs only in the light. In low light, 
the lack of ATP restricts glutamine synthetase activity in low 
light (Klaus et al., 1985). Labeling patterns of glutamine and 
glutamate from supply of 15NH4+ to maize indicate glutamate syn­
thase is active under both high and low light conditions while 
glutamine synthetase appears to be inhibited under low light con­
ditions (Klaus et al., 1985). The net uptake of 2,5NH4+ into in­
termediates of the photorespiratory cycle (glycine) was rapid un­
der high light conditions while low light inhibited this process. 
Under low light conditions maize incorporated only 40% of sup­
plied l^NH^Cl into organic matter while at high light this in­
creased to 92% (Klaus et al., 1985). These authors concluded that 
light influences NH4+ assimilation at the glutamine synthetase 
reaction (Klaus et al., 1985).

Ammonium assimilation exhibited quite different responses to the 
inhibitors DCMU and CCCP (supplied to barley) in comparison to 
the responses of NO2" and NO3- (Atkins and Canvin, 1975). There 
appeared to be a light dependent portion of NH4+ assimilation 
which was subject to inhibition but also a light independent 
fraction (Atkins and Canvin, 1975). In addition the DCMU inhibi­
tion of CO2 assimilation by 92% was accompanied by a 75% inhibi­
tion of NH4+ assimilation. The smaller reduction of NH4* as­



similation in the presence of the inhibitors may be attributable 
to a light independent assimilation of NH4+ . At low concentra­
tions of CCCP NH4+ assimilation was observed to be stimulated, 
possibly as a result of uncoupling of oxidative phosphorylation 
leading to greater availability of carbon skeletons and reductant 
(Atkins and Canvin, 1975). Correlative evidence for the inter­
dependence of NH4+ and CO2 assimilation may be derived from the 
work of Larsson et al. (1985b). Ammonium supply to Scenedesmus 
resulted in the inhibition of CO2 assimilation independently of 
light intensity. This inhibition of CO2 assimilation is contrary 
to other reports of stimulation by Engemann and Brown (1980) who 
suggested that cytoplasmic acidification induced by NH4+ stimu­
lated light and dark PEPc activity in Avena coleoptiles. The in­
hibitory influence was accompanied by a drop in ATP levels at­
tributed to partial uncoupling. These authors also found evidence 
for the control of HH4* assimilation by CO2 fixation but did not 
consider the mechanisms of such effects.

Ammonium plus a-ketoglutarate dependent O2 evolution attributable 
to the operation of the GS-GOGAT system for NH*"*" assimilation 
into glutamate catalysed by glutamine synthetase and glutamate 
synthase was found by Anderson and walker (1983). This reaction 
was dependent on a supply of Fd, glutamate and ADP (or ATP) in 
addition to and a-ketoglutarate. Reconstituted chloroplasts
required the provision of glutamate at high levels for this ac­
tivity to be come manifest while intact chloroplast required no 
addition of glutamate, presumably as a result of high endogenous 
glutamate levels. The (NH3 plus a-katoglutarate)-dependent O2 
evolution was found to be enhanced 3-5 fold by 2mM L- and D- 
malate. Although malate has been suggested to facilitate 
transport of a-ketoglutarate into the chloroplast via the dicar- 
boxylate shuttle, this has been questioned by Anderson and 
Walker (1983) who found that a-ketoglutarate was taken up at 
rates saturating GS-GOGAT. No evidence for direct effects of NH4+ 
were found. This reaction was attributed to primary and 
photorespiratory assimilation of NH44" linked to the light reac­
tion for provision of ATP, Fd(rd) and carbon (as a-ketoglutarate) 
directly or indirectly derived from the Calvin cycle.



7.10. THE ROLE OF INORGANIC NITROGEN IONS IN PHOTORESPIRATION

During photorespiration, glycine is converted to serine in the 
mitochondrion in an ATP liberating step which results in the 
release of NH3 in stoichiometric quantities to C02 evolved from 
photorespiration (Keys at al., 1978).

2 Glycine + H20 ----» Serine + C02 + NH3 + 2 H+ + 2 e"

With significant photorespiratory activity (up to 20% primary C02 
fixation), the NH3 produced would have to be assimilated at rates 
considerably higher than required from N03~ reduction. The KH3 
liberated in the mitochondrion may be refixed either in the 
cytoplasm or the chlorop’?.st.

Evidence for the existence of an alternative pathway for 
photorespiratory decarboxylation involving the oxidation by H2o2 
of glycolate to C02 and formate has been obtained from studies 
using MSO (Amory and Cresswell, 1986). In the presence of this 
inhibitor of glutamine synthetase, and also in the presence of 
NO3" or NH4"1", increases in co2 compensation point of Themeda tri- 
andra correlated with formate pool size (Amory and Cresswell,
1986). This pathway was suggested by these authors to improve 
nitrogen use efficiency, but to concommitantly reduce productivity 
by increasing photorespiratory C0 2 disassimilation.

Competition between C0 2 and 02 at RuBPc/o results in the produc­
tion of both 3-phosphoglycerate and glycollate, the latter of 
which is metabolised via a series of reactions in the 
chloroplast, peroxisomes and mitochondria with the evolution of 
C02 (Wallsgrove et al., 1983). This reaction is vital to the un­
derstanding of the fixation of C02 and the reduction of nitrogen 
because large amounts of both carbon and nitrogen pass through 
this pathway. The release of C02 occurs in the mitochondrion 
during the oxidation of glycine to serine by glycine decar­
boxylase with stoichiometric release of NH3 which may be reas­
similated in the chloroplast or cytoplasm by glutamine synthetase 
(GS) and glutamate synthase with the participation of NAD(P )H 
and/or Fd (Wallsgrove et al., 1983). If GS is inactivated by MSO,
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NH3 accumulates, but this accumulation may be abolished through 
the addition of exogenous OS (Wallsgrove et al., 1983). Martin et 
al. (1983b) reported an accumulation of 6TH3 to 16% of the apparent 
CO2 assimilation rate in C3 leaves exposed to MSO. From these ex­
periments performed with MSO it appears that the GS-GOGAT pathway 
is responsible for photorespiratory NH3 reassimilation, in spite 
of the presence of GDH in the mitochondrion (Wallsgrove et al., 
1983). The original photorespiratory N cycle proposed that NH3 
reass.’ ilation was via cytoplasmic OS. From 0^ studies on spinach 
chloroplasts it was suggested that chloroplastic GS is respon­
sible for reassimilation. In spite of this the cytoplasm contains 
high levels of ATP in the light (Stitt et al., 1982) and may thus 
be a suitable location for reassimilation (Wallsgrove et al.,
1983). Recent evidence from studies using mutants of barley with 
lesions in the photorespiratory pathway (absence of ferredoxin- 
dependent glutamate synthase and the inability to transport 
dicarboxylate substrates into the ohloroplast) suggest that 
chloroplastic ferredoxin-dependent glutamate synthase activity 
may be mainly responsible for NH3 reassimilation (Kendall et al., 
1986; Wallsgrove et al., 1986).

Several studies show that the addition of MSO to leaves in the 
light under photorespiratory and non-photorespiratory conditions 
leads to an accumulation of NH3. MSO induced NH3 accumulation has 
been used to provide a minimum estimate of the rate of 
photorespiration. From such studies on wheat and maize minimal 
rates of photorespiration were calculated to be 1-4% of CO; as­
similation (Berger and Fock, 1983; 1985). Using [^%]glycine in­
corporation as an indicator of photorespiration much higher rates 
(24% CO2 assimilation) were determined (Berger and Fock, 1985). 
Accumulation of NH3 stimulated by MSO supply has been suggested 
to uncouple photophosphorylation and thus inhibit COg assimila­
tion. The inhibitory effect of MSO on carbon assimilation has 
however been recently attributed to depletion of Calvin cycle in­
termediates rather than an uncoupling effect (Ikeda et al.,
1984).

The possibility that N03- reduction could be linked to 
photorespiration for the provision of reductant was raised by



Lips (1971). photorespiration was proposed to function in two 
capacities:

- a fast efficient regulatory system coordinating nitrogen 
and carbon metabolism

- as source of reducing equivalents coupling NO3" reduction 
to the pentose phosphate (Lips, 1977).

This author suggested that NADH for NO3" reduction could be 
derived from the metabolism of glycolate to glyoxylate. Glycolate 
was found to stimulate the induction of NR which was suggested to 
be located in the same organelle as the enzyme (glycolate 
dehydrogenase) for photorespiratory glycolate metabolism (Lips, 
1971). Roth-Bejerano (1973) reported that glycolate dehydrogenase 
was only found in barley and tobacco plants in the presence of NR 
and that plants supplied with adequate NO]" and NR were able to 
reduce NAD with glycolate. In contrast Mann et al (1978) have 
reported that glycolate was ineffective as a source of reductant 
for NR. Kaplan and Lips (1984) have taken up the proposals of 
Lipa (1971) and produced a more detailed analysis. These authors 
found identical changes in NR and GDH activities following 
changes in NOg" and molybdenum nutrition.
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8 . METHODS AND MATERIALS

8.1. PLANT MATERIAL

8.1.1. Culture of Lvcopersioon esculentuin

Seeds of Lvcopersieon esculentum var. Heinz (supplied by 
Straathof1s Seeds, Johannesburg) were germinated in river sand at 
a density of approximately 0.5.cm-2. Long Ashton nutrient medium 
(Hewi- 1952) containing 14.8 mM NOg" (Table 1) was supplied
(uni*' otherwise specified) twice weekly and tap water was sup­
plied 01 other days. Where plants wore starved of nitrogen, the 
Long Ashton nutrient medium was supplied as normal except that 
the KNO3 and Ca(NOgig were omitted. After release from N starva­
tion by provision of the complete Long Ashton medium, this N free 
treatment was continued until measurements were taken. The plants 
were grown in a phytotron chamber with a day/night temperature of 
25/20®C and day/night relative humidity of 70/60 %. The
photoperiod was 14 hours starting at 6 am with a light intensity 
of 100 uE.m"2.s-l (For spectral composition see Fig. 4a). Plants 
were used when they were 20-30 days old.

8.1.2. Culture of Bisum sativum

Pisum sativum var. Meteor (Swann Technol. Ltd., Herts, England) 
seeds were soaked in tap water for 24 hours with constant aera­
tion before planting in vermiculite at a density of approximately 
l.cm-2. Long Ashton nutrient medium (Hewitt, 1952) containing 
14.8 mM NO3" (Table 1 ) was supplied (unless otherwise specified) 
twice weekly and tap water was supplied on other days. Where 
plants were starved of nitrogen, the Long Ashton nutrient medium 
was supplied as normal except that the KNO3 and CafNOg)%
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were omitted- After release from N starvation by provision of the 
complete Long Ashton medium, this N free treatment was continued 
until measurements were taken. The plants were grown in a 
phytotron chamber with a day/night temperature of 20/15°C and 
day/night Relative Humidity of 70/60 %. The photoperiod was 14 
hours starting at 6 am with a light intensity of 100 uE.m-2 .s-1 
(For spectral composition see Fig. 4a). For plants used for 
protoplast extraction the photoperiod was started at 10 am. The 
photoperiod was set to begin late in the day so as to allow har­
vesting of tissue in dark conditioned plants. Tissue was col­
lected from 18-25 day old plants.

Table 1. Long Ashton Nutrient Medium

Compound Concentration (g.l-1)

kno3
Ca(N0 3 )2
FeEDTA

Micronutrients
NaH2P04 .2H20 0.208
MgS04.7H20 0.369
MnS04 0.224 x 10~2
CuS04.5H20 0.024 x 10' 2
ZnS04.7H20 0.029 x 10"2
H3BO3 0.186 x IQ""2
(NH4)6MO7O2 4.4H20 0.004 x 10-2
C0SO4.7H2O 0.003 X 10-2
NaCl 0.535 X 10~2

8.2. CO? GAS EXCHANGE ANALYSIS

3.2.1. Photosvnthetic COo fixation

Gas exchange measurements were carried out by means of an



Analytical Development Company Series 225 infrared gas analyzer 
(I.R.G.AJ in an open "leak proof" system. That the system was 
"leak proof" was established by closing the system and depleting 
che CO2 levels with soda lime and then monitoring the change in 
co2 levels in the system with respect to time. The leak rate was 
found to be < 1 ppm.h-1 which was insignificant in relation to 
the rate of uptake of C02 by the plant in an open system and the 
sensitivity of the machine. The I.R.G.A was set to read on dif­
ferential (continuous monitoring of a reference air stream and 
analysis stream) for improved sensitivity (sensitivity ± 0.1
ppm). The incoming air was drawn from a mast on the roof and buf­
fered in two 50 1 drums before being dehumidified by a col trap 
(Fig. 5). The cuvette used had a volume of 1.2 1 and was large 
enough to allow a pea shoot to be stood in a small beaker of 
water inside the cuvette. The cuvette was surrounded on the sides 
and bottom by a water jacket and a flat glass plate was used to 
seal the top. A thermocouple was inserted into the cuvette to 
monitor cuvette temperature. A multiple entry system was used for 
the air inlet and the air in the cuvette was stirred by a fan 
driven by a magnetic stirrer. The fan was shown to be adequate in 
mixing the air through the observation that smoke introduced 
through the inlet of the cuvette mixed immediately. A port was 
provided through the wall of the water jacket to allow injection 
of solutions into the bathing medium of the shoot without opening 
the cuvette.

A manometer was used to ensure that pressure in the cuvette 
remained at the atmospheric level. This was achieved by using a 
non return bleed off valve. Relative humidity was measured using 
a Licor RH meter. Both the gas from the cuvette and that from 
the reference line were dried with silica gel and passed through 
filters to remove particulate matter before being passed into the 
I.R.G.A.. The flow ra+-e of gas through both the cuvette and the 
reference line was maintained at 1 l.min"3,.

Light provided by a 400 w siemens mercury vapour lamp was passed 
through a shallow flat sided perspex cooled water bath to remove 
the infrared component of the light. The light intensity 
delivered by this set up was determined as GOO uE.nT^.s"! and the
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Fig. 5. The gas circuit employed in the determination of photosynthetic CQg 
uptake using the ADC I.R.G.A.
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spectral composition (Fig. 4b) determined using a Tectum Instru­
ments Quantaspectrophotometer (QSM 2500). The cuvette was 
protected from diffuse room light by surrounding the cuvette with 
a screen. Light intensity was varied using layers of shade cloth 
(layers of black nylon 4 ram mesh) placed over the cuvette.

Roots were removed from the shoots under water and ths shoots
transferred to a small beaker without exposing the cut surface to 
air. The beaker was closed with a suitably cut rubber stopper 
which served to reduce evaporation from the water surface and to 
support the shoot. Two teflon capillary tubes were inserted -
through the stopper to allow replacement of the bathing solu- v
tions. The exchange of the solutions was accomplished by using -s 
two compartment container connected to a peristaltic pump. Pump­
ing of the solution into the beaker from the container resulted 
in the bathing medium in the beaker being sucked back into one of 
the compartments of the container. Thus controlled exchange of 
bathing media could be accomplished without opening the cuvette
and with little perturbation of the system. The bathing media i;
were only exchanged once the CO; uptake had stabilized and 
remained constant for at least 10 minutes. The detached shoots 
were exposed to varying concentrations of NaNO^, NaNO^ and 
NH4S04.

Low oxygen tensions were achieved by replacing the normal gas "X.
supply prior to the ice trap (Fig. 5) with a supply of 340 ppm 
CO2 mixed from cylinder N2 (5 ppm Og) and cylinder CO2 (1100 ppm 
CO2 and <2 ppm O2) with Wdsthuff precision gas mixing pumps.

Photosynthetic rates were calculated from ppm COg taken up and 
expressed either on the basis of leaf area (determined using a 
Licor planimeter) or chlorophyll concentration.

Chlorophyll concentration was determined according to the method ?
of Arnon (1949). Leaf material (0.1) g of was thoroughly
homogenized in a mortar and pestle with acid washed sand in 20 ml 
80% acetone, filtered through Whatman No.l filter paper and the 
resulting filtrate read on a Varian DMS 90 spectrophotometer at 
645 and 663 nm. The amount of chlorophyll was calculated as fol-
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lows (Wintermans and De Mots, 1965)r 

Chlorophyll (mg-g"1 fresh weight) =

(20.2 x AbSg45 )+{8 .02 x Abs663) x V/(1000 x W)

Abs645 = ■ absorption at 645 nm
Abssea = absorption at 663 nm

= Volume of acetone used (ml)
W = Amount tissue used (g)
1/1000 a Conversion of chlorophyll concentration

from g.1"! to mg.ml"!.

The photosynthetic rate was calculated as follows:

Photosynthetic rate (mg COg .dm*"2. h"-1-.

(mg CO2 .mg chl-^-.h*^) =

(Appm /LA) X ((PR X 1000)/60) X (44/22.414) X (273/T) x
(P/1013) x 3.6

Where: /\ppm « C02 uptake (ppm)
LA = Leaf area (dm^) or chlorophyll

(mg chl"^.g f w f 3-)
FR = Flow rate (l.min"1-)
T = Temperature (K)
P = Pressure (mBar)

Calculation of photosynthetic rates was performed using a program 
written for the IBM PC in BASICA (Appendix A).

8.2.2. Carbon dioxide compensation points

Compensation points (CCP) were determined using an Analytical 
Development Company Series 225 infrared gas analyzer coupled into 
a closed gas circuit. The system was checked for leaks by cir­
culating CO2 depleted air through the system and the leak rate



was determined to be 0.4'ppm.h-1 which was small in comparison to 
the potential of the plants used for uptake. The I.R.G.A was set 
to read on absolute with a flow rate of 1 l.min"*. Before deter­
mination of the CCP the plants were allowed to photosynthesize in 
an open system until a stable rate of photosynthetic CO2 fixation 
was observed whereupon the system was closed using a valve. Ini­
tial air supply to the open system was drawn from a mast on the 
roof through two 50 1 drums and pressure in the system equalized 
using a non-return bleed off valve. The cuvette used was of a 
dome shaped construction sealing onto a glass plate and had a 
volume of 11. A multiple entry syst&ia was used for the air inlet 
and the air was stirred using a fan driven by a magnetic stirrer. 
The plants were strod in a beaker inside the cuvette and a port 
was provided in the side of the cuvette to allow the introduction 
of salts to the bathing medium of the shoots. Light was provided 
by a 400 W Siemens mercury vapour lamp at an intensity of 600 
UB.m~2.s~1 (For spectral composition see Fig. 4b). The cuvette 
had no water jacket but the temperature was maintained between 
21-25 °C (as determined using a thermocouple) with a desk fan. 
The air passing into the I.R.G.A was dried using a silica gel 
column.

Conditions of low oxygen tensions were achieved by flushing the 
gas system with a supply of 340 ppm COg mixed from cylinder N2 (5 
ppm 0 %) and cylinder COg (1100 ppm CO2 and <2 ppm 0 3 ) with 
Wtisthuff precision gas mixing pumps.

Roots were removed from the shoots under water and the shoots 
transferred to a small beaker without exposing the cut surface to 
air. The beaker was closed with a suitably cut rubber stopper 
which served to reduce evaporation from the water surface and to 
support the shoot. Two teflon capillary tubes were inserted 
through the stopper to allow replacement of the bathing solutions 
through the entry port provided. The bathing medium was exchanged 
after observation of a stable CCP by repeatedly removing and 
replacing partial volumes in the beaker with a syringe. The 
detached shoots were exposed to varying concentrations of NaN03, 
NaNC>2 and NH4SO4 . The CCP was expressed in ppm.
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The stomatal resistance of leaves of pea grown on normal strength 
Long Ashton medium was measured using a Licor Autoporometer 
(automatic diffusive resistance meter) with an Li 20S sensor set 
to read between 20% and 40% R H. The instrument was calibrated 
with the calibration plate provided according to the operating 
instructions for this instrument and under the same conditions 
under which measurement of leaf stomatal resistances was per­
formed (26°C and 600 uE.m~2.s-l). The calibration curve was
plotted using a ’best-fit1 procedure and the resistances calcu­
lated from the equation for this line.

The stomatal resistances of normal rooted pe»s and peas wjth the 
roots removed were determined. The roots were removed by cutting 
under water, and the shoots were then transferred to vials,
without exposure of the cut surface to air. The changes in the 
stomatal resistance due to cutting and the subsequent recovery 
were followed over time. In addition the response of cut shoots 
to transfer into a bathing medium containing 10 or 20 mM NaNOg or 
NH4CI was followed over time.

8.4. LEAF DISK CARBON DIOXIDE FIXATION

Leaf disks (1 cm diameter) were punched from leaves of pea grown 
with a supply of normal strength Long Ashton medium twice weekly 
as described in section 6.1.2. During the punching operation the 
leaves were stored on wet filter paper. The disks were then
transferred to mesh bags which were immersed in water. The bags
were placed in beakers containing different nitrogen salts and 
vacuum infiltrated for two cycles of 45 seconds. The bags were 
then rinsed in distilled water before the leaves were placed dor­
sal surface up onto wet filter discs. The labeling of the discs 
was accomplished in a specially designed cuvette which held six 
filter discs. The cuvette consisted of a six wells bored into 4 
cm thick perspex. Bach well was supplied with a gas inlet-outlet, 
a control valve and a flat perspex cover. The cover had a baffle 
positioned to mix the gas being input to the cuvette and the



cover was sealed onto the cuvette using vacuum grease. The gas 
was drawn through the cuvette by a pump at I. l.min-1 from a 
cylinder containing 14C02 connected to a buffering tank and a 
bleed off valve. The exhaust gas was passed through a "Carbosorb" 
soda lime column.

After labeling the discs they were transferred to scintillation 
vials and immediately immersed in 5 ml boiling 80% ethanol and 
the vials capped. After cooling the leaf disks were ground in the 
ethanol solution with a mechanical glass-glass homogeaizer. To 
the homogenate was added 1 ml 20% (w/v) TCA (to release any un­
fixed 14co%) and i ml 10 mM phenylhydrazine (to prevent
volatilization of organic acids). The vials were stood uncapped
in a fume hood for 30 minutes before being made up to 10 ml with
water. A 0.2 ml aliquot of sample was added to 10 ml "Aguagel"
scintillation fluid supplied by Packard. The samples were 
counted on a Packard liquid scintillation counter. The instrument 
was set to provide disintegrations per minute using the channels 
ratio technique to correct for quenuhing. The photosynthetic as­
similation of 14(202 was expressed on the basis of the leaf disc 
area as dpm,am2 .s~*.

8.5. PROTOPLAST ISOLATION

A modification of the methods described by Leegood et al. (1982) 
was used. The leaves were taken from plants grown with a supply 
of normal strength Long Ashton medium twice weekly and exposed to 
14 h dark, fbout 3 g leaf material was either cut with a sharp 
blade into 0.5 - 1 mm strips or lightly rubbed with carborundum 
powder to score the epidermis. The leaves were then washed for 
about 15 minutes in 0.5 M sorbitol to remove ruptured cell con­
tents and carborundum. The leaf material was then incubated in 20 
ml 2,5 % Cellulase "Onozuka R10" (Yakult Biochemicals Co., Japan) 
or 2 % Cellulase "Onozuka RS" (Yakult Biochemicals Co., Japan), 
0.25 % Macerozyme "Onosuka R10" (Yakult Biochemicals Co., Japan), 
0.5 % Hemicellulase (Sigma), 0.5 M sorbitol, 1 mM CaClg, 5 mM MBS 
(pH 5.5), 0.05 % BSA (pH 5.5) at 25°C in a 9 cm diameter petri
dish with constant shaking on a IKA-WERK (KS 500) shaking table
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at about 70 cycles.min-1 for 2J - 3 hours. The digesting medium 
was passed through a 500 um mesh and a 83 um Nybolt mesh. The 
leaf material was washed three times with 10 ml chilled 0.5 M 
sorbitol, 1 mM CaClj, 5 mM MBS (pH 6.0) and similarly filtered. 
The filtrate was spun in a Hettich Universal table top awin3 out 
centrifuge at 100 g for 5 min. The supernatant was discarded and 
the pellet resuspended in chilled 0.5 M sorbitol, 1 mM CaClg, S 
mM MBS (pH 6.0). The protoplast suspension was kept on ice in the 
light on a shaking table (90 cycles.min"1 ).

The protoplasts were counted on a haemocytometer using Evans Blue 
vital dye (0.2 g/100 ml) in 0.7 M sorbitol to determine intact- 
p o s s . The protoplasts were discarded if intactness fell below 60 
%. Protoplast counts (intact) were found to be high (5.04 x 
10®.ml”1 ± S.D. 0.71 x 10®.ml”1) and intactness varied with the 
preparation but was characteristically over 90%.

All measurements using protoplasts were expressed on the basis of 
chlorophyll, chlorophyll concentration was estimated by determin­
ing the absorbance of 50 til of protoplast suspension in 20 ml 80 
% acetone (v/v) at 663 run on a Varian DM5 90. The absorbance was 
substituted into the following formula (modified from Arnon, 
1949):

The protoplasts were incubated in buffer containing 0.4 M sor­
bitol, 10 mM NaHC0 3, 0.5 mh CaCl2, 0.1 mM KH2P04 and 50 mM HBPES 
buffer (pH 7.6) at about 20®C under a light intensity of 
600 using a sufficient volume of protoplasts to make
up a solution containing 300 ug chi.ml"1. Nitrate, nitrite and

Vol. (iil) = 9/Absg63

where:
AbS663
Vol.

Absorbance at 663 run
Volume ( u D  of protoplast suspension required 
for 100 u g  chlorophyll.



ammoniimi were added as NaN03, NaN02, NH4SO4 . Each concentration 
was replicated three times and a control with no added nitrogen 
was included. Before addition of the nitrogen salts the 
protoplasts were pre-incubated for 10 minutes to ensure a fully 
induced photosynthetic system. The protoplast suspension was 
shaken on a shaking table at 100 cycles.min-1 in small vials (3 
ml) with a glens bead to retain the protoplasts in suspension. 
The vials were sealed with a thin plastic film to prevent 
evaporation. At various time intervals aliquots of the 
protoplasts suspension were removed and immediately centrifuged 
at 8COO g for 60 s in a Beckman Microfuge XI. The supernatant was 
then used for the determination of nitrate, nitrite and ammonia.

In order to replicate the experiments of Rathnam (1973) the assay 
medium used above was replaced with 0.4 M sorbitol, 0.75 mM 
MgClg, 0.1 mM RH2PO4 , SO mM Tricine-HaOH (pH 8.1) and 3 mM Ha- 
isoascorbate. In addition the centrifugation step was omitted in 
some cases but it was found that the variability of the results 
was significantly increased under these circumstances.

8.6.1 . Nitrate

8 .6 .1.1. Nitrate net uptake

Nitrate net iptake was measured using the nitration of salicylic 
acid. Using a modification of the C&taldo method (Cataldo et al., 
1975) a 100 n.1 aliquot of protoplasts was mixed with 400 ul 1% 
(w/v) salicylate in concentrated H2SO4 . The mixture was allowed 
to stand for 20 minutes before the addition of 9.5 ml 2 M NaOH 
whereafter the samples were allowed to cool for 60 minutes. The 
samples were then read on a Varian DMS 90 spectrophotometer at 
410 ran against a reagent blank and the concentrations of nitrate 
calculated using a standard curve similarly prepared, but using 
different nitrate concentrations in place of the protoplast 
suspension.

Experiments performed using this technique yielded no results be­



cause no change in the levels of N03 could be found. This may be 
attributable to the relative insensitivity of this method, in or­
der to gain some idea of the activity of NR two techniques were 
employed to measure the in vitro activity of this enzyme.

8 .6 .1.1. Dark anaerobic assay for NR

Protoplasts isolated as above were added to phosphate buffer (pH 
7.6) with 0.1 ml of the various concentrations of nitrate to make 
up a final volume of 1 ml. The protoplasts were then incubated in 
a water bath at 26*C in the dark in scintillation vials. The 
vials were sealed with suba-seal tops through which syringe 
needles were pushed to allow the passage of N% over the contents 
of the vial. The gas was not bubbled through the protoplast, 
suspension in order to avoid breakage of the protoplasts. After a 
30 minute incubation 0.3 ml 1.3 M zinc acetate was added followed 
by 0.7 ml phosphate buffer (pH 7.6) and 2 ml chloroform after 
which the preparation was centrifuged at ISOOg in a Beckman TJ(i 
swing-out bucket centrifuge for 5 minutes. Supernatant (1 ml) was 
then removed for assay of nitrite using the method described

8 .6 .1.2. Benzvl violoaen assay for NR

This assay was adapted from the description of an assay for NR in 
algae by Larsson et al. (1985b). A 0.5 ml volume of protoplasts 
was solubilized by vigorous shaking with 0.2 ml toluene for 1 
minute. To this 0.5 ml of a solution containing 10 mM KNO3 , 2mM 
benzyl viologen and 100 mM MBS at pH 7.5 was added. The reaction 
was started with the addition of 1 mg NagSgO* and terminated 
after 15 minutes by vigorous shaking in air. Zinc acetate (1 ml) 
and 2 ml chloroform were added prior to centrifugation at ISOOg 
in a Beckman TJ6 swing-out bucket centrifuge for 5 minutes. Su­
pernatant (1 ml) was then removed for assay of nitrite using the 
method described below.



8 .6 .2. Ultrlte net uptake

Nitrite concentration was determined through the formation of a 
azo compound by the reaction of sulphanilamide in acidic solution 
with nitrite and thereafter N-(1-napthylj ethyleneamine dihydroch­
loride (Goltermann et al., 1978). For determination of nitrite
100 yl aliquots of supernatant were added to 1.0 ml sul­
phanilamide solution (1 % (w/v) in 2 N HC1). To this mixture 1.0 
ml of N-(1-napthyl)ethylenediamine dihydrochloride (0.02 % (w/v)
in distilled water) was added. The colour war: allowed to develop 
for 30 minutes and the absorbance was read on a Varian DMS 90 
spectrophotometer at 540 run against a reagent blank and the con­
centrations of nitrite calculated using a standard curve 
similarly prepared, but using different nitrite concentrations in 
place of the protoplast suspension.

8.6.3. Ammonium net uptake

The phenyl-hypochlorite method (scheiner, 1975) was used for 
determining ammonium nitrogen concentration. Xndophenol blue is 
produced by reacting phenol with alkaline hypochlorite and the 
blue colour may be enhanced with sodium nitroprusside. The proce­
dure includes the use of BDTA (Bthylene-dinitrilo tetraacetic 
acid) for suppression of interference from copper, hydroxides and 
phosphates. An alkaline buffer is also included to reduce the ef­
fects of variations in sample acidity, although this was not ex­
pected to be a problem with the protoplast supernatant which was 
buffered.

A 100 ul aliquot of supernatant from the protoplast suspension 
was added to 8 ml 0.12 % di-sodium BDTA. To this was added 1 ml 
phenolic nitroprusside which was prepared daily from equal parts 
of sodium nitroprusside (0.5 g sodium nitroprusside in 100 ml
distilled water) and ethanolic phenol (10 g phenol in 100 ml 95 %
ethanol). Immediately thereafter 1 ml buffered alkaline phosphate 
prepared daily from 4 parts alkaline phosphate buffer (26.84 g 
NajHPOjj.2H2O and 20.65 g NaOH in 1 1 distilled water) and 1 part 
1.5 % sodium hypochlorite (diluted daily) was added. The colour
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was allowed to develop for 60 minutes before the absorbance was 
measured at 635 nm on a Varian OMS 90 against a reagent blank and 
the concentrations of ammonium c.iculated using a standard curve 
similarly prepared, but using different ammonium concentrations 
in place of the protoplast suspension.

Carbon dioxide fixation was measured in buffer containing 0.4 M 
sorbitol, 6 mM NaHC03, 5 mM CaClg and 50 mM HBPES buffer (pH 7.6) 
(as described by Leegocd et al., 1982) at 20eC under a light in­
tensity of 600 uB.m~2 .s~*- or 100 uB.m~2 .s~*- using a sufficient
volume of protoplasts to make up a solution containing 100 ug 
chi.ml"*. The experiments were conducted in scintillation vials 
continuously stirred at low speed with magnetic stirrers to 
prevent sedimentation of the protoplasts. Carbon assimilation was 
determined using 10 mM NaH^COg (0.01 mCi.ml'*) added to the 
above buffer. At various times 100 ul aliquots of labeled sample 
were transferred to scintillation vials containing 100 ul 20 % 
(w/v) trichloroacetic acid to kill protoplasts and release un­
fixed l^CO; and 100 ul 10 mM phenylhydrazlne to stabilize 
volatile organic acids. The samples were allowed to stand for 30 
minutes in a fume hood to allow the escape of any unfixed l^COg.

A 10 ml volume of scintillation fluid, consisting of 70 % (v/v) 
toluene, 30 % (v/v) ethanol, 6 g.1~* 2-5 diphenyl oxazole (PPO) 
as a primary scintillator and 300 mg,l~* i,4,di(2-(5- 
phenylox&zolyl))-benzene (BOBOS) as a secondary scintillator, was 
mixed with the sample. This was followed by counting for 10 
minutes per sample, with each set of s_ pies blanks containing 
all reagents but no protoplasts were included. Each concentration 
was replicated three times and sample blanks were included to 
which no nitrogen was added. The samples were counted on a Pack­
ard liquid scintillation counter. The instrument was set to 
provide disintegrations per minute using the channels ratio tech­
nique to correct for quenching.
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8 .8 . PROTOPLAST OXYGEN EVOLUTION

Oxygen evolution by protoplasts was followed polarographically 
using a Clark-type Rank electrode coupled to a MSB Spectroplus 
spectrophotometer (for signal detection) and a Linear chart re­
cord The platinum-silver electrode was covered with a 1 M KC1 
solution under a square of lens tissue to ensure even distribu­
tion of the KC1 and the whole assembly isolated from the sample 
chamber with a teflon membrane. The water cooled oxygen, electrode 
was pc- oned in front of a 150 W tungsten lamp capable of 
deliverl.., in excess of 600 uE.m~2.g-l to the sample chamber (for 
spectral composition see Fig. 4c) .* The oxygen electrode was 
calibrated using 0 % saturated aerated water taken to contain 
0.28 ymoles Og.ml'l at 20*C and sodium dithionite to deplete all 
0% from solution. Protoplast suspension (0.2 ml), pre-incubated 
in dark unless otherwise specified, was added to 2.8 ml of assay 
medium consisting of 0.4 M sorbit ., 0.75 mM CaClg and 50 mM
HEPBS (pH 7.6) (as described by Leegood et al., 1982) at 20eC
stirred at 10r cycles.min"^. lii addition 10 mM NaHCO^ was in­
cluded in the medium unless otherwise stated. For experiments in 
which different concentrations of NaHCOg were used, the CO2 in 
the medium was removed by deaeration under vacuum followed by the 
bubbling of COg free air (passed through a soda lime column) 
through the medium prior to use and constantly while in use. The 
effect of the addition of various nitrogen salts was determined 
as the change in rate of Og evolution from a constant rate deter­
mined over about 5 min. The rate of oxygen evolution was 
expressed as umoles 02.mg chi-1.!!-1. The results were subjected 
to a homogeneity of slopes test using SAS and only highly sig­
nificant results were considered.

Nitrate, nitrite, ammonia and phosphate were added as N&NO3 ,
NaNOg, NH4SO4 and Na3P04 respectively. Sodium chloride was used 
as a centre I to ascertain the osmotic effects of salts added to 
the buffer.



8.9. PROTOPLAST ATP DETERMINATION

ATP determinations were made using the lueiferin/luciferase sys­
tem (Weil Organization) and an LKB luminometer with an integrator 
and printing unit. The protoplasts were incubated in buffer con­
taining 0.4 M sorbitol, 10 mM NaUCOg, 0.5 mM CaCl2 and 50 mM
KEPES buffer (pH 7.6) at 20oC under a light intensity of 600 
uE.m~2.s-:L using a sufficient volume of protoplasts to make up a 
solution containing 300 ug chl.ml"^. The protoplast suspension 
was stirred in scintillation vials with magnetic stirrers at low 
spet.d to retain the protoplasts in suspension. Aliquots (150 ul) 
were transferred to tubes cooled in liquid nitrogen. Just before 
the measurement of tha ATP levels, the samples were thawed (about 
30 s), 100 ul suspension was mixed with 100 ul of somatic releas­
ing agent (Weil Organization), the mixture shaken for 30 s and 
the tube inserted into the luminometer. Thereafter 100 ul of 
-uciferin/luciferase suspended in HEPES buffer at pH 7.5 was in­
jected using a mie-o syringe and 10 s after the start of the in­
cubation , integration of 10 s counts was initiated, -he con­
centrations of ATP were calculated using a standard curve.
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9♦ RESULTS

9.1. SHOOT PHOTOSYNTHSTIG CARBON ASSIMILATION

9.1.1. ..vcopersicon ssculentum

In initial experiments it was established that the supply of in­
organic nitrogen in the nutrient medium used for the culture of 
the plants had important consequences for the response of the 
plants to various treatments. The effects of withholding nitrogen 
from the culture medium for varying periods was examined. These 
effects may be termed 'long term’ involving the elapse of between 
8 hours and 4 days whereas the primary aim of this investigation 
was to determine the 'short term’ effects of inorganic nitrogen. 
Short term effects were determined by monitoring photosynthetic 
and other parameters during and immediately after the addition of 
inorganic nitrogen. Unless otherwise stated all responses to 
supply of inorganic nitrogen are considered "short term".

9.1.1 .1 . Pre-treatment effects

Withholding nitrogen resulted in chlorotic plants with stunted 
shoots but very extensive rooting systems. Photosynthetic rates 
of these shoots were found to be significantly lower than those 
of plants exposed to normal nitrogen nutrition (Fig. 6 ). Supply 
of normal Long Ashton medium to plants initially starved cf 
nitrogen resulted in an increase in net photosynthetic rate in 
all cases. The magnitude of this increase was dependent on when 
the photosynthetic rate was determined after supply. The effect 
of the nitrogen appeared to be relatively slow in becoming 
manifest with a maximum effect occurring only after 3 days. The



supply of nitrogen to initially starved plants resulted in a 
greater photosynthetic rate after 2 days than that observed for 
plants fed nitrogen on a regular basis (Fig. 6 ).

Fig. 6. Comparison of effects of release from N starvation at variable 
times prior to determination of the photosynthetic rates of esculentum. 
Bars indicate ^.E. where sufficient measurements were performed to calcu­
late this statlui.*...

The pre-treatment was alnn found to have some effects on the 
response of the plants to nitrogen introduced into the bathing 
medium of shoots from which the rooUi had been removed. Plants 
starved of nitrogen showed no short term response to 1 mM NaNOg 
(Fig. 7). Plants given nitrogen for the first time 8 hours before 
the photosynthetic measurement also showed no net response. The 
largest short term response to nitrogen was observed 1.6 days 
after treatment (Fig. 7). These results are expressed as a per­
centage change from a basal rate. This was necessary to 
facilitate comparison between plants which did not show the same 
initial photosynthetic rates. The basal rate was taken from the 
phase before addition of the nitrogen in which no change in rate 
was observed for at least 10 minutes.
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Fig. 7. The response of asculentum to t itil MaNOj supplied to plants released
from H starvation at various times prior to determination of photosynthetic x
rates. a) N supplied regularly (Normal), 0.4 and 1.6 days prior to measurement
b) N supplied 2, 3 and 4 days prior to measurement. S.E. < 1.2.
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9.1.1.2. The Influence of nitrate and ammonium

The response to the supply of nitrate was followed over a period 
of up to 124 minutes from the time of exposure to nitrate. 
Variability presented a problem with studies using the I.R.G.A. 
particularly as a result of the destructive nature of the tech­
nique. This held true for absolute rates as well as responses to 
inorganic nitrogen. The reduction of light intensity from 600 
nB.nV*2.s~* to 200 uE.m'^.s”^ had no effect on the responses ob­
served other than to reduce the initial photosynthetic rate. The 
response of the plants to nitrate supply in the concentration 
range 0.1 mM to 10 mM is shown in Fig. 8 . It is apparent from 
these curves that there was no lag between addition of the salt 
and the response. The effect was also markedly concentration de­
pendent with both stimulation and inhibition being observed, con­
centrations below 1 mM were generally found to stimulate 
photosynthetic COj fixation while 10 mM nitrate was inhibitory. 
The largest stimulation was found to result from supply of 0.2 mM 
nitrate (Fig, 9). With increasing concentration an initial 
stimulation followed by a subsequent inhibition of photosynthetic 
rate was observed.

Supply of ammonium had a stimulatory effect on photosynthetic CO2 
assimilation. Ammonium at 0.3 mM had greater stimulatory effect 
than did 1 mM ammonium (Pig. 10).

9.1.2. Pisum sativum

9.1.2.1. Pre-treatment affects

The effect of withholding nitrogen from peas was found to be com­
pletely different to the effect on tomato. The pea plants ex­
hibited only slightly lighter green leaves. No stunting of growth 
was apparent and the roots appeared to be normally developed. A 
notable difference between the photosynthetic COg fixation rates 
of pea (about 5 mg.dm-2 .s'"1) and tomato (about 13 mg.dm"2 .s’-1) 
was that the pea rates were lower than thvse of tomato
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Fig. 8. The effect of feeding various concentration? of NO3* to 
ing medium of cut normal N fed shoots of esculentum on the 
photosynthetic carbon assimilation, a) Supply in range 0.1 mM - 0 
Supply in range 1 mM - 10 mM. S.E. < 2.4.
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Fig. 9. Summary of the response of esculentum shoot photosynthetic rate 
to NO3-. Rate X change was derived from the slope of the linear best-fit 
line of X change over time. Although all data points were retained, use of 
splines was made to derive shape of curve.

Fig. 10. The effect of feeding various concentrations (0.1 mM - 0.3 roM) of 
NB4* to the bathing medium of cut shoots of esculentum on the rate of 
photosynthetic carbon assimilation. S.S < 3.’.



(Fig. 6 and Fig. 11a). Plants starved of nitrogen exhibited only 
slightly (<0.5 mg CC^.drtT2.)!-1) reduced photosynthetic rates in 
comparison to plants supplied with nitrogen. The supply of Long 
Ashton medium containing nitrogen to previously starved plants 
brought about a stimulation of the photosynthetic rate within a 
few hours (Fig. 11a) and this rate was greater than that of 
plants normally supplied with nitrogen. When the data was 
expressed on the basis of chlorophyll rather than leaf area the 
patterns of response were quite distinct (Fig. 11b). In this case 
the nitrogen starved plants appeared to exhibit a higher 
photosynthetic rate then the normal nitrogen fed plants. This was 
probably the result of the slight chlorosis of the pea shoots. 
Again the supply of nitrogen containing Long Ashton medium a few 
hours prior to photosynthetic determination appeared to increase 
the photosynthetic rate.

9.1.2.2. The influence of nitrate and ammonium

Supply of varying concentrations of nitrate and ammonium to pea 
shO'. ts had similar resultant response patterns to those of 
tomato. Sodium chloride supplied at 1 mM appeared to have no ef­
fect. Concentrations of nitrate in the range ".3 mM - 10 ,nM had 
stimulatory effects on the rate of photosynthetic 00% assimila­
tion (Fig. 12). The largest response was found with 1 i?iM ^03". 
supply of 25 mM NO3” had a strong inhibitory effect on COg fixa­
tion. Pea seemed to bo less sensitive to nitrate than the tomato 
with a maximum response of 5% as opposed to 20 %. In the case of 
the pea there was a lag phase lasting 6-18 minutes before a 
response occurred.

Ammonium elicited only a very small stimulation of photosynthetic 
COj assimilation at 0.3 mM, at higher concentrations (1 mM - 10 
mM) ammonium had an inhibitory influence on CO; assimilation 
(Fig. 13). This pattern may be contrasted with that for tomato 
(Fig. 10) where 1 mM had a positive influence on photosynthetic 
CO2 assimilation. Although no la: was apparent (Fig. 13) it is 
possible that this occurred in the 6 minute period after addi­
tion, before the first point of the curve was taken.
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Fig. 11. Photosynthatic rataa of sativum either N statvad or tulaased
from stervation at vaiious times prior to measurement as compared with nor­
mally N fed plants. Effect of anaerobic conditions on photosynthetic rates 
of normally N fed plants included f.o illustrate importance of COg disas- 
similation in determining photosynthetic rates. Photosynthetic rates 
express-4.; a) on basis of leaf area b) on basis of chlorophyll content.
Bars indicate S.E. where sufficient measurements ware performed to calcu­
late this statistic.
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Fig. 12. The consequence of feeding various concentrations of NO3" to the 
bathing medium of cut shoots of sativum on the rate of photosynthatic 
carbon assimilation, a) Supply in range 0.3 mM - 0.5 mM. S.E. < 0.41. b) 
Supply In. range 1 mM - 25 stM. S.E. < 1.1.
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Fig. 13. The effect of feeding various concentrations (0.3 ntfi - 10 mM) of 
NH^'r to the bathing medium of cut shoots of sativum on the rate of
photosynthetic carbon assimilation. S.E. < 1.3 for 0.3 mM and 1 mM NHa+ but 
S.B. < 15.6 for 10 mM.

Concentration (mM)
o Nitrate a Ammonia

14. Summary of the response of sativum shoot photooynthetic rate to 
3 and NH4 . Rate % change was derived from the slope of the linear best- 

it line of % change over time. Bars indicate S.E.
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Scrutiny of Fig. 14 indicates that the concentration range over 
which nitrate was effective in stimulating COg fixation was much 
broader than for tomato (Fig.9). Ammonia exhibited only a very 
transient enhancement before very rapidly becoming inhibitory.

9.1.2.3. Carbon dioxide compensation points

Compensation points were determined in order to ascertain whether 
the effect of inorganic nitrogen was related to net photosyn­
thetic CC>2 fixation or to photorespiration. Although compensa­
tion points are arguably not the best method of determining 
photorespiration they are easily determined. Initial compensation 
points were found to depend strongly on the pre-treatment of the 
plants (Fig. 15).

Fig. 15. Compensation points of sativum either N starved or released 
from starvation at various times prior to measurement as compared with nor­
mally N fed plants. Effect of anaerobic conditions on compensation points 
of normally N fed plants included to Illustrate the dependence GO? disas- 
similation on the presence of Og. Bars indicate S.E. where sufficient 
measurements were performed to calculate this statistic.
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Nitrogen starved plants were found to have significantly higher 
compensation points (69 ppm) than those of nitrogen fed plants 
(58 ppm), Supply of Long Ashton medium containing nitrogen 
resulted in higher compensation points at both 17 hours and 3 
hours after supply. After 3 hours the compensation points (100 
ppm) were greater than those determined after 17 hours (95 ppm).

Under low oxygen tension conditions "rmal nitrogen fed plants 
exhjMted very low compensation points (10 ppm). This appeared to 
be correlated to enhanced gross photosynthetic GOg assimilation 
act!/tty expressed both on the basis of leaf area and chlorophyll 
cc-"ysnt (Fig. 11). Low oxygen tensions do not imply strictly 
anaerobic conditions. The gasses used to mix the CO2 contained 
small quantifies of 0% and the use of a closed gas system would 
allow the accumulation of photosynthetically derived 0%. When an 
attc.npt was made 10 measure the accumulation of O2 in the closed 
gas system using a Hartmann and Braun paramagnetic O2 detector 
Lowevar, no significant changes (not attributable to the measured 
leak rate) were u^tcr.ted within a 4 hour period although the in­
strument was sensitive to changes in O2 concentration greater 
than 0.5% and the leak rate was 0.3 %.h_1. It may be possible 
that the photosynthetic evolution of oxygen was small enough to 
be obscured by this leakage of O2 into the gas system.

9.1.3. Limitation it the use of the l.R.G.A

One of the limitations of using intact shoots is that the supply 
of inorganic nitrogen to the shoot material is dependent on the 
shoot translocation system. This results in uncertain supply of 
the inorganic nitrogen to the photosynthetic tissues. In addition 
the removal of the rootL, can induce a trauma response (e.g. 
stomatal closure), although in all cases plants were allowed to 
equilibrate bafore experiments were conducted. A further limita­
tion is in the replication of experiments. Only limited replica­
tion was possible as a result of the lengthy nature of the 
measurement of photosynthesis. As a result, replication from 
plants of the same age and at the same time of day was 
impossible.
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#To overcome these limitations, leaf discs and protoplasts were 
utilized. Although both systems are subject to criticisms as a 
result of their isolation from the plant, they provide the advan­
tages of replicability, ease of manipulation and more rapid 
experimentation.

9.1.4. Stomstal Resistance

Removal of the roots from pee plants had an immediate effect on 
stomatal resistance. The- resistance increased dramatically im­
mediately after cutting and only recovered to levels similar to 
those prior to cutting after approximately 90 minutes 161.
The greatest increase occurred within the first: 3 minutes but
continued for up to 30 minutes after cutting whereafter the 
resistance values returned to approximately the values prior to 
cutting.

Fig. 16. The effect of excising the root from the pea plant on the stomatal 
resistance of the shoot. Bars indicate S.E.

<



Cut shoots allowed to equilibrate for 90 minutes after cutting 
were found to respond rapidly (<10 minutes) to transfer (without 
exposure of the cut surface to air) to bathing media containing 
various salts (NaCl, NaNOg, NH4CI). These responses could however 
only be measured at fairly high salt concentrations (10 - 20 mM). 
At concentrations lower than these the effects, if any, were lost 
in the variability of the data. To allow comparison of the 
curves, the data were normalized around the mean initial value. 
Sodium chloride was used as a control salt to determine whether 
the effects were the result of the addition of the salt or the 
nitrogen salt specifically. Both 10 and 20 mM NaCl {Fig. 17a and 
Fig. 18a) increased the stomatal resistance above that of the 
control (kept in distilled water). In relation to the water 
control, NO3- appeared to have no effect, but in comparison with 
NaCl (Fig. .17b and Fig. 18b) nitrate caused a decreased stomatal 
resistance for both concentrations. Ammonium supply resulted in 
increased stomatal resistance in comparison to the water control 
at both 10 and 20 mM ammonium (Fig. 17a and Fig. 18a). In com­
parison with the effect of NaCl, 10 mM NH4+ reduced stomatal 
resistance, but at the higher concentration, stomatal resistance 
was dramatically increased (Fig. 17b and Fig. 18b).

9.2. LEAF DISK PHOTOSYNTHETIC CARBON DIOXIDE ASSIMILATION

Initial experiments with leaf discs indicated that the capacity 
of the disks for photosynthetic CO% assimilation was fairly 
variable. It was then discovered that leaf disks taken from the 
same plant and opposite leaves exhibited very similar fixation 
capacities while leaf discs from other plants were quite
dissimilar. This held true for plants grown in the same tray 
right next to each other. To obtain some estimate of the degree 
of pairing the absolute difference between the dpm for each leaf 
pair was calculated and the standard deviation found. This was 
repeated fox a random assortment of the same dpm values and the 
standard deviation for the randomly associated leaf discs was 
found to be 4.32 times as large as for the paired leaf discs. For 
this reason substantial replication was required and six repli­
cates consisting of 3 leaf pairs were used for each treatment.
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Fig. 17. Stomata! resi.itance changes in response to the introduction of 10 
ndi concentrations of various salts into the bathing medium of cut shoots. 
NO3" supplied as NaNOg and KH4 as NH4CI. Control comprised of plants left 
in distilled water. Measurements performed 90 minutes after cutting, a) 
Data normalized around mean starting value, b) Normalized data with NaCl 
treatment assumed as a reference.
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Fig. 18. Stomatal resistance changes in response to the introduction of 20 
mM concentrations of various salts into the bathing medium of cut shoots. 
NO3" supplied as NaNOg and NH/,+ as NHzCl. Control comprised of plants left 
in distilled water. Measurements performed 90 minutes after cutting, a) 
Data normalized around mean starting value. b) Normalized data with NaCl 
treatment assumed as a reference .



Fig. 19. The influence of MQg* on sativum leaf disc photosynthetic ^*CC 
assimilation at various times after infiltration. Bars indicate S.E.

The standard deviation of the results did not exceed 15 % and the 
average standard deviation was 8.5 %.

The influence of nitrate on COg fixation was investigated and a 
concentration and time dependent effect established (Fig. 19). 
With time the rate of 14C02 assimilation declined, possibly as a 
result o® re-release of 14C02 from photorespiration. The leaf 
discs alio tended to desiccate partially (10% loss in weight) 
over the 30 minute period for which the experiment was run and 
this may have influenced the results. After 10 minutes incubation 
the leaf discs exposed to 0.2 mM nitrate had accumulated vsore 
14C02 than the control while higher concentrations exhibited a 
slightly repressive effect on assimilation. After 20 minutes in­
cubation the pattern was essentially similar to that of 10 
minutes while at 30 minutes 2 mM nitrate resulted It the greatest 
assimilation of -^COg. Thus it is evident that both the time at 
which sampling is done and the concentration of nitrate supplied 
have important ramifications for the effect of this inorganic 
nitrogen species on photosynthetic CO2 assimilation.



9.3. PROTOPLAST NITRATE. NITRITE AND AMMONIUM NET UPTAKE

The rates of net uptake of these various nitrogen ionic species 
were determined in order to gain some quantitative idea of the 
flux of the various ions into the cells. This was necessary to 
achieve some perspective on whether the ions were influencing me­
tabolism through their mere presence or whether the metabolism of 
the ions was more likely to be the cause of the various effects 
described. The argument may be advanced that the measurements 
performed detsrmin ' non-reduced N and not the net uptake of the 
various nitrogen forms. This possibility does exist, but this 
would necessitate the leakage of the cellular non-reduced N back 
into the external medium because, even after rapid centrifuga­
tion, a large proportion of the protoplasts, dependent on the 
initial intactness of the preparation, remained intact as deter­
mined by Evans Blue staining.

9.3.1. Ni:rate

The assays used for the determination of nitrate net uptake were 
insensitive to the small changes brought about by protoplast net 
uptake. The dark anaerobic assay yielded positive results for the 
utilization of nitrate under these conditions. Nitrite accumu­
lated significantly under these conditions in a concentration de­
pendent fashion. The curve (Fig. 20) followed the general pattern 
for a concentration dependent enzymatic reaction, but a 
Lineweaver-Burk plot of this data did not y i . -d the expected 
straight line and thus no K̂ , value could be calculated. The NR 
assay which is dependent on the presence of reduced methyl 
viologen yielded no nitrite accumulation. No colour developed in 
any of the samples. This may be the result of the further reduc­
tion of nitrite to NH4+ through the action of NiR reduced by the 
methyl viologen.



Fig. 20. Nitrate reductase production of NOg" 5n protoplasts under dark 
anaerobic conditions. Bars indicate S.E.

9.3.2. Nitrite

Net uptake of nitrite was monito, id over a 30 minute period in a 
concentration range 0.01 mM - 0.5 mM (Fig. 21). The rate of net 
uptake increased markedly over the range 0.01 mM - 0.2 mM but at 
higher concentrations there was little change. Over a 20 minute 
period the net uptake of nitrite tended to increase with increas­
ing concentration of nitrite up to 0.2 mM (Fig. 22). At higher 
concentrations (0.3 mM - 0.5 mM) the rate of net uptake appeared 
to decline when compared with the t 0.2 mM. For the net up­
take over 30 minutes no such <" :he higher concentrations
was evident. The rate of nt ;e was determined for the
various concentrations from the ni— v.e net uptake which had oc­
curred after 10 minutes (Fig. 23), for the purposes of determin­
ing the %  for net uptake of nitrite. The fact that the rate of



net uptake declined at higher concentrations had some important 
consequences for the value determined for the The Km was
determined using a best-fit Lineweaver-Burk plot. Considering all 
the data points the %  was found to be 0.2 mM but if the data 
points of 0.3 mM and 0.5 mM were excluded the was determined
to be 0.58 mM.

Fig. 21. The uptake of NO2' at dltfarent exoganoud concentrations of this 
ion over time.



Fig. 22. The concentretion dependence of NOj' uptake by protoplasts after 
different times of exposure to NO^".

Fig. 23. The kinetics of NOg" uptake after 10 minutes of exposure to NOj*. The 
Km determined from a Lineweaver-flurk plot of this data was 0.62 mM. Bars indi­
cate S.E.
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9.3.3. Ammonium

The net uptake of ammonium monitored w a r  a 30 minute time period 
showed a maximum net uptake when exposed to 0.5 mM ammonium. At 
concentrations higher than 0.5 mM the rate of net uptake of am­
monium was somewhat reduced (Fig, 24). At 2 mM there appeared to 
be art initial small net uptake of ammonium followed by an efflux 
from the cells. The net uptake appeared to be continuing after 30 
minutes although the rate of net uptake was reduced after 10 
minutes for all concentrations as can be seen from the smaller 
areas between the curves in Fig, 25 after longer time periods.

Initially the rate of net uptake of ammonium increased rapidly 
with concentration followed by a less rapid decline in net uptake 
(Pig. 26). The decline was smooth and almost linear with increas­
ing ammonium concentration and finally resulted in an efflux of 
the ammonium from the protoplasts. The net uptake rates taken 
from the 10 minute net uptake period were utilized to provide the 
data for the net uptake %  calculation. Because of the rapid fall 
off in net uptake at concentrations higher than 0.5 mM the net 
uptake was calculated from the data valuta for concentrations 
below 0.5 mM. The calculated from a best-fit Lineweaver-Burk 
plot was 0.039 mM.



Pig. 24. The uptake of NH,^ different exogenous concentration of this ion
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Fig. 25. The concentration dependence of NĤ *" uptake by protoplasts after 
different times of exposure to NH^*.



Fig. 26. The kinetics of NH4+ uptake after 10 minutes of exposure.
The Kg, determined from a Lineweaver-Burk plot of this data was 0.039 ieM if 
last three data points were neglected. Bars indicate S.E.

9.4. PROTOPLAST CARBON DIOXIDE ASSIMILATION

^*C02 assimilation by protoplasts was followed for 45 minutes in 
the light. The effect of the supply of a inorganic nitrogen was 
compared against the controls. No effects of NaCl (1 mM) as a 
control could be established. In these experiments each treatment 
was replicated three times,including the controls. The results 
are expressed as the percentage increase from the control of the 
best-fit linear slope to allow direct comparison of data sets ob­
tained in separate experiments utilizing separate protoplast 
preparations. The effects of nitrate, nitrite and ammonium were 
investigated.

Ill
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9.4.1. Nitrate

The pattern of response of 14C02 assimilation, measured at a light 
intensity of 600 viE.m"2 .s“^ to nitrate showed an initial stimula­
tion of fixation in the concentration range 0 mM - 0.7 mM (Fig. 
27a). This was followed at higher concentrations (0.7 mM - 5 mM) 
by a strong inhibition. The maximum stimulation (19 %) was
achieved at 0.16 mM nitrate while the maximal inhibition (23 %) 
was at the highest concentration examined (5 mM) although the in­
hibition increased most markedly between 0.7 mM and 1 mM.

At a low light intensity (200 i±E.m""2.s-l) the pattern of response 
was similar to that at 600 uE.m~2.g~l (pig. 27b and Fig 28). The
difference between the two curves was in the range over which the
responses occurred and the extent of the responses. The stimula­
tion occurred between 0 mM and 0.1 mM followed by a marked in­
hibition of assimilation. The stimulatory effect peaked at
a lower level of 6.5 %, although the inhibition was similar at 
the maximum concentration supplied (22 %). From Fig. 28 it ap­
pears that the stimulatory and inhibitory effects paralleled for 
both light intensities.

9.4.2. Nitrite

Nitrite was observed to have a negative effect on assimila­
tion through out the range of concentrations supplied (Fig. 30). 
The inhibition of 14C02 assimilation increased most markedly over 
the range 0 mM - 0.3 mM and thereafter decreased less rapidly 
with increasing nierite. (



CNIlrotf] (mM)

Fig. 27. Response of protoplast GO? assimilation to the supply of nitrate 
at a) high light intensity (600 nE.ra 2.s-1) b) low light intensity (200 
ME.m'^.s-1). Bars Indicate S,E,



Fig. 28. GoaparisQn of the response of protoplast 
supply of nitrate at high and low light intensities I 
”1). Bars indicate S.E.

milation to the 
jid 200 uE.m'^.s

Fig. 29. Raw data (low light intensity) showing the response of protoplast 
assimilatio.. to the supply of NOi" at various concentrations - Initial 

rates are taken as reference point (0%).
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9.4.3. Ammonium

Supply of ammonium had a very short-lived positive effect fol­
lowed by a very strong inhibition of 14C02 assimilation (Fig.
31). The stimulatory concentration was 0.033 mM resulting in a i

2.4 % increase in assimilation while all other concentrations 
were inhibitory. The maximum inhibition was 65 % which occurred 
at the maximum concentration supplied.

(NKrttt] (mU)
Fig. 30. Response of protoplast C02 assimilation to the supply of nitrite. 
Bars indicate S.E. where larger than symbols.

Fig. 31. Response of protoplast COg assimilation t 
Bars indicate S.E. where larger than symbols.

the supply of ammonium.



9.5. PROTOPLAST OXYGEN EVOLUTION

Responses of oxygen evolution by protoplasts incubated with 10 mM 
NaHCOg to various nitrogen salts and sodium phosphate were deter­
mined as the deviation from the initial rate of oxygen evolution 
after the addition of the salts. In order to assess the sig­
nificance of the changes a statistics test (two phase linear
regression analysis using SAS) was run to determine the sig­
nificance of the changes from the initial rates. All data shown
for the influence of the salts on oxygen evolution passed these 
tests at the p=0.05 level at least and in most cases the prob­
ability values were p«0.0001. As a control to determine whether 
there were any effects on oxygen evolution due to the addition of 
a salt to the buffer, the effect of adding NaCl was investigated. 
This was compared with the effects of nitrate and ammonia at the 
same concentration (Fig. 32). The slope of the line describing 
the effect of NaCl on 0% evolution is seen not to change, and 
indeed failed the significance test (p=0.27) while nitrate and 
ammonium had significant effects (p=0 .0001).

Nitrate, nitrite, ammonium and phosphate all had similar con­
centration dependent effects. The results obtained show a large
initial stimulation followed by a decline in the stimulatory ef­
fect with increasing concentration (Fig. 33 - Fig. 36).

9.5.1. Nitrate

Nitiate shows an optimal concentration for stimulation of 02 
evolution by 32% at 0.66 nM with a subsequent decrease in 
stimulation to zero at 3.16 mM at which point further increases 
in nitrate concentration led to inhibition of 0% evolution (Fig. 
33).

9.5.2. Nitrite

Nitrite had an optimal concentration of 0.66 mil but in contrast 
to the pattern exhibited by nitrate treated plants the decline in



Fig. 32. The responses of pea protoplasts O2 evolution capacity to the 
supply of 1,6 mM of three salts (NaCl, NaN03 and NH4SO4). The initial 
slopes are portrayed aa starting from -A minutes to 0 minutes when the 
various salts were added. The broken lines represent the null hypothesis 
i.e. no effect of the salts.

jNltmti] (mM)

Fig. 33. The influence of NO3" concentration on the evolution of 0% from 
protoplasts expressed as percent increase above the initial rate prior to 
the addition of NO3'. All values indicated passed a significance test at 
ihe p«0.05 level. Bars indicate S.E.
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stimulation to zero above the optimum concentration only occurred 
at 6.3 mM (Pig. 34). Thus the range of concentrations over which 
nitrite was stimulatory was much broader than that for nitrate.

9.5.3. Ammonium

The effect of ammonium was somewhat different to the previous two 
nitrogen salts in that the stimulatory effect was very much more 
transient (Fig. 35). The greatest stimulation (10 %) occurred at 
0.33 mM with a subsequent inhibition of up to 82 % at the 
highest concentration supplied (1.66 mM).

9.5.4. Phosphate

The pattern of response to phosphate (supplied as NagPO*) showed 
an optimum response at 0.86 mM with a subsequent decline in 
stimulation to zero at 2.4 mM becoming inhibitory at higher con­
centrations (Fig. 36).

9.5.5. Sodium bicarbonate

The effect of various concentrations of NaHgCO^ on Og protoplast 
evolution were also determined. In the experiments in which the 
effects of nitrate, nitrite, ammonium and phosphate were inves­
tigated the various concentrations of the t alts were added to a 
fresh preparation of protoplasts in each case. In the experiments 
performed to investigate the effects of bicarbonate, various con­
centrations of the various substances were added sequentially to 
the same preparation. This was done to reduce the variability be­
tween data and to allow the testing of combinations of various 
treatments. For this reason ’best-fit' linear regression was per­
formed on each portion of a curve corresponding to a treatment. 
The ’best-fit' lines were then plotted and the correlation coef­
ficients quoted with each line. The slopes of these lines were 
also plotted to allow ready assessment of the effects of the



various treatme.. -

Without the addit;,c’' of NaH2C03 net oxygen evolution did not 
occur, ot occurred at very low rates (0 - 3.9 nmoles.mg chV^.h 
-1) (Fig. 37a). The pre-treatment of the protoplasts was found to 
be significant in that protoplasts pre-incubated in the light did 
not evolve oxygen while those pre-incubated in the dark did. In 
the experiments investigating the effect of bicarbonate on Og 
evolution, the protoplasts were pre-incubated in the light to 
prevent the possibility of CO2 accumulation within the protoplast 
suspension.

On addition of low concentrations of bicarbonate the rate of 
oxygen evolution was dramatically increased (Fig. 37a). Bicar­
bonate continued to enhance O2 evolution up to a concentration of 
15 mM after which there was a decline in the enhancement with in­
creasing concentration although <>2 evolution still occurred at 
greater rates than those exhibited by CO2 depleted systems (Fig. 
37b and Fig. 37c).

[Wli] (n

Fig. 34. The influence of NO2" concentration on the evolution of O2 from 
protoplasts expressed as percent increase above the initial rate prior to 
the addition of NOg". All values indicated passed a significance test at 
the p-0.05 level. Bars indicate S.E.



various treatments.

Without the addition of Nai^COg net oxygen evolution did not 
occur, or occurred at very low rates (0 - 3.9 nmoles.mg chl“^.h 
"I) (Fig. 37a). The pre-treatment of the protoplasts was found to 
be significant in that protoplasts pre-incubated in the light did 
not evolve oxygen while those pre-incubated in the dark did. In 
the experiments investigating the effect of bicarbonate on ©2 
evolution, the protoplasts were pre-incubated in the light to 
prevent the possibility of CO2 accumulation within the protoplast 
suspension.

On addition of low concentrations of bicarbonate the rate of 
oxygen evolution was dramatically increased (Fig. 37a). Bicar­
bonate continued to enhance O2 evolution up to a concentration of 
15 mM after which there was a decline in the enhancement with in­
creasing concentration although ©2 evolution still occurred at 
greater rates than those exhibited by CO2 depleted systems (Fig. 
37b and Fig. 37c).

[NIWUJ (mM)

Fig. 34. The influence of NO2" conce. -ation on the evolution of Og from 
protoplasts expressed as percent increase above the initial rate prior to 
the addition of NOj”. All values indicated passed a significance test at 
the p-0.05 level. Bars indicate S.E.
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iig. 35. The influence of concentration on the evolution of 07 from 
protoplasts expressed as percent increase above the initial rate prior to 
the addition of . All values indicated passed a significance test at 
the p=0.05 level. Bars indicate S.E.

Tig. 36. The influence of PO^"1" concentration on the evolution of Og from 
protoplasts expressed as percent increase above the initial rate prior to 
the addition of P0^+ . All values indicated passed a significance test at 
the p™0.05 level. Insufficient replication was performed to allow calcula­
tion of S.E.
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Fig. 37. Changes in oxygen evolution in response to sequential addif'ons of 
NaHCOg. a) and b'' Concentration 0% in protoplast suspension, c) Rate Og 
evolution as influenced by additions.

120 a



9.5.5.1. Interaction between Nitrate and Sodium Bicarbonate

A combination of four different NaHCOg concentrations and various 
concentrations of NaNOg were investigated. Pre-incubation of ths 
protoplasts was performed in the dark to retain constancy with 
the experimental procedure used during the investigation of the 
effects of nitrate, nitrite, ammonium and phosphate on 0% evolu­
tion by protoplasts incubated in 10 mM NaHCOg. Concentrations of 
NOj- were selected to fall in ranges expected to stimulate and 
inhibit oxygen evolution.

Protoplasts not supplied with added NaHCOg evolved oxygen at sig­
nificant rates {14.8 pmoles Og.mg chl"^.h“^). The addition of 1 
mM NO]" resulted in no change or a very slight stimulation of Og 
evolution (Pig. 38) while addition of a further 4 mM NO3" 
resulted in a strong inhibition of O2 evolution. This effect was 
found to be reversible with the addition of 1 mb! NaHCOg which en­
hanced O2 evolution above the initial rate.

Protoplasts incubated in 1 mM N5HCO3 showed a small stimulation 
of oxygen evolution in the presence of 1 mM NO3” (12%) while ad­
dition of a further 3 mM NO3- decreased O2 evolution (Fig. 39) 
but not by as much as in the case of protoplasts not supplied 
with NaHC03 (Fig. 38). Again the addition of further bicarbonate 
was able to reverse the effects of high NO3- concentrations, but 
the level of O2 evolution was not enhanced above the initial rate 
in this case.

Protoplasts incubated with 5 mM NaHCOg showed a large stimulation 
(37%) in response to 1 mM NO3" (Fig. 40). Further addition of 3 
mM NO3' resulted in a maintenance of this enhancement effect 
(26%) as did a further 3 mM NO3- (10%) but at concentrations ex­
ceeding this (addition of a further 6 mM NO3"*) resulted in a sup­
pression of Oj evolution.
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Fig. 38. Changes in 'xygen evolution by protoplasts incubated without 
N&KCO3 in response to different concentrations of NO3'. a) O2 concentration 
in protoplasts suspension, b) Rate of O2 evolution as influenced by 
additions.
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Fig. 39. Changes in oxygM evolution by protoplasts incubated in 1 itit 
NaHCOg in response to different concentrations of NO3". a) Og concentration 
in protoplasts suspension, b) Rate of O2 evolution as influenced by additions.



Fig. 39. Changes in oxygen evolution by protoplasts incubated in 1 mM 
NaHCOg in response to different concentrations of NOg". a) 0^ concentration 
in protoplasts suspension, b) Rate of Og evolution as influenced by additions.



Fig. 40. Changes in oxygen evolution by protoplasts incubated in 5 mM 
NaHCOg in response to different concentrations of NO3*. a) Og concentration 
in protoplasts suspension, b) Rate of O2 evolution as influenced by 
additions.



9.5.5.2. Interaction between Ammonium and Sodium Bicarbonate

A combination of three different HaHCOg concentrations and 
various concentrations of NH4CI were investigated. Pre-incubation 
of the protoplasts was performed in the dark. Concentrations of 
NI$4+ were selected to fall in ranges expected to stimulate and 
inhibit oxygen evolution.

In the absence of NaHCOg the effects of ammonium could not be 
distinguished from the variability of the data and attempts to 
perform linear regression on this data resulted in small correla­
tion coefficients. In the presence of 1 mM NaHOOg, 1 mM NH4+ in­
creased O2 evolution significantly (42%) (Fig. 41). Further addi­
tion of NH4+ (3 mM) inhibited 02 evolution and this effect was 
not reversible with even very high concentrations of bicarbonate 
(10 mM).

Oxygen evolution by protoplasts incubated with 5 mM NaHCO^ was 
stimulated (27%) by addition of 1 mM NH4+ while higher concentra­
tions resulted in an inhibition of 02 evolution (Fig. 42). The 
stimulatory effect of 1 mM NH4* was reduced in comparison to that 
observed for protoplasts incubated in 1 mM NaHC02 (Fig. 41).

Oxygen evolution by protoplasts incubated with 10 mM NaHCOg was 
stimulated (6%) by addition of 1 mM NH4+ while higher concentra­
tions resulted in an inhibition of 02 evolution (tig. 43). The 
stimulatory effect of 1 mM ltH4+ was reduced in comparison to that 
observed for protoplasts incubated in 5 mM NaHCOg (Fig. 42).



Fig. 41. Changes in oxygen evolution by protoplasts incubated in 1 mM 
NaBCOg in response to different concentrations of NH4 . a) 0% concentration 
in protoplests suspension, b) Rate of Og evolution as influenced by 
additions.
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Fig. 42. Changes in oxygen evolution by protoplasts incubated in 5 mM 
NaHCOg in response to different concentrations of NH^+ . a) Og concentration 
in protoplasts suspension, b) Bate of 0% evolution as influenced by 
additions.



Fig. 43. Changes in oxygen evolution by protoplasts incubated in 10 mM 
NaHCO] in response to different concentrations of NH^. a) Og concentration 
in protoplasts suspension, b) Rate of 0% evolution as influenced by 
additions.



9.5.5.3. The effects of respiratory inhibitors

The effects of monofluroacetic acid (MFA) in combination with KCN 
and various concentrations of NO3- were investigated. The 
protoplasts were pre-incubated in the dark. The MPA was either 
injected into the incubation medium during the assay or the 
protoplasts were pre-incubated in 1 mM MFA for 1 hour prior to 
the assay. MFA {Sigma} was used as an inhibitor of respiration. 
This substance substitutes for acetate in the TCA cycle and may 
thus inhibit respiration at least partially (Elrifi and Turpin, 
1996).

In the presence of 10 mM NaHCOg, 1 mM MFA enhanced 0% evolution
(49%) and further additions of MFA up to a final concentration of 
10 mM did little to alter this stimulation {Fig. 44). KCN (about 
0.003g.ml“l) caused an immediate cessation of 0% evolution and 
rapid 02 consumption. In the dark this rate of 0% consumption was 
considerably reduced (68%) while return to light conditions 
resulted in a slight increase in the rate of O2 consumption.

Cells pre-incubated in 1 mM MFA without added NaHCOg appeared to 
evolve O2 at a low rate (1 ymole Og-.mg chl"1.h"i ) (Fig. 45a) 
while protoplasts not pre-incubated in MFA exhibited no net 0% 
evolution (Fig. 45b). In both cases 1 mM N&HCO3 resulted in a 
stimulation of 0% evolution. Nitrate (1 mM) also stimulated 0% 
evolution in both cases. Additional 3 mM NO3” decreased O2 evolu­
tion (10%) by the MFA treated cells but less than shown pre­
viously for non-MFA treated cells (Fig. 39). A comparison of the 
MFA pre-incubated cells and those not pre-incubated in MFA (Fig. 
45c) indicates that MFA pre-incubation dramatically increased 0% 
evolution and that the responses of cells incubated in MFA were 
greater (19%) than those of normal cells (10% - 11%).

Cells pre-incubated in MFA and incubated with 10 mM NaHCOg showed 
enhanced O2 evolution with 1 mM NO3" but a further 3 mM NO3" 
decreased O2 evolution (Fig. 46).
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Fig. 44. Changes in oxygen evolution by protoplasts incubated in 10 mM 
NaRCO] in response to different concentrations of MFA and KCN. a) O2 con­
centration in protoplasts suspension, b) Rate of 0% evolution as influenced 
by additions.
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Fig. 45. Changes in oxygen evolutic 
ferent concentrations of NaHCOg 
protoplasts suspension incubated in 
protoplasts suspension not incubated

n by protoplasts in response to dif- 
and NO3". a) O2 concentration in
1 mM KFA. b) O2 concentration in 
in MTA.
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Fig. 45 (cent.) c) i) Rate of O2 evolution by protoplasts incubated in 1 
mH MPA as influenced by additions 11) Rate of 0% evolution by protoplasts 
not Incubated in MFA as influenced by additions.

Fig. 46. Changes in oxygen evolution by protoplasts incubated in 1 rM MFA 
and 10 mM NaHCOj in response to different concentrations of NO3 . a) 0% 
concentration in protoplasts suspension.



Fig. 46 . (conO b) Rate of 02 evolution as influenced by additions.

9.6. THE EFFECT OF NITRATE OH PROTOPLAST ATP LEVELS

The response of ATP levels in the protoplasts was examined at 
levels of NOg" chosen to represent the concentrations found to be 
inhibitory and stimulatory on COg fixation. The changes in the 
levels of ATP are expressed as a percentage change from the con­
trol levels and the results graphed in Fig. 47 are the means of 3 
determinations. Initially the levels of ATP were depressed at 
both concentrations, but the low NO3** treatment (0.17 tnM) 
rec" • »d rapidly and the ATP levels rose above the initial 
lev*. rtt the higher concentration (1 mM) the levels did recover 
to some extent, but did not exceed the starting levels.
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Fig. 47. Response of ATP levels in protoplasts to the supply of NO3* at two 
concentrations. Low concentration (0.17 mM) selected for its stimulatory 
effect while 1 mM exhibited and inhibitory effect on COg evolution. Per­
centage change calculated as deviation from the control.
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DISCUSSION

10.1. SHOOT PHOTOSYNTHETIC CARBON ASSIMILATION

The long term effects of N03" on photosynthesis may be at­
tributable to a large number of phenomena (Hunt et al., 
1985a,-biC). The main possibilities are listed below.

a) N nutrition may cause an increase in general protein syn­
thesis and thus result in generally increased metabolic ac-

b) The activity of the photosynthetically linked enzymes may 
be altered.
c) The activity of the photorespiratory enzymes and of the 
photorespiratory pathway may be affected.
d) Respiratory metabolism may be moderated.
e) Uptake, translocation and transport of inorganic N may 
place additional demands on carbon metabolism resulting in a 
greater demand for photosynthate.
f) The reduction and carbon requirements for NOg" and NOg" 
reduction and NH4* assimilation may also form a sink for 
photosynthate or compete with this process.
g) Inorganic nitrogen may have effects on the transport and 
metabolism of other ions and compounds not related to the 
reduction requirements of the inorganic nitrogen ions per 
se.
f) Stomatal conductance may be influenced.

An increase in the the levels RuBPc and glyceraldehyde phosphate 
dehydrogenase in response to nitrogen has been reported (Avdreeva 
and Andreeva, 1973) but whether the reported increases in the ac-



ttivity of these enzymes is specific or related to a general
elevation of protein synthesis is questionable. Th'- activities of 
RuBPo (Tew et al., 1974? Cresswell et al-. ''ill), glycolate
oxidase, catalase (Fair et al., 1974), RuBPc aud PEPc (Tew, 1976) 
have however been reported to increase with nitrate and ammonium 
nutrition in several species of grass, Thus one would expect 
photorespiratory activity to increase (Cresswell et al., 1977)
which would result in a decrease in net photosynthetic activity 
(Tew, 1976). Two possibilities for the effect of inorganic 
nitrogen on enzyme activities exist. Either the nitrogen may
regulate the level of the enzymes or the nitrogen may affect the
activity of the enzyme directly. The latter alternative has been 
favoured for the changes in ratio between RuBPc/RuBPo but. no 
kinetic evidence exists for such mechanisms. Low compensation 
points in N fed barley have recently been attributed to altera­
tion in mitochondrial activity (Marek and Frank, 1984) and thus 
respiratory decreases may mediate increased net photosynthetic 
rates. Uptake of inorganic nitrogen has been reported to be ac­
tive for some of the ionic forms (See Section 7.1.2.). Transloca­
tion is likely to involve xylem conduction from the root to the 
shoot. Transport across cellular membranes may be passive (NOg") 
or involve some form of transport system. The importance of 
reductant and carbon provision will be discussed elsewhere.

10.1.1. Lvcoperslcon esculentum

10.1.1.1. Pre-treatment effects

Associated with chlorosis and stunted shoots of plants starved of 
nitrogen was a low net photosynthetic rate in comparison to 
plants grown with the normal quantity of nitrogen in the form of 
NO3" (14.8 raM). Supply of N nutrition (as NO3” in Long Ashton 
medium) elevated the photosynthetic rate regardless of how long 
the supply occurred before the photosynthetic rate was determined 
(Fig. 6 ). Considering that the growth medium was flushed daily 
with distilled water, this may imply that after initial exposure 
to K nutrition, the effect of that nutrition was retained for



The effects of inorganic nitrogen on net photosynthetic carbon 
assimilation through uptake, translocation, transport, reduction 
and effects on other ions ara undoubtedly a possibility and there 
is evidence for all these effects in the literature, over the 
time periods for which the results under discussion were
obtained, there is no way of eliminating any of these effects. It
is likely that the response of the net photosynthetic CO2 as­
similation is a result of a combination of many factors.

It is however noteworthy that the response to N nutrition was 
relatively small within a few hours of application with greater 
responses a number of days after application to nitrogen starved 
plants. Thus it appears that the effects were slow in becoming 
manifest and some synthetic mechanism is likely to be important. 
The transition from N free medium to N supply may initiate
general protein synthesis and facilitate the use of stored car­
bohydrates for provision of reductant and carbon skeletons for 
nitrate reduction to amino acids. The time between supply and 
maximal photosynthesis may thus represent the time taken for the 
plant to recover from the N limited condition. That the plants 
released frora N limited conditions exhibited greater photosyn­
thetic rates than those plants regularly supplied with N may in­
dicate the greater demands for photosynthate resulting from such 
a recovery. The slightly lower photosynthetic rate 4 days after 
supply in comparison to the rate 3 days after supply may result 
from a re-initiation of the N limited condition, or the depletion 
of substrate and plant reserves of inorganic N which may be im­
portant for the maintenance of maximal photosynthesis. An alter­
native possibility is that either respiration or photorespiration 
was stimulated at this point but there is no likely explanation 
as to why this should have occurred after such a long delay.

The short term effects of NO3" on net photosynthetic CO2 as­
similation (Fig. 7) of tomatoes was characterized by the largest 
response occurring in plants fed NO3- 1.6 days prior to 
measurement. This may result from the system being most fully in­
duced for metabolism of NO3" at this stage. Although induction of



NR is known tc occur in maize within a few hours of supply, full 
induction may only be achieved after 8 hours or more (Gray, 
1984). The transition from a N starved situation to one of suffi­
cient N may be a longer term response involving induction of the 
photosynthetic systems. Normal N fed plants exhibited an inter­
mediate response. Plants most recently supplied with NOj" (0.4 
days) exhibited only a transient response to the ions. This 
response occurred over a short time interval and may be related 
to the uptake, transport, translocation or reduction requirements 
of the ions. These plants were probably saturated with NOg" at 
the time of measurement and thus were relatively insensitive to 
further additions. The lack of a significant lag phase in this 
and other experiments suggests that translocation of the ions to 
the leaf tjssue was very rapid and that the effects of the NO3" 
were not related to a general elevation of protein synthesis.

10.1.1.2. The influence of nitrate and ammonium

In plants adequately supplied with N nutrition the short term 
response of net photosynthetic CO2 assimilation to NO3” was con­
centration dependent (Fig. 8 ). The low concentration stimulation 
of net photosynthetic CO2 assimilation and a high concentration 
dependent inhibition was a characteristic pattern found 
throughout this investigation. The response of net C02 fixation 
showed a maximum stimulation when shoots were introduced into a 
0.2 mM NO3" bathing medium (Fig. 9). The mechanism of these ef­
fects may be related to any one of, or subset of, the pos­
sibilities listed above. Considering the extremely short lag be­
tween supply and response, it is unlikely that synthesis was 
required for the response. Because uptake was through a cut sur­
face the possibility of uptake effects is eliminated. The remain­
ing alternatives are that N03- transport into the cell or vacuole 
places indirect demands on the photosynthetic system or that the 
cytoplasmic reduction requirements of this ion, or its products, 
in some way enhances C02 assimilation.

Ammonium stimulation of net photosynthetic C02 assimilation (Fig. 
10) may be attributable to possible direct effects of the ion on



enzyme activity. Ammonium stimulation of photorespiration in the 
long term has been reported by other workers (Tew, 1976). Ex­
ogenous NH4+ is normally assimilated in the root and translocated 
to the shoot as amino acids (Lewis and Chadwick, 1963), although 
there is extensive release and reassimilation of NH3 through the 
photorespiratory nitrogen cycle. Blockage of photorespiratory 
nitrogen reassimilation (with MSO) in Themeda trlandra resulted 
in an inhibition of net photosynthetic COg assimilation (Amory 
and Cresswell, 1986). This decrease was correlated to an in­
creased CO2 compensation point which was ascribed to the opera­
tion of an alternative photorespiratory pathway involving 
formate. In this study the effects of ammonium on cog compensa­
tion points were not examined, but the results of Amory and 
Cresswell (1986) indicate that photosynthetic activity would 
have to increase against increased photorespiratory C02 release. 
In the experimental system employed here the root was absent and 
thus translocation and transport of NHj"1- could place demands on 
the Calvin cycle for provision of carbon. Metabolism of ammonium 
requires carbon skeletons for the formation of amino acids. The 
amino acid products of ammonium assimilation may have require­
ments for transport, translocation and further metabolism which 
may depend on carbon metabolism for energy provision.

10.1.2. Pisum sativum

10.1.2.1. Pre-treatment effects

Starvation of Pisum sativum had totally different consequences to 
similar treatment of Lvcoperslcon esculentum. The lack of visible 
signs of N starvation, apart from very slight chlorosis, in young 
plants was correlated with a lack of a significant difference in 
net photosynthetic assimilation rates between N fed and starved 
plants (Fig. 11). This difference between the responses of the 
two species is probably due to the difference in the size of the 
seeds. The large P^ sativum seeds were observed to be sufficient 
to maintain vigorous growth in albino mutants for up to 14 days. 
No nodulation was evident on the roots of P^ sativum and thus N2_



fixation is unlikely to be a factor. In addition the growth rates 
of the peas were more rapid and these plants were used at a 
younger age than the tomatoes. Thus the effects of N starvation 
were not as severe in the case of the former. Another factor re­
lated to species was the magnitude of the photosynthetic rates. 
From comparison of the data for tomato and pea net photosynthetic 
rates it appears that the former functions more efficiently in 
net photosynthetic COg assimilation (13.2 mg.dm-2 .h-1 versus 5.2 
mg.dm*‘2 .h~1).

The stimulatory effect of N nutrition 3 hours prior to determina­
tion of the photosynthetic rates may once again be attributed to 
a nvimber of factors. The lack of a significant difference between 
N starved and N fed plants implies that the photosynthetic 
system, and probably other metabolic systems, in the starved 
plants were as active as those of the N starved plants and thus 
induction of a synthetic phase for recovery from starvation was 
not required. In addition the lack of significant change in 
plants supplied 17 hours prior to photosynthetic rate determina­
tion indicates that any change which N nutrition may have brought 
about in general anabolism was minimal. Thus the remaining pos­
sibilities include the effects of inorganic N (direct and 
indirect) on enzyme levels/activities, uptake, translocation, 
transport and reduction.

The reference against which photosynthetic rates were determined 
was found to be of some significance. The above results are
expressed on the basis of leaf area. If the results are expressed
on the basis of chlorophyll concentration a somewhat different 
picture emerges. The distinctions between these two expressions 
results from the differential effects of N nutrition on leaf area
and chlorophyll content. In peas N starvation did not appear to
alter the photosynthetic rates per leaf area which means that 
plant photosynthetic capacity was linear with leaf area. However 
chlorophyll content was altered through N starvation and the 
plants appeared slightly chlorotio. Photosynthetic capacity is 
however not linearly correlated with chlorophyll content and thus 
an increase in chlorophyll content (N fed plants) results in a 
decrease in photosynthetic rate when expressed on the basis of
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chlorophyll. Changes in chlorophyll conLant are also more likely 
to occur more rapidly than leaf expansion and thus the stimula­
tion of photosynthesis within 3 hours of N nutrition was more 
significant when expressed on the basis of leaf area than 
chlorophyll content. This would suggest that the chlorophyll was 
sufficient even in chlorotic plants to maintain COg fixation un­
less any increase in photosynthetic activity, with increased 
chlorophyll content, was correlated with increased 
photorespiratory activity.

W h e n c e ,  of .nitrate .and „afmqni'4m

A similar effect to that in tomato was observed in response to 
the short term provision of NO3" to N fed plants (Fig. 12). Low 
concentrations of NO3" stimulated net photosynthetic assimilation 
(Pig. 14). The stimulation observed in pea was considerably smal­
ler tnan that of tomato and the concentration range over which a 
positive effect was observed was much wider. This, coupled with 
lower photosynthetic rates, may imply that the pea photosynthetic 
system was functioning closer to its maximum limit. Nitrate can 
only increase, the photosynthetic rate up to some maximum limit; a 
limit which may be determined by factors unrelated to the effects 
of NO3" supply. The short lag phase prior to stimulation of net 
CO2 fixation may be attributable to the time required for trans- 
location to the leaf tissue. This short lag suggests that syn­
thesis of proteins was npt important for this response. That the 
effect of NO3" became inhibitory at higher concentrations makes 
it unlikely that this ion would play a direct role in the modula­
tion of photosynthetic enzyme activity. This leaves the pos­
sibility that the ic..d influence was exerted througi. transport, 
photorespiratory, respiratory or reduction mechanisms described 
previously.

Supply of NH4+ also resulted in a concentration dependent effect 
in pea (Fig. 13). The effects of NH4+ may be related to direct 
effects on enzyme levels/activities although the considerations _
described above for HO3" apply equally here. The absence of 
requirements for uptake and translocation of was dis ussed
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previously. The reduction of in the leaf is known to be
chloroplastic light reaction dependent (Atkins and Canvin, 1975; 
Anderson and Walker, 1983) and thus is unlikely to affect
photosynthetic 03% fixation directly. The assimilation of KE4+ 
into iimino acids does however require carbon skeletons which may 
be provided directly or indirectly from the Calvin cycle and may 
thus moderate assimilation. Thus, if the light reaction has 
the capacity v_ supply sufficient reducing equivalents for the 
assimilation of both C02 and NH4"1", then the NH4"1" may enhance COj 
assimilation. If the concentration of ammonium is increased the 
withdrawal of red': g potential and ATP from the light reaction
may become ccmpeti, 3 with COg assimilation. Another possibility
is that at higher concentrations, NH4+ uncouples photophos­
phorylation and/or inhibits the functioning of the light reaction 
(Izawa, 1977) which would result in diminished COg assimilation. 
This may explain the concentration dependent effects of on
CC>2 assimilation (Fig. 14) although the role of photorespiration 
in NH4+ assimilation and COj metabolism cannot 1 ignored.

10.1.2.3. Carbon dioxide compensation points

The interpretation of compensation point data is complex as a 
result of the interaction of photosynthesis, photorespiration and 
respiration influencing tie magnitude of this parameter. Compen­
sation points represent the CO2 concentration at which photosyn­
thetic assimilation balances photorespiratory and respiratory 
disassimilation at a given light intensity. The compensation 
point is in any care an underestimation of COj disassimilation as 
a consequence of the possibility of photosynthetic reassimilation 
of CQg. Because the balance point occurs at a relatively low 00% 
concentration (0-100 ppm), the rates at which these processes oc­
cur is unlikely to reflect their true rates under normal condi­
tions because respiration is likely to be favoured by a steeper 
gradient of CO2 while t .ictosynthesis will be reduced for the same 
reason. The ratio of CO2/O2 would also be increased and thus 
photorespiration would be stimulated. Any modification of the



comj tsnsation point may be attributed to a change in any one of 
the participating factors. Considering that we have information 
about the response of net photosynthesis to various treatments it 
is possible to obtain at least an estimate of the activity of 
photorespiration, although net photosynthesis is itself modified 
by disassimaltory activity, it was previously believed that 
respiratory CO2 evolution was only a small component of the CO2 
evolved by the combination of photorespiration and respiration. 
This be true to some extent although work by Marek and Frank
(1 cates that respiration may be an important component

•, . . isation point,

■•..-svitfc obtav-id in this investigation indicate that N deficiency 
.-'.suited ii" an increase of compensation point (Fig. 15). This is 
in agreement w . .h the results of Frank and Marek (1983) who found 
a similar tren'J n barley. In contrast the compensation points 
werre elevated .'-3 hours after N nutrition. This elevation in 
compensation point was associated with a small increase in 
photosynthetic capacity. Thus the gross photosynthetic capacity 
must have changed more than suggested by net photosynthesis.

Due to tho complexities of this system it is difficult to specu­
late on the possible mechanism of these effects. It is possible 
that the elevation o£ compensation point in plants transferred to 
N nutrition from N limited conditions was the result of NO3™ 
reduction utilizing reducing potential derived from the metabo­
lism of glycolate to glyoxylate as suggested by Lips (1971). Al­
though an elevation of tie compensation points occurred with N 
nutrition of tha intact plants, no such elevation was evident in 
cut shoots supplied with K33~ over the period of an hour. This 
would seem to negate th<n proposal that the effect was as a result 
of the requirements resulting from nitrate reduction. In changing 
from a N limited condition amino acids may become available 
facilitating photorespiratory activity, or transition to N suffi­
cient conditions may place demand on respiration for anabolic 
processes.

The lower compensation point of N fed plants in comparison with N 
starved plants is associated with very little change (on basis of



leaf area) or even a decrease (on basis of chlorophyll) in 
photosynthetic capacity. Thus the change in compensation point is 
likely to reflect disassimaltory processes.

Anaerobiosis has often been reported to inhibit photorespiratory 
activity (ogren, 1584). In those experiments anaerobic conditions 
(CO2+N2 ) resulted in marked reduction of disassimilation of CO2 
in normal N fed plants. Under such conditions oxygen is unavail­
able for the formation of glycolate during photorespiration 
(Ogren, 1984) and mitochondrial oxidation is inhibited. The 
residual disassimaltory CO2 release may be due to anaerobic 
respiration or a result of photosynthetic net oxygen evolution 
causing partial relief from anaerobiosis.

Under anaerobic conditions the photosynthetic rate was sig­
nificantly increased (Fig. 11a and Fig. 11b) indicating that 
photorespiration and respiration play a major role in determining 
net photosynthetic assimilation. This simplistic interpretation 
is open to question because anaerobiosis may stimulate photosyn- 
thetic CO2 fixation in a number of ways apart from eliminating 
competition between O2 and CO2 for RuBPc/o. The anaerobic release 
of glycolytic control,mediated through the Pasteur effect,has as 
a consequence,incrsased metabolism of glucose under anaerobic 
conditions as a result of anaerobic metabolism. This would 
require the provision of increased amounts of photosynthate to 
the cytoplasm and thus a possible further enhancement of CO2 
assimilation. Anaerobic conditions may also reduce the magnitude 
of the Mehler reaction (pseudooyclic electron transport), which 
occurs under physiological conditions in higher plants (Gimmler, 
197T), and which results in chloroplastic oxygen reduction to 
h2°2 thus releasing further reductant for CO2 assimilation. Thus 
any changes in net pnotosynthetio activity should be viewed in 
the light of these possibilities. The mechanism through which M 
nutrition moderates photorespiration and/or respiration is not 
known although photorespiratory NH3 cycling may play an important 
role (Ogren, 1984).



The possibility that some of the effects of inorganic nitrogen on 
photosynthetic carbon assimilation were the result of changes in 
stomatal resistance was investigated. The importance of stomatal 
resistance in determining photosynthetic rate was discussed by 
Farquhar and Sharkey (1982). Based on a model presented by these 
authors stomatal resistance only affects COj assimilation at high 
resistances. Stomatal resistance has been shown to change diur- 
nally keeping the ratio (6A/SB) (A - assimilation rate, E - 
transpiration rate) constant at seme optimal value (Hall and 
Schulze, 1980). Farquhar and Sharkey (1982) reported that phos­
phate in the transpirational stream promotes stomatal closure.

After removal of the roots from peas the stomatal resistance in­
creased markedly (Fig. 16). This may be the result of a shock 
response by the plant as a result of the release of negotive 
pressure in the xylem. When leaves of commellna communis were ex­
cised (in air) from a well watered plant there was a transient 
increase in stomatal resistance (lasting 20 seconds) followed by 
a decrease in stomatal resistance over the next 100 seconds in 
turn followed by an increase in stomatal resistance (Martin et 
al., 1983a). These authors explain the transient increase as
being the result of the release of tension in the continuous 
water columns of the xylem which ' "lults in the flooding of water 
into the mesophyll and epidermis so that the cells surrounding 
the guard cells have a temporary turgor advantage over the guard 
cells. This results in the closure of the guard cells. The sub­
sequent changes in resistance in leaves excised in air is the 
result the guard cells equilibrating with the mesophyll and of 
the onset of water stress. The increase in stomatal resistance as 
a result of excision of the shoot under water found in this in­
vestigation may be analogous to the transient increase described 
by Martin et al. (1983a). This increase may have been prolonged 
as a result of cutting the shoots under water, thus preventing 
the onset of water stress. That the stomatal resistance recovered 
to xearly pre-cut levels over time indicates that transfer to 
d V . U l e d  water did not affect this part of the physiology



extensively. The changes in stomatal resistance as a result of 
cutting would not havu affected the results obtained for net 
photosynthetic COj assimilation significantly because the plants 
were allowed to stabilize prior to introduction of ions into the 
bathing medium. These results do however explain why the 
photosynthetic rates took so long (1-2 hours) to stabilize.

Transfer of cut shoots into bathing media containing NO3" or NH4+ 
resulted in large concentration dependent effects (Fig. 17 and 
Fig. 18). Both 10 mM and 20 mM NaCl caused an increase in stoma­
tal resistance. This may have been due to the effect of the salt 
on . the water potential of the leaves, which has important con­
sequences for stomatal apertures (Farguhar and Sharkey, 1982). In 
relation to the water control, 10 mM and 20 mM NO3" appeared to 
decrease stomatal resistance very slightly. In relation to the 
effect of similar concentrations of NaCl, NO3" decreased stomatal 
resistance. Ammonium increased stomatal resistance at both 10 mM 
and 20 mM concentrations above the level exhibited by the water 
control. At 10 mM NH4+ had less effect on stomatal resistance 
than NaCl while at the higher concentration (20 mM) caused 1.
huge increase in stomatal resistance.

Thus it may be concluded that both NO3" and NH4+ had some effect 
on stomatal resistance but that this was not the result of a 
'salt' effect and that these effects were specific for the dif­
ferent ions. Similar results have been reported for Amaranthus 
oowelii where stomatal resistance was reported to be negatively 
correlated with supply of NO3*' up to 45 mM (Hunt et al., 1985c).
These authors found that stomatal resistance and photosynthetic 
carbon assimilation rates were negatively correlated and specu­
lated that both these physiological parameters are controlled by 
leaf nitrogen concentration or some factor correlated with leaf 
nitrogen. Farguhar and Sharkey (1982) report that stomatal resis­
tance is positively dependent on pC02. Thus increased photosyn­
thetic rates which may result in decreased pCC>2 within the leaf 
or in the boundary layer may regulate stomatal aperture. This may 
thus result in stomatal resistance being partially controlled by 
photosynthetic rate.



The effects of NO3" and HH4+ on the stomatal resistance has im­
portant consequences for the interpretation of the results of 
photosynthetic carbon assimilation by intact plants. These ef­
fects of NO3- and NH4+ on stomatal resistance however were only 
observed at extremely high concentrations of the various salts. 
The lack of any evidence for such effects at lower concentrations 
may be due to the insensitivity of the technique usod to the 
changes in stomatal resistance. It may be true that the photosyn­
thetic measurements were more sensitive to stomatal resistance. 
The NO3" stimulation of photosynthetic activity may be partially 
attributable to decreased stomatal resistance although the 
changes in stomatal resistance with respect to the water control 
were not significant. The large inhibitory effects of NH4+ on 
photosynthetic carbon assimilation could however very well be at­
tributed to changes in stomatal resistance.

Leaf disk net COg assimilation was found to be influenced by the 
concentration and the time of 1*03" infiltration. The rate of net 
14CC>2 fixation by pea leaf disks declined with time for all 
treatments (Fig. 19). The disks were observed to dehydrate over 
time (10% loss in fresh mass over 30 minutes) and this may have 
led to a decline in photosynthetic activity. Ten minutes after 
infiltration of NO3" into the leaf disks the photosynthetic rate 
of disks treated with 2 mM NO3" exhibited greater net COg as­
similation than the controls and disks treated with more con­
centrated NO3" which caused some inhibitory effects. Similar 
results were observed for leaf disks after 20 minutes while after 
30 minutes no inhibitory effects were noticed. Bxpresse-4 
differently; the time dependent reduction of net COg assimilation 
was smaller in the treatments in which 0.5 mM and 2 mM NO3" were 
used than in the controls or the 0.2 mM treatment.

These results may be interpreted to mean that 0.2 mM NO3" has the 
greatest stimulatory effect on photosynthesis and that low con­
centrations of infiltrated NO3" are rapidly utilised and leaf
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levels are depleted within 30 minutes. Thus nitrate at relatively 
high concentrations may partially reverse the time dependent 
decline of photosynthesis (see Fig. 19 control) although these 
high concentrations were initially weakly inhibitory on net co2 
fixation. The forced entry of nitrate into the cells by vacuum 
infiltration prior to the labeling period means that any 
responses o£ the leaf disks are not due to uptake mechanisms into 
the leaf cells. The possibility of direct effects on the 
photosynthetic enzymes cannot be excluded. The time and con­
centration dependent effects of the N0 3“ correlate well with the 
hypothesis (discussed later) that the effects of N0 3“ on the 
photosynthetic rates are a consequence of its reduction 
requirements.

10.4. PROTOPLAST NITRATE. NITRITE AND AMMONIUM NET UPTAKE

If the metabolism of NO3'*, NOg" and NH4"1" is to be attributed ef­
fects on photosynthetic 0% and CO2 metabolism, it is pertinent to 
measure the rates at which these ions are utilised. If the ions 
are not metabolised to a significant extent the effects of the 
reduction requirements on photosynthesis are also likely to be 

a insignificant.

j
10.4.1. Nitrate

j No net uptake could be measured for NO3'* by protoplasts in vivo
:j probably due to a lack of sensitivity of the methods employed,
■i considering that the explanation of much of the experimental data
! is dependent on the presence of an active NR it was important to
1 demonstrate the presence of this enzyme. Measurement of the ac-
J cumulation of NO2" under dark anaerobic conditions allows the
| possibility of assessing the activity of this enzyme even al­

though it does not provide any direct evidence for its function- 
uncer normal physiological conditions. Increases in NR ac- 

w4.vity were observed even up to quite high concentrations of NO]" 
(10 mM) and thus it is possible to have reasonable confidence 
that the enzyme is active in the protoplast preparations,
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10.4.2. Nitrite

Nitrite net uptake was found to occur at high rates within 
protoplasts. The method used for determination of NO2" net uptake 
involved the incubation of intact protoplasts in NOj” containing 
medium prior to the breakage of the protoplasts and the deter­
mination of NO2" loss from the whole system. Thus NOj” had to be 
taken up into the protoplast prior to reduction within the 
chloroplast. Uptake of NO2™ has been reported to occur across the 
plasmalemma and the chloroplast envelope (Kaiser and Heber, 1983) 
although the latter membrane system was considerah1y more perme­
able to the ions (200 fold). ' *■ has also been reported that NO2-
is taken up predominantly protonated form (Kaiser and
Heber, 1983). Pro'ionati occurs chemically in a pH de­
pendent fashion with an equ.*™. um lying to the left of the 
reaction (N02' + H+ -— > HN02).

Whatever the effects of NOg"" on photosynthetic net 0% evolution 
or net CO2 fixation, the net uptake/reduction of NOg" occurred at 
high rates (1.1 umoles.mg chl-^-.h-^). The rate of NO2" net up­
take was concentration dependent and increased rapidly between 0 
and 0.2 mM NOj" (Fig. 21 and Pig. 22). At concentrations greater 
than 0.2 mM the rate of nat uptake was reduced. The pattern of 
NO2" net uptake in response to NOg" is reminiscent of enzymatic 
kinetics* Considering the absence of any evidence for active up­
take of N02“ across either the plasmalemma or the chloroplast 
envelope, it is likely chat the influx of NQj” into the cell is 
reduction related. It may be speculated that the decline in net 
uptake rate at high concentrations may be due to the accumulation 
of the reduction products of NO2" in the chloroplast.

10.4.3. Ammonium

Efflux of ammonium from cells treated with extremely high con­
centrations of NH44, occurred within 8 minutes of initiation of 
NH4+ supply (Fig. 24). At lower concentrations the net uptake



continued over time although a decrease in the rate of net uptake 
was observed after 20 minutes at 1.5 mM NH4+ . This decrease must 
have been associated with an efflux of previously accumulated 
NH4"1". The efflux of NH4+ may have resulted from an over loading 
of cellular pools and a breakdown in the ability of the membranes 
to retain absorbed ammonium or an active excretion of MH4+ .

The net uptake of NH4+ showed a response to exogenous levels 
reminiscent of enzymatic responses to substrate, but this pattern 
was disrupted by a decline in quantity taken up at higher con­
centrations with efflux occurring at the highest concentration 
(Fig. 25. and Fig. 26). The decline in net uptake may have been 
the net result of an increase in efflux in comparison to influx 
as suggested by the net release of N H ^  at 2 mM.

10.5. PROTOPLAST NET CARBON DIOXIDE ASSIMILATION

The use of protoplasts provided a number of advantages over other 
tissue systems. The protoplasts were directly exposed to the 
ionic treatments at the plasmalemma level and thus vagaries of 
the uptake and transoort systems were eliminated. The question of 
the validity, of the use of protoplasts as physiological tools 
ari ~-s from the osmotic stress encountered by protoplasts, trans­
fer into a new solute environment, reuoval of the c«il wall and 
breakage of plasmadesmata (Robinson and Loveys, 1986). Changes in 
membrane composition during isolation and incubation have 
recently been reported not to occur (Goldberg et al., 1986). 
Sugar is normally used as an osmotticum for protoplast preparation 
and serves to plasmolyae the cells and provide osmotic support, 
Plamolysis aids digestion and breakage of plamodesmata but also 
has other physiological effects on protein synthesis, photosyn­
thesis, respiration, solute uptake, electrolyte efflux and 
membrane potentials (Robinson and Loveys, 1986j. The effects of 
the osmotica used has recently been discussed by these authors 
who found that the disaccharide sugar alcohols used commonly 
(sorbitol and mannitol), and also sucrose, do penetrate the



cells and are uniformly distributed within the cytoplasm.

There is some discussion in the literature over the fonr of dif- 
fusable inorganic carbon (DIG) which is favoured for uptake 
across biological membranes. Lipid bilayers are far more perme­
able to COg than to HCO3- and passive flux of HCOg"" is therefore 
expected to be minimal. (Espie and Colman, 1986). Thus the effec­
tiveness of the supply of HCO3" is dependent on the conversion of 
HCO3" to CO;. The following equations (from Espie and Colman, 
1986) describe this conversion:

C02 + H 20 H+ + HC03“
k_i

C02 +  OH- ■; ^ HC03~
k-3

The equilibrium constant (Ka]_) of equation 1 is given by:

Ka l  -

k l

k - l

( h + ] [ h c o 3 -3

CC02 ]

K a l k 3 [HC03 - ]

Kw k -3 [C 02 ] [ 0 H - ]

'<w ’ IH + 1C O H -]

The following values are derived from Espie and colman, 1986)
Kal = 4.45 x IQ"? M 
Ky = 1.01 X 10-14 M

Using these values with the HC03" concentration at 10 mM, the 
concentration of CO2 in the solution at 25°C was 5.8 x 10~4 M
(0.58 mM), Thus there are significant levels of COg available at 
the pH and HCO3- concentration of the buffers used. Water at 25eC
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becomes saturated at 0.145 g/100 ml CO2 ie. 33 mM (CRC Handbook 
of Physics and Chemistry, 1982) at a pressure of 1.013 x 10s N.m 
"2. Under these conditions and normal atmospheric CO2 , water con­
tains 0.011 mM CO? of unspecified form (Golterman, 1969) in com­
parison to 10 mM COj of an unspecified form when NaHCOg was 
added, This analysis allows us to conclude that the provision of 
NaHCOg elevates the CO2 levels beyond those normally experienced 
by the plant and thus photorespiration may be assumed to be 
negligible.

10.5.1. Nitrate

A biphasic response pattern was observed for the effects NOg" on 
protoplast net -^COg assimilation (Fig. 27). Typical raw data are 
graphed in Fig. 29 and show that the responses to NO3" occurred 
within seconds of application. Thus synthetic mechanisms may be 
eliminated from our considerations. The compression of the 
response pattern into a narrower concentration range a'c low light 
intensities (Fig. 29) provides some evidence for the lack of any 
direct effects on photosynthetic enzyme activities. If NO3” was 
able to directly activate the photosynthetic enzymes the degree 
of the response may have been light dependent, but the concentra­
tion range over which the effects would occur should have 
remained similar.

These data may be interpreted to fit with an hypothesis on the 
origin of reductant for NOg" reduction and the effects that the 
utilization of this reductant may have on photosynthetic carbon 
assimilation. The reduction of NO3" is thought to be a cytoplas­
mic event and some dependence on photosynthesis has been sug­
gested (Naik et al., 1982; Canvin and Atkins, 1974). This depen­
dence may be direct or indirect, but the ultimate source of 
reduction potential is the chloroplast. Direct effects may be 
grouped as those which involve an export of some products from 
the chloroplast to the cytoplasm which are then immediately 
available for participation in NO3" reduction. Indirect depen­
dence stems from the reliance of respiration on photosynthesis 
for provision of carbon substrates.



During active photosynthesis TP export is the major drain of 
carbon from photosynthesis (Stitt and Heldt, 3985). This TP may 
be diverted into starch synthesis within the cuxoroplast by the 
absence of cytoplasmic Pi which normally exchanges across the 
chloroplast membrane for TP (Heldt and Rapley, 1970). In addition 
the control of sucrose synthesis by the metabolite fructose 2,6- 
bisphosphate and the re-release of Pi during sucrose synthesis 
are thought to be important for control of cytoplasmic Pi levels 
(Champigny, 1985). Nitrate has been shown to regulate the ac­
cumulation of starch within the chloroplast (Ariovich and 
Cresswell, 1983? Ker:' et al., 1984? Huber et al., 1985). The in­
fluence of NOg"* on these processes may be due to two mechanisms:

a) NO3"* has been suggested to regulate the ATPase de­
pendent vacuolar storage of Pi (Lamaze et al., 1984)
b) NO3- may increase the rate of TP utilization thus
preventing starch accumulation.

The export of TP has been suggested to be e-upled to NO3- reduc­
tion through the glycolytic metabolism of DHAP to PGA with the 
concommitant reduction of NAD to NADH (Klepper et al., 1971). The 
PGA thus produced has two possible fates. It may be retained in 
the cytoplasm, or returned into the chloroplast in exchange for 
further DHAP. These two possibilities have distinct consequences 
for carbon assimilation. Other possibilities include the opera­
tion of the malate-oxaloacetate shunt and a glucose translocator 
(Heber and Heldt, 1981). The former results in the export of 
light reaction reducing potential to the cytoplasm and there is 
very little commentary on the latter in the literature.

Thus the results of the current investigation may be the con­
sequence of the control of cytoplasmic Pi concentrations by NO3" 
and thus the regulation of photosynthesis through control of TP 
export. This mechanism has similar consequences to the control of 
TP export through the reduction requirements of NC^". The supply 
of NC>3~ may increase the export of DHAP or malate from the 
chloroplast for the provision of reducing equivalents. If malate 
were exported in a shuttle system the reducing potential would be
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derived from the light reaction competitively with the Calvin 
cycle. The result of this could only be an inhibition of 
photosynthetic carbon assimilation by NO3". Work done by Rathnam 
(1978) using inhibitors of the Calvin cycle suggested that DHAP 
was the physiological source of reductant in spinach. If NO3” 
stimulates DHAP export from the chloroplast a stimulation of 
photosynthetic carbon assimilation may be anticipated as a result 
of a shift in the balance of the photosynthetic mass-action equa­
tion. The increased export of TP would result in a decrease in 
starch accumulation. Starch accumulation is thought +-o disrupt 
chloroplastic structure and function (Ariovich and Cresswell, 
1983; Kerr et al., 1984) and thus a lack of accumulation may have 
beneficial consequences. These effects are fundamentally the 
result of a removal of feedback inhibition through the elimina­
tion of carbon from the chloroplast. This is only a consequence 
of DHAP export if PGA is not returned to the chloroplast, but 
further metabolised by cytoplasmic pathways. In such a situation 
DHAP may be exchanged for Pi across the chloroplast membrane. If 
PGA is shuttled back into the chloroplast only reducing potential 
is exported via this cycle.

This reasoning may explain the stimulatory effects of NO3™ on net 
photosynthetic carbon assimilation at high light intensities and 
low nitrate concentrations. Under these conditions the Calvin 
cycle would be operating maximally and export of TP may not 
deplete chloroplastic metabolites significantly. If the light in­
tensity is reduced tne ongoing export of carbon for NO3" reduc­
tion may result in a depletion of metabolites required for the 
functioning of the Calvin cycle (Ru5P) (Stitt and Reldt, 1985). A 
similar effect may be induced by high MO3" concentrations. An ad­
ditional possibility is that at high NO3" concentrations or low 
light intensitiss the dlcarboxylate and/or DHAP/PGA shunts come 
into operation resulting in NO3- reduction being competitive with 
COj assimilation. These, pathways may play some role in any case. 
Their existence is well known and if these shuttles are operating 
it is likely that at least some of tha reductant exported will be 
utilised for 1103“ reduction. The major patkvay may be TP export 
with extra reductant supplied from the shuttles.



It may be argued that the results of the addition of NO3- are 
merely the result of the effects of the. reduction products of 
NO3" on net COg fixation. That this is the case seems unlikely in 
view of the strong inhibitory effects of NOg" and on net rog
assimilation. It is possible that the inhibitory effects of NOg'
at high concentrations result from the effects of its reduction 
products.

10.5.2. Nitrite

NJrrite inhibited ^-^COg assimilation by protoplasts (Pig.30). 
v-.trite reduction is light reaction dependent and thus may com­
pete with the Calvin cycle for reductant. Evidence for such com- 
petitian nas been derived from COg suppression of NOg“ reduction 
(Larsson et al., 1985) and stimulation of NOg" reduction by in­
hibitors of the Calvin cycle (Anderson and Done, 1985). In con­
trast NOg" has been reported to stimulate COg assimilation 
(Robinson, 1986). Calculations of Fd(r^j content of leaf tissue 
led to the conclusion that there is sufficient Fd(r<jj for both 
NOg" and COg assL..ilatlon without competition (Buchanan, 1980? 
Robinson, 1983).

The most common report in the literature is that NOg" inhibits 
net COg fixation (Larsson et al., 1985? Purczeidt et al., 1978).
This effect may be due to stromal acidification (Purczeidt et 
al., 1378? Larsson at al., 1985) resulting in inhibition of the
key enzymes (fructose and sedoheptulose bisphosphatase) of carbon 
assimilation (Purczeidt et al., 1978? Kaiser and Heber, 1983).
Nitrite Is thought to freely permeate the chlcroplast membrane, 
predominantly in the form of HNOg (Kaiser and Heber, 1983) and 
thus transport is not likely to be energy dependent.

Altnough NOg" may or may not intercompete for Fd with carbon 
assimilation, NOg" does appear to inhibit carbon assimilation 
through its chemical effects on the stroma. The effects of NOg” 
may be partially the result of NH4+ effects,as the two ions 
resulted in very similar responses of net COg assimilation.



10,5.3. Ammonium

Ammonium resulted in a very transient small increase in net 
photosynthetic assimilation at low (0.033 mM) tfH4+ con­
centration (Fig, 31). Assimilation of NH4+ is light dependent and 
requires the presence of Fd(r^) and ATP (Klaus et al., 1985).
Supply of NH4+ has been reported to increase the incorporation of 
14C02 into amino acids and decrease incorporation into starch and 
sucrose (Platt et al., 1977). These changes were accompanied by
an increase in pyruvate and a decrease in PEP. Pyruvate may 
provide the carbon skeletons for glutamate and glutamine for the 
assimilation of NH4+ into amine acids. Lea and Miflin (1979) 
found little evidence to suggest that NH4+ incorporation into 
amino acids functioned with the direct participation 3f carbon 
from photosynthesis. It was suggested to be more likely that TP 
exported from the chloroplast was re-imported as c.-keto acids. 
Other workers report that freshly assimilated COg is utilised 
from organic acids and carbohydrates (Atkins and Canvin, 1975? 
Klaus et al., 1985). Thus NH4+ assimilation would be indirectly
dependent on the Calvin cycle for carbon.

Ammonium assimilation is undoubtedly linked to the light reaction 
for the provision of Fd(rtj) (Atkins and Canvin, 1975? Larsson et 
al., 1985). Tnus the assimilation of ammonium may be expected to
compete with CO2 fixation for reductant. In addition ammonium is 
known to uncouple photophosphorylation through its protonophore 
effect and high concentrations inhibit the light reaction (Izawa,
1977).

The initial stii ion of net 14C02 assimilation may result from 
the utilization of photosynthetic carbon for amino acid 
synthesis, while inhibition was a consequence of competition for 
Fd(rd) and uncoupling/inhibitory effects. The initially enhanced 
photosynthetic rate may function in the regulation of 
photorespiration by reducing the r?tio of COg/Og in the leaf thus 
facilitating increased photorespiration, although such mechanisms 
are unlikely to function in the system (protoplasts) used for 
these studies as a result of the elevated COg levels.
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10.6. PROTOPLAST NET OXYGEN EVOLUTION

As a result of the interdependence of photosynthetic 0% evolution 
and COg assimilation, any factor influencing the operation of one 
of thsse pathways influences the other. Thus many of the effects 
of inorganic nitrogen on net O2 evolution may fce traced to ef­
fects on CO2 fixation.

10.6.1. Nitrate

Comparison of the stimulatory effects of NO3" on net CO2 fixation 
(Fig. 27a) and net O2 evolution (Fig. 33) shows that NO3" has a 
much greater effect on the latter. The magnitude of the response 
may be a result of the demands placed on the light reaction for 
the further metabolism of NO3" reduction products. Nitrate has 
been reported to influence the activity of the water-oxidation 
step of the light reaction (Osman, 1982). Nitrate has already 
been suggested to play a role in the stimulation of carbon as­
similation which would increase the demand for the products of 
the light reaction. Nitrate reduction may be at least partially 
linked to TP exported and thus dependent on the operation of 
either the PGA/DHAP or tiisarboxylate shuttles.

The decline in the stimulatory effect of NO3" at higher con­
centrations may be due to its effects on CO2 assimilation, ie. 
through the inhibition of net COg assimilation at high NO3" 
concentrations.

10.6.2. Nitrite

Nitrite stimulated net photosynthetic Og evolution over a wide 
range of concentrations (Fig. 34). This is in contrast to the in­
hibitory effects of NO2" on CO2 . This increase occurred in spite 
of the decrease in the demand for reductant by the Calvin cycle 
during incubation with NO2’". It is possible that the reduction of
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MO2" was responsible for the enhanced net Og evolution. Similar 
results have been reported by other workers (Purczaldt et al.,
1978) who found both an enhancement of net 02 evolution, which 
was bicarbonate dependent, and a decrease in net cOg assimilation 
as a result of stromal acidification.

The high concentration decline in NO2" stimulation of net O2 
evolution may be attributable to strong acidification of the 
stroma.

10.6.3. Ammonium

Ammonium caused a significant elevation (10%) of net 0% evolution 
at low concentrations (Fig. 35). The response of net ©2 evolution 
essentially paralleled that of net C02 fixation. The initial 
stimulation of net O2 evolution by ammonium may suggest an uncou­
pling effect, although if this was associated with the stimula­
tion of net CO2 fixation, uncoupling is unlikely. Comparison of 
net Og evolution and net CO2 assimilation (Fig. 31 an rig. 35) 
suggests that the effect of on net Og evolution may be a
result of a combination of these effects. The concentration at 
which NH4+ became inhibitory on net 3; evolution was much higher 
than the analogous concentration fcr nsc CO2 fixation. Thus it is 
possible that stimulation of COg assimilation contributed par­
tially to elevated net 0 % evolution, but that the uncoupling ef­
fect described by Izawa (1977) was a major contributor. Ammonium 
is known to uncouple ohotophosphorylation at low concentrations 
and have an inhibitory effect on the light reaction at higher 
concentrations (Izawa, 1977). The alternative possibility is that 
the demand for reductant from the light reaction stimulated net 
02 evolution.

10.6.4. Phosphate

The role of phosphate in transport of TP out of the chloroplast 
has been discussed previously. The importance of this ion in the 
metabolism of carbon was probably the reason for the stimulatory
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effect of on net O2 evolution (Fig. 36). At low concentra­
tions phosphate is likely to stimulate photosynthetic net Og 
evolution as a result of increased carbon metabolism resulting 
from improved TP export from the chloroplast. At higher con­
centrations of PO42", the withdrawal of large amounts of TP may 
deplete ohloroplastic intermediates from the Calvin cycle and 
thus inhibit CO% fixation. In addition PO^Z- has been reported to 
stimulate the activity of the Hill reaction (Sawada et al., 
1984).

10.6.5. Sodium bicarbonate

The presence of a carbon dioxide source in the incubation medium 
of protoplasts is likely to be of considerable importance for the 
functioning of the protoplasts in terms of the CO2 requirements 
of photosynthesis. In these experiments, CO2 was supplied in the 
form of NaHCOg, which should dissociate to CO2 and HCO3- to a 
small but significant extent at the pH of the incubating medium 
(pH 7.6). In all experiments bicarbonate was supplied at 10 mM 
which should saturate photosynthesis. Supply of different amounts 
of bicarbonate was found to dramatically increase net O2 evolu­
tion (Fig. 37). The response to bicarbonate was positive for all 
concentrations supplied. Without added bicarbonate net O2 evolu­
tion did not occur or occurred at a low rate. This was in spite 
of the de-aeration of the medium prior to the experiment. Thus it 
appears that there may be a CO% independent component of net O2 
evolution although it is not certain that the medium was com­
pletely depleted of CO2 and photorespiratory and respiratory CO2 
release may play a role in maintaining a minimal rate of 
photosynthetic net O2 evolution. In addition the photosynthetic 
system may be supplying reductant and ATP to many processes 
within the cells and it is therefore not surprising that net O2 
evolution should occur in the absence, even if only partial, of 
COg. The pre-incubation treatment of the protoplasts was sig­
nificant in this regard. In protoplast preparations pre-incubated 
in the light no initial (prior to addition of NaHC03), or very 
little, O2 evolution occurred. Protoplasts incubated in the dark 
showed greater initial rates of Og evolution. It must be remem­



bered that any evolution of Og is the net flux resulting from 
photosynthetic O2 production, respiratory and photorespiratory O2 
reduction.

With the addition of bicarbonate to the medium net 02 evolution 
was almost linear with NaS^COg concentration, indicating the 
strict interdependence of these two processes. High concentra­
tions of HCO3” (30 mM) have been reported to result in stromal 
acidification (Kaiser and Heber, 1983) and this may have been the 
reason for the decline in the stimulatory effect of bicarbonate 
at concentrations above 15 mM. The presence of COg in the incuba­
tion medium has other important ramifications' Elevated CO2 
levels may depress photorespiratory O2 consumption by increasing 
the competitive potential of CO2 for RuBPc. In addition the Meh- 
ler reaction (pseudooyclic reduction of oxygen to H2O2 ) is 
favoured under conditions where CO2 fixation is inhibited (Radmer 
and Kok, 1976) and thus increased CO2 should reduce the contribu­
tion of this reaction to net ©2 consumption.

10.6.5.1. Interaction between Nitrate and Sodium Bicarbonate

A significant finding was that NOg" has no, or very little, 
stimulatory effect on the net evolution of Og by protoplasts in 
the absence of NaHCOg. This is especially striking if it is noted 
that the initial rates of net Og evolution by protoplasts not 
supplied with NaHCO^ were equivalent to those of protoplasts sup­
plied with 1 mM NaHCOj and yet the responses of these two treat­
ments to NO3- were markedly different. The trend appears to be 
that with higher NaHC0 3 concentrations in the medium, greater 
stimulation of net ©2 evolution by NO3" is possible and at higher 
concentrations. In addition the net evolution of ©2 appears to be 
more resistant to higher, inhibitory, levels of NO3" under condi­
tions of greater NaHC03 supply.

These results may imply that C©2 is required for the stimulatory 
effect of N0 3" on net ©2 evolution and lend support to the 
hypothesis that the effect of N03” on net o2 t volution is through 
the reduction requirements of N03“ for carbon exported from the



*• /v

chloroplast. At low HO3" concentrations (1 mM) no inhibition of 
net O2 evolution was observed. This may be suggested to mean that 
at these concentrations (ImM), the effect of carbon withdrawal 
from the Calvin cycle was not enough to significantly deplete the 
pools of intermediates although this depletion was sufficient to 
stimulate net 0% evolution. At higher concentrations of VOj-, 
especially under conditions of low C02, the removal of carbon in­
termediates from the Calvin cycle was significant enough to cause 
a breakdown in this cycle. The fact that 1 mM KaHCOg was found to 
reverse the inhibitory e,facts of high HO3" concentrations on 
protoplasts incubated without tfaHCC^ is significant in that it 
indicates that NO3'' induced suppression of photosynthetic net ©2 
evolution is a t^sult of a carbon limitation. It is possible that 
NOg" may reduce respiratory 0% consumption (Frank and Marek, 
1983). In experiments conducted in the dark it was impossible to 
discern any effect of NO3" on net 0% consumption. The fact that 
increased responses to NO3” were observed at higher NaHC03 con­
centration precludes the possibility o£ photorespirt .ion playing 
9 i.-61e in these responses.

1 0.6 .3 .2 . Interaction between Ammonium and Sodium Bicarbonate

During the metabolism of NH4+ to amino acids carbon skeletons are 
required. It is thus commonly supposed that NH4+ should place ad­
ditional demands on the Calvin cycle for carbon. In these experi­
ments it appeared that the stimulatory effect of NH4* on net O2 
evolution declined with increasing NaHC03 concentration. It would 
thus appear that the effects of NH4+ on net ©2 evolution are at 
least partially independent of COg metabolism. Alternatively it 
may be possible that NH4+ has the ability to increase net O2 
evolution only to a certain extent and that +- a supply of KaHCOg 
masked this effect. A more tenable hypothesis iis that the reduc­
tion requirements of NH4+ compete with CO2 for reductant and 
that, under low C02 conditions, W 4* is a fairly successful 
competitor, but not at higher C02 concentrations.

The low concentration NK4+ uncoupling of photophosphorylation and 
higher concentration inhibition of photosynthetic electron
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transport have been previously discussed. It is possible tiiat 
these factors may play a role here especially at the higher con­
centrations where NH4*1" was found to inhibit net 0% evolution. X*. 
is perhaps noteworthy that NaHCO] was unable to reverse NH4+ in­
hibition of net 0 % evolution, indicating the lack of a strong 
direct link between the two processes.

10.6.5.3 The effects of respiratory inhibitors

In order to better elucidate the role played by respiration in 
the responses discussed above, MFA was used to inhibit 
respiration. The effectiveness and specificity of this inhibitor 
is questionable, but it at least partially inhibits respiration 
(Elrifi and Turpin, 1986) and appears to leave photosynthetic Og 
evolution intact. In a measurement of respiratory Og evolution 
(under dark conditions) very little 0 % consumption ras observed 
and this declined to no consumption at all within a few minutes.

Supply of MFA stimulated net 02 evolution above the rates ob­
served for protoplasms not exposed to to MPA, regardless of the 
concentration of NaHCOg supplied. This may result from the par­
tial depression of respiratory O2 consumption. The greater 
stimulation of net 0% evolution by MFA incubated cells in con­
trast to normal cells in the presence of 1 mM KO3- and the lack 
of inhibition by an additional 3 mM may also be ascribed to the 
partial lack of respiratory 0% consumption acting as a buffer to 
changes in net O2 evolution.

Cyanide as an inhibitor of respiration provides a special and in­
teresting case. Cyanide inhibits electron transport in both 
photosynthesis and respiration. It may thup be surprising that 
the levels of 0 % changed at all after the addition of cyanide. 
The Mehler reaction has been reported to be insensitive to 
cyanide (Gimmlsr, 1977) and Radmer and Kok (1976) reported high 
rates of 0% uptake by algae aft''" +he supply of cyanide. During 
normal photosynthesis ©2 evol- far in excess of O2 fixa­
tion by the Mehler reaction which inhibits non-cyclic
electron transport, inhibit. reduction and thus CO2

i
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fixation. The electrons from pseudocyclio electron transport are 
then available for the reduction of Og and thus Og is taken up in 
the light in excess of 0% evolution.. This process is dependent on 
presence of light and this may explain why, when the protoplasts 
were transferred to dark conditions, the rate of net Og consump­
tion decreased and partially resumed on return to light 
conditions.

10.7. EFFECT OF NITRATE ON PROTOPLAST ATP LEVELS

The effects of NO3- on the accumulation of ATP in the protoplasts 
are difficult to interpret as a result of the large number of 
sites for ATP synthesis and ATP hydrolysis. The levels of ATP 
measured reflect a disequilibrium situation between the produc­
tion and the utilization of ATP. The initial decrease in the 
levels of ATP on supply of NO3" (Fig. 47) may result from the 
requirement for the products of the dark reaction of photosyn­
thesis (DHAP) by NO]" reduction and the increased synthesis of 
these metabolites. The reduction of NO^- in the cytoplasm, 
mediated by tho reduction of NAD by DHAP to yield NADH and PGA,is 
accompanied by a release of ATP. The accumulation of ATP after an 
initial depletion (Fig. 48) may reflect the operation of this 
pathway. Ascribing the accumulation of ATP to any one reaction is 
however a dangerous assumption. The accumulation may also be the 
result of increased mitochondrial activity as a result of deple­
tion of cytoplasmic DHAP.



11. CONCLUSION

The short term and long term responses of photosynthesis to inor­
ganic nitrogen are the result of different mechanisms. The long 
term effects of N nutrition may result in elevated protein syn­
thesis, photosynthesis and growth (Hunt et al,, 1985c) although 
specific increases in the levels of several enzymes are also pos­
sible (Tew, 1376). Stomatal resistance may play an important role 
in determining the effects of particularly ammonium on net 
photosynthesis. Supply of nitrogen causes a decrease in the com­
pensation point, changes in photorespiratory activity may play an 
important role in determining the rate of net photosynthesis. 
These effects are not dependent on the continual presence on N in 
the growth medium.

The predominant short term effect of inorganic nitrogen on
photosynthetic carbon metabolism may ne speculated to be mediated 
through the requirements of these ions for reductant and carbon 
during thi assimilation into amino acids. This class of effects 
is depend ' on the presence of the inorganic nitrogen within the

The mechanisms through which the various inorganic nitrogen 
species influence carbon metabolism may be hypothesized to be the 
following.

Nitrate reduction is cytopi -ric and is supplied with reduc­
tant from the export oi from the Calvin cycle. This
carbon is metabolised via . .ycolytie sequence to yield
PGA, NADPH and ATP. Th vtiA may be further metabolised 
through the respiratory ps‘ wife or some returned to the
chloroplast in exchange for further DHAP. The dicarboxylate
shunt may also operate to svme extent in the provision of



reductant. Nitrate may also axert a direct effect on the 
light reaction.

Nitrite reduction is chloroplastic and utilizes Fd ( )  
produced by the light reaction. Nitrite may or may not com­
pete with the light reaction £o: reductant. Nitrite influx 
into the chloroplast results in the acidification of the 
stroma which inhibits COg fixation.

Ammonium utilizes chloroplastic Fd(r{j) and ATP for its 
assimilation. This utilization of reductant may or may not 
compete with the Calvin cycle. The carbon utilized for N H ^  
assimilation into amino acids may be derived from concurrent 
photosynthesis. Exogenous supply of NH4+ causes uncoupling 
of photophosphorylation and inhibition of the light reaction 
at low and high concentrations respectively.

The postulates pertaining to the effects of the various inorganic 
nitrogen ions on net photosynthetic carbon assimilation are 
described in the form of a metabolic scheme in Fig. 48. The 
presence of inorganic nitrogen in the form of NO3- is concluded 
to be of importance to photosynthetic carbon metabolism. Without 
sdeguate NO3™ export of TP from the chi' roplast is likely to be 
impaired with the resulting deleterious accumulation of starch 
within the chloroplast. Maximal productivity can be expected in 
plants supplied with a continuous source of NO3"* rather than 
large infrequent applications. Nitrite appears not to have 
beneficial effects on carbon assimilation while N H ^  may be ef­
fective in mediating some positive effects on photosynthesis.
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GLN - Glutaaina
GLU - Glutamate
a-KG - a-ketoglutaratu
G-3-P - Glyeecaldehyde-3-P
F-2,6-P2 - Fructosc 2,6 Bisphosphate
F-l,d-P2 • Fructose 1,6 fllaphoaphata

Fig. A8. The pathways suggested to account for the effects of NO3', NOg", 
and PO^2"1" effects on the photoaynthatic C0% assiailatton and Og avolution. 
Positivo effectors (+)$ negative effectors (-). Th« key enzymns aea numbered, 
(1), ADPglueose pyrophosphorylase; (2). phosphorylasa; (3). fructose-1,6- 
blsphosphatasei (A), sucrose phosphate synthase; (5). 2-phosphofruotoklnaaai 
(6). hexokinase; (7). phosphoftuctokinaaa$ (8). PBP carboxylasaj (9). pyruvate 
kinase? (9). nitrate reductase (After 2lri.fi and Turpin, 1987).
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A: APPENDIX

Listing of program for calculation of photosynthetic rates written in Microsoft .
8ASICA. <

10 E m  *** FHOTOSYNTEESIS ***

30 CIS
AO DIM X(100), Y(100), Hi(100)
50 LOCATE 12, 30
60 PRINT "PHOTOSYNTHESIS DATA MANAGER"
70 FOR T-l TO lOOOsNEXT T

90 INPUT "Do you wish to read an old file (Y/N)";Y$
100 IF Y$0"Y’’ AND THEN PRINT sGOTO 90
110 IP Y$»"N" GOTO 420
120 PRINT ;PRINT !INPUT "Read from drive A or B (A/B)";Y$
130 IE Y$<>"A" AND Y$<>"B" THEN PRINT :GOTO 120 
140 LET T$=Y$+":\"
150 FILES T$
160 PRIIT :PRINT :INPUT "Which file to read ";Y$
170 IF RIGHT}(Y$, 3)=''CHL” TEEN LET L$*"C"
180 OPEN Y$ FOR INPUT AS Itt
190 GOTO 270
200 RESUME 210
210 CIS; LOCATE 12, 32
22C ON ERROR GOTO 0
230 PRINT "**** WARNING *****
240 LOCATE 14, 32:PRINT "** FILE ERROR *-’■
250 FOR T=>1 TO SOOsNEXT T 
260 CLSiGOTO 150 
270 INPUT 81, Q 
280 INPUT 81, START
290 INPUT 81, INC 1
300 FOR = M  TO Q-l 
310 INPUT 81, Y(T)
320 NEXT T
330 INPUT 81, P
340 INPUT 81, TP
350 INPUT 81, F
360 INPUT 81, NS
370 IF L$*"C" GOTO 390
380 INPUT 81, A
390 CLOSE 81
400 IF L$=>"C" GOTO 710
410 GOTO 780
420 REM *** DATA ENTRY ***

440 LOCATE 12, 1
450 PRINT "ENTER THE DATA REQUESTED WHEN PROMPTED"
460 PRINT."....................................."
470 PRINT :PRINT :INPUT "What are the time intervals between the readinjs ";INC
480 PRINT :PRINT :INPUT "Starting at time ="[START



k " ip *

490 LET STAKT-STAHT-INC 
500 CLS
510 PRINT .'PRINT :INPUT "Enter the temperature in centigrade ";TP 
320 LET TP-TP+273
530 PRIMT :PRINT sINPUT "Enter the flow rate in litres per minute ";F
540 PRINT :PRINT !INPUT "Enter the atmospheric pressure in millibars "i?
550 PRINT :PRINT sINPUT "Enter the number of leaf area measurements you made
"jNLA
560 CLS
570 FOR T=1 TO N U
580 PRINT "Area ";T;" - (cm2)"
590 INPUT U  
600 LET A=A*LA 
610 NEXT T 
620 LET A=«A/(T-1)
630 PRINT $PRINT tINPUT "If you wish to type an explanatory note, do so now. 
Otherwise type 'N' ";N$
640 IF N$""N" THEN LET N$«""
650 CLS
660 PRINT "ENTER THE NUMBER OF PPM"
670 PRINT "...................... "
680 IF Y(Q)-9999 THEN END
690 PRINT :PRINT "Pn - ";PN(Q-1);" mg/dm*/hr for data point ";Q-1
700 PRINT iPRINT
710 PRINT "Enter data point ":Q
720 INPUT Y(Q)
730 IF Y(Q)-9999 AND Q>1 GOTO 780 
740 IF Y(Q)=9999 THBil END
750 ra(Q)-((y(Q)*.X)/(A/100))*((((F*1000)/60)*44)/224U)*(273/TP)*(P/.'.013)*36! 
760 LET Q-Q+l 
770 GOTO 650

790 INPUT "Hard copy (Y/N)"sB$
800 IF H$-MY" GOTO 1000 
810 REM *** PRINT ***
820 PRINT iPRINT "READING 8" TAB(14) "TIME" TAB(22) "ppm-C02" TAB(33) "Value-Pn" 
TAB(45) "INCREASE Z"
830 PRINT "..........................  "
840 PRINT
850 FOR T-l TO Q-l
860 PN(TH(Y(T)*.l)/(A/100))*((((F*1000)/60)*44)/22414)*(273/TP)*(P/1013)*36l 
870 IF T-l THBS D-OiELSS D-CINT(((PN(T)-PW(1))/PN(1))*100)
880 PRINT T TAB(14) (T*INC)+START TAB(22) Y(T) TAB(33) CINT(PN(T)) TAB(45) D 
890 NEXT T
900 PRINT fPSraT ?PRINT iPRINT "Pn in mg/dm2/hr"
910 PRINT :PRINT "Pressure » ";P;" mB"
920 PRINT :PRINT "Temperature - ";TP$" K"
930 PRINT sPRINT "Flow rate - ";F;" 1/min"
940 PRINT iPRINT "Leaf area - ";Ai" cm3"
950 PRINT iPRINT :PRINT "Explanatory note : ";N$
960 PRINT iPRINT "Continue?"
970 Y$»INKEY$
980 IF Y$-"" GOTO 970 
990 GOTO 1130
1000 LPRDiT sLPRINT "READING #" TAa(24) "TIME" TAB(22) "ppm-C02" TAB(33) "Value- 
Pn" TAB(45) "INCREASE %"
1010 LPRINT ".................... .............................................

1020 FOR T-l TO Q-l
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1030 PN(TH(Y(T)*.l)/(A/100))*((((F*1000)/60)*44)/22A14)*(273/TP)’‘(P/:013)*36f 
1040 IF T-l THEN D-OsELSE D-crNT«(PN(T)-PN<l))/PS(l))*100)
1050 LPSiNT T TAB(14) (T*INC)+START TAB(22) Y(T) TAB(33) CINT(PN(T)) TAB(45) D 
1060 NEXT T
1070 LPRINT iLPRINT iLPRIKT .-LPSINT "Pn in mg/dm2/h"
1080 LPRINT jLPRINT "Pressure = ";P;" mB"
1090 LPRINT iLPRINT "Temperature * ";TP;" K"
1100 LPRINT iLPRINT "Flow rate ■ "}Fs" 1/min"
1110 LPRINT tLPRINT "Leaf area = "jA;" can2"
1120 LPRINT :LPRINT :LPRINT "Explanatory nota : "+N$
1130 HEM ***DATA FILER***
1140 CLS
1150 INPUT "Do you wish to file your input data (Y/N) "sY$
1160 If Y$<>"Y" AKD Y$<>"N" THEN PRINT sGOTO 1150 
1170 IF Y$-"N" GOTO 1410
1180 £®INT iPSINT ;INPUT "Name for data file - Note .PIN will automatically be 
appended ";M$
1190 IF LEN(M$)>8 Gv-d 1130 
1200 LET M$"M$+".PIN"
1210 ON ERROR GOTO 1260 
1220 FILES K$
1230 aSiLOCATE 12, 30:PRINT "*** WARNING - FILE EXISTS ***
1240 UWATE 15, 30: PRINT "ENTER A «EW FILS NAME"
1250 GOTO 1180
1260 RESUME 1270
1270 ON ERROR GOTO 0
1280 OPEN Hi FOR OUTPUT AS tfl
1290 PRINT ffl, Q
1300 PRINT #1. START
1310 PRINT SI, INC
1320 FOR T=1 TO Q-l
1330 PRINT 81, Y(T)
1340 NEXT T 
1350 PRINT tfl, P 
1360 PRINT Itl, TP 
1370 PRINT 81, F 
1380 PRINT #1,
1390 PRINT 61, A 
1400 CLOSE #1
1410 PRINT zINPUT "Another look at data (Y/N)">Y$
1420 IF Y$<>"Y" AND Y$<>"N" GOTO 1410 
1430 IF Y$="Y" GOTO 780 
1440 RBi *** OUTPUT FILE ***
1450 CLS
1460 INPUT "Do you wish to file your output values for further processing (Y/N) 
"SY$
1470 IF Y$<>"Y" AN0 Y(<>"N" THEN PRINT sGOTO 1460 
1480 IF Y$-"Y" GOTO 1530
1490 PRINT tPRINT :INPUT "Re-run program (Y/N) "?Y$
1500 IF Y$<>"Y" AND Y$<>"N" THEN PRINT :G0T0 1460 
1510 IF Y$“"N" THEN END 
1520 RUN
1530 PRINT sPRINT :PRINT "Your data will be filed in two columns. Time and 
Photosynthetic rates."
1540 PRINT !PRINT $INPUT "Enter a file name - note that .PEN will automatically 
be appended, ";Y$
1550 IF LEN(M$)>8 GOTO 1540 
1560 LET Y$«Y$+".PRN"



1580 FILES Y$
1590 CLS:LOCATE 12, 30:tttINT "*** WARNING - FILE I
1600 LOCATE 15, 30:?RINT "ENTER A NEW FILE NAME"
1610 GOTO 1540
1620 RESUME 1630
1630 ON ERROR GOTO 0
1640 OPEN Y$ FOR OUTPUT AS ffl
1650 FOR T-l TO Q-l
1660 PRINT in, STARTi-(INC*T), PN(T)
1670 NEXT T 
1680 CLOSE n  
1690 GOTO 1410 
1700 END

i. St „ -dt
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