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1. ABSTRACT

et
photosynthetic carbon dioxide fixavion and oxygen evoiutisn o
the assimilation of inorgasic nitrogen supplied ez leaf 2ells,
either as intzet tisyue, leaf discs or protoplasts, was inves-
tigated. Tha long and choxe Tsxm responses of Lyzcpersas

The short term Tesponye (oucurring within 0-10 minutes

culentum and tvhat of praum satswum differsd. L. esculen

higher photosynthetic rates and waz censxdersbly hore  sensztive ERRN
to N supply. L. esculentus provcsynthetis ID: assamiianiin was :
stimulaged by NO;~ supplied Tz qut shzots as NaNoj; in TanTE =
0.1 - 1 mM by up to 3%, Anraniue supplied as NHGSDg - .

=M} 4 carbon AMSLTLiAtiGn By up 0 1% In g, pE-
concentrations of ND;T in the range J.1 - 1D nM were fdupg %o 1'
cause an immediaze Imall inogteane i photzsynthesis  cardon

fixation, Ameoniuw GINTEASIATIDNS in excess Of 0.5 oM weo e found

to lnhibit ©0p fAxAtLIn LD Thie PLAnG while LIWer  Confecaravichs

were stimulatory.

P. sativum protoplasty supplied wivh nitraze (0.1 - lmMi sho
increased COp fixaticn while higher conzentrauions {10 mM! had &
depressive sffect. Carbon assimilation was inhibized by excgencus
nitrite and ammonium. Hinrate, nitrite and ammonium all exbibiz
the ability to stimulate photoayathetic ©p; evelution Z#rom
protoplasts at low concentrations. Higher concentrationz, am-
monium especially, had a limiting effsct on O evelution.

The hypotheses advanced t¢ explain these results propose that
reductant for NC3~ assimilation is exported from the chiuxoplast
in the form of DHAP and malate. The NO3™ stimulated withdrawal of
reducing equivalents in the form of DHAP and malate may lead to
competition with the calvin cycle for reductant and inter-
mediates. The chloroplastic reduction of NO;™ and NH4* may com-
pete with the Calvin cycle for reducing equivalents. Nitrite
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acldification of the stroma and NH,{" uncoupling and inhibition of
photophosphorylation are likely to inhibit €0, assimilation. The
mechanisms of the observed responses are discussed in the light .
of these and other hypotheses. -
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BYMDOLS s cvcsinsaseanavevosvssnsasenanssesasnarssosnsssllB

Fig. 32. The responses of pea protoplasts 0; evolution
capacity to the supply of 1.6 mM of <three salts {(NaCl,
NaNO3 and NH48O4). The dinitial slopes are portrayed as
starting from -4 minutes to ¢ minutes when the various
salts were added. The broken lines represent the null
hypothesis l.e. no effect of the saltd.,.......e0ve.000227

Filg. 33, The influence of NO3” concentration on the evolu-
tion of 0Oy from protoplasts &S P '

above the initizl rate prior to the addition of NO3™. All
values 1indicated passed a significance test at the p=0.05
level. Bars indicate S.E.eesiveorarsavrrnrerssonnnnassdd?

Fig. 34, The influence of NO,” concentration on the evolu-
tion of 07 from protoplasts as i

above the initial rate prior to the addition of NOz™. All
values indlcated passed a significance test at the p=0.05
level. Bars indicate S.B.iiiiieeserssntvrsnccsseanssnaalld

Fig. 35, The influence of NH4+ concentration on the evolu-
ticn of O from protoplasts d as i
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above the initial rate prior to the addition of NH4+. Al
values indicated passed a significance test at the p=0.05
level. Bars indicate S.EBiveveicvienvsvavcersancesseaaaal20

Fig. 36. The influence of PO42+ concentration on the evolu-
tion of Oy from protoplasts as i

abhove the initlal rate prior to the addition of ?042+. ALl
values indicated passed a significance test at the p=0.05
level, Tnsufficient replication was done to allow calcula-
B O T S O S -1

Fig. 37. changes in oxygen evolutlon in response to sequen-
tlal additions of WNaHCO3. a) and b) Concentration Oy in
protoplast suspension. <} Rate O; evolution as influenced
by additionSs.sesseenroviaseasiorensaneassssansronansal20a

Fig. 38. Changes in axygen evolutlon by protoplasts in-
cubatad withort NakZQ4 in response to different concentra-
tions of NO3”. &) Oz concentration in protoplasts suspen~
sion. b) Rate of Op; evolution as influenced by addi-
E R - R T PR RN ¥-¥ 3

Fig. 39. Changes 4in oxygen evolution by protoplasts in-
cubated in 1 mM NaHCO; in response to different concentra-
tions of NO3”. a) O concentration in protoplasts suspen-
sion. b) Rate of 0, evolution as influenced by additions
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Fig. 40. Changes In oxygen ev.lution hy protoplasts in-
cubated in 5 mM NaHBCO; in response to different concentra-
tions of NOz”. a) Oy concentration in protoplasts suspen-
sion. D) Rate of Oy evolution as infiuenced by additlons
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Fig. 4l1. Changes in oxygen evolution by protoplasts in-
cubated in 1 mM NaHCO3 in response ta different concentra-
tions of NH4+. a) O concentration in protoplasts suspen-
sion. b} Rate of 0y evolution as influenced by additiors
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Fig ¢Z. Changes In oxygen evolution by protecplasts in-
cuber at dn 5 ndt NaHCO3 in response to different concentra-
tions <f NH4*. a) 0, corcentration in protoplasts suspen-
sion. b) kate of 0 evolutlon as influenced by additions

et e de ettt areereebuuny cevonea 127

Fig. 43. Changes in oxygen evolution by protuplasts in-
cubated in 10 mM NaRCO3 in response to different concentra-
tions of NH4*. a} O concentration in protoplasts suspen-
sion. D) Rate of Oj evolution as influenced by additions

eeseasraserasennnsasssssnsanntarssusrsannan saosusseess128

Fig. 44. Changes in oxygen evolution by protoplasts in-
cubated in 10 mM NaHCOj in n to diffexent xa=
ticns of MFA and KCN, a) Op concentration in protoplasts
suspension. b} Rate of O; evolution as influenced by addi~
TLONS t1esvennenasearsnnsnnssasveorsesssnassasssnessansl30

Fig. AS. Changes in oxygen evolution by protoplasts in
to di rations of NaHCO3 and NO3~. a)
0, concantration in protoplasts suspeasion incubated in 1
mM MFA. b) a) 0y concentratibn in protoplasts suspension
not incubated in MFA. c¢] 1) Rate of O3 evolution by
protoplasts incubated in 1 mM MFA as influenced by addi-
tions 1i) i) Rate of Oz evolutlon by protoplasts not in-
qubated in MFA as influenced by additions........131 - 132

Fig, 46. Changes in oxygen evolution by protoplasts in-
cubated in 1 mM MFA and 10 mM NaHCOj in response to dif-
ferent concentrations of N¥03”. a) Oy concentration in
protoplasts sugpension. b) Rate of 0Oy evolution as in-
fluenced by additdlonS..vuiiivsivrcsaesasrsrsarssosnarssaddd

Fig. 47. Response of ATP levels in protoplasts to the
supply of NO3™ at two ations, Low tion
(0,17 mM) selected for its stimulatory effect while 1 mM
exhibited and inhibitory effect on CO; evolution. Percent-
age change calculated as deviation from the control....l4
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Fig. 48. The pathwavs suggested to account for the effects
of NO3~, MO, N#4* and 04%% effects on the photosynthetic
€O, assimilation and Qy evolution. Positive effectors (+);
negative effectors -}. The key enzymes are numbered., (1).
ADPglucose pyrophosphorylase; (2). phosphorylase; (3).
fr 1,6-bisph ey {4}, sucrase phosphate
Y i (5). 2=ph ructokinase; (6). hexokinase; (7).
phosphofructokinase; (8). PEP carboxylase; (9). pyruvate
kinase; (9). nitrate reductase (After Elrifi and Turpin,
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6. INTRODUCTION

Light, temperature, water avallability and mineral nutrients are
the major environmental factors which determine plant produc~
tlvity (Yoneyama, 1984). Availability of nitrogen limits growth
in many ecosystems. In agriculture, mineral nutrition is
routinely manipulated to increase yleld snd crop productivitv.
supply of nitrogen strongly affects plant growta and Jvy macter
productivity which are related to photosynthetic carbon assimila-
tion (Cresswell, 1980). It is well known that nitrogen suppiy 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 laxge number of physicloglcal parameters have been found to be
influenced by the supply of NO3™. In Amaranthus powellii total
leaf N, chlorophyll content, specific leaf mass, leaf area, rela~
tive growth rate, wunit leaf xate and net production rate

d d with d ing NOy~ ion while the leaf area
ratio increassd (Hunt et al., 1985a)., In addition stomatal con~
ductance was sensitive to the vapouxr aif

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-
sibllity of improved water usage in plants supplied with
nitrogen. A number of photosynthetic parameters (assimilation
rate at 340 pbar COp/bar, stomatal conductance, €Oz and light
saturated net photosynthesis, RuBP¢ activity and PEPc activity)
were found to be positively related in a linear fashien to leaf
NO3™ content (Hunt et al., 1985¢).
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Frank and Marek (2283} determined that the carbon compensation
points of barley were lncreased by N deficiency while photosyn-
thetic rates were decreased. This was accompanied by an increase
in mitochondrial respiration under N deflcient conditions (Marek,
1984). This was concluded to imply that the change in compensa-
tion polnts was attributable to the alteration in mitochondrial
respiration (Marek and Frank, 1984). There are numerous other
reports of the effects of NO3” and NH4+ on photosynthetic and
photorespiratoxy activity. Vaklinova et al., (1981) report that
NO3~ 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 CO; compensation points
of C3 and C4 grasses (Tew et al., 1974; Cresswell et al., 1977).
Vacuum infiltration of nitrate and ammonium ions inte nitrogen
starved leaves of Themeda triandra and 2Zea mays increased COy
compensation points and nitrate i d net is but
ammonium ioins inhibited net photosynthesis (Amory and Cresswell,
1984}). Evidence was advanced by these authors suggesting that an
alterpative pathway for photorespirationy may exist invelving
formate and suggested that this pathway may become effective at
high 1levels of N fertilizatlon (Amory and Cresswell, 1986). In
contrast Stepanova <t al. (1980) found a reduction of €O as-
similation and indications of an increase in photorespiratory ac-
tivity in malze supplied with nitrate. Change of the nitrogen
growth regime from NO3~ to NH4+ has been reported to result in no
change in COp assimilation or photorespiratory activity {(Hall et
al., 1984; Klaus et al., 1985}.

Although inorganic nitrogen has been suggested to regulate meta-
bolism through & 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
nitregen, the primary aim of this study was to ascertain the
short term effects of inorganlec nitrogen.
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7.1. TRANSPORT AND TRANSLOCATION OF NITROGEN

il e

.

7. LITERATURE REVIEW

Like many metabolic reacticns, the reduction of nitrogen requires N

of nit: d ellular compart~

acids

tics

ments. A number of metabolic processes involve extensive membrane
transport.
leroplastic while NO,” redvction and NH4* assimilation to amino
is chloroplastic. The photorespiratory cvele involves the
movement of amino acids between the chloropiast, peroxisome and
the mitochondria. Ammonium released in the process in the
mitochondrion is probably reassimilated in the cytoplasm and
chloropiast.
volve highly specific and often large volume translocation across
a membrane.
which
chloroplast and mitochondrial outer and inner membranes are, for
substantially different, exhibiting different protein "
and lipid compositions and permeabllity characteristics.

instance,

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 cempounds may be through ac-
vive or passive mechanisms. Even 1f the proposed active
mecharisms do not directly involve carben metabolism, energy cou-
pling invariably involves the withdrawal of energy from a common
pool resulting in secondary efrects on carbon metabolism. "

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

The reduction of NO3” is thought to be extrach-

Thus component parts of some metabolic pathways in- -

Each membrane system has its own unique characteris-
place different restraints on transport. The
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physical and physiological, pertaining to <the intracellular
transport and assimilation of nitrogen. Much of the work referred B
to is with algae, fungi or bacteria because the higher plant sys-

tems have been incompletely studied.

7.1.1. PLANT ROQT 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 N
tightly held by the micaceous clay minerals of the soil. =2Plant =
roots in soils absorb N largely as NO;~ since this ionic form oc- o
curs in higher concentration than NO,~ and NHs* and is free to

mov:: 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 scme 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 (Rei 1978}. Incr ingly nitrification
inhibitors are belng appiied in agriculture to elevate the levels
of soil'MHst.on the other hand NHgy* may exhibit some toxic ef-
fects (reduced photosynthesis and respiration, susceptibility to
water stress) on plants, The uptake systems for NO3~ and NH % are
separate and are affected differently by pH, temperature and car~
bohydrate supply (Haynes and Goh, 1978). Nitrite uptake by plant
roots is not qenerally considered ta bhe of consequence as a
result of the low levels of NO,” in the soil and the reported
toxicity of this ien., WNitrite may arise in the soil from trans-
formation of nitrogen compounds in the soll and rhizosphere, from
organic wastes or from NOj~ containing roots during oxygen stress
(Bretler and Luczak, 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
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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) altho.gh this is subjest to considerable
variation. Plants can absorbd NO3~ during both the light and dark
portions of the deily cycle at nearly equal rates (Rufty et al.,
1984}. The NO3” accumulated in the dark period is however only
translocatec and reduced, predominantly in the shoot (80% in
soybean}, in the following light period (Rufty et al., 1984).
Root absorption of NO3~ may result in the passage of the absorbed
ions into:

~  xylem vessels

~ root medium

~ reduction via NR and NiR to NHg*

- deposition in root vacuoles which probably accounts for
most of the tissue NO3” (Jackson et al., 1386},

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., 1%B4). This observation is consistent
with observation reported below of limited reduction of en-
dogenous NO;™. Of net influx during 24 hours exposure to 1 mM
K15N03, 56% was translocated, 30% reduced and 14% accumulated in
malze roots (Jackson et al., 1986)}. The site at which NO3” is
reduced varies between plant species. In some reduction is
predominantly in the vroot and in others predominantly in the
shoot. In rice it appears from 15y sgtudies that nitrate is
largely incorporated into glutamine and glutamic aclds 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 supplled. At greater NO3~ concentrations wore NO3™ was
translocated with the percentage NO;~ reduced in the root remain-
ing relatively constant, but the amount of translocated reduced N
increased from 10% to 54f (Morgan et al., 1885a;b). The amino
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acid products of NO3~ reduction and NH4+ 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 NO3~ 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 and Schubert, 1985). A NO3~ insensitive H'ATPase has
been identified in maize roots by O'Neill et al. (1983). Thus the
ATPase for protan export is available in the maize root and may
be coupled to NO3~ efflux. Reductlion of NO3™ results in the
production of OH™ (Raven and Smith, 1976) which may in turn par-
ticipate in an antiport for NO3~ 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 NO3~ during the influx of
this ion, while extensive reduction, but little translocation and
efflux occurred, in the aksence of influx. The uptake intoc xoots
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 KO3~ (MacKown et al., 19b3;
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 NQ3~ (Jackson et al.,
1986).

Uptake of NO3~ into plant roots is the net result of both infiux
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 are often complex.The effects of one ion

S T - SRR YT

-

1




on the uptake of another are inportant when considering the com-
bined effects of inorganic nitrogen species. For example, the
report that NO;~ reduced 14COZ accumulation by maize while the
combination of NO;” and NH4+ increased 14¢ accumulation (Morot-
Gaudry et al., 1985) may be related to uptake phenomena. Supply
of NH4* has been reported to both stimulate and retard NO3~ and
g 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, 1986}. 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 NO3~™ to barley was
predominantly assimilated ia 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 nltrate, indicating a suppression of NGOy~ ab-
sorption by NH;*. Reduced net NO3~ uptake in the presence of NHg*
has been reported for numerous higher plants although little or
no effects have been evident in others (Haynes and Goh, 1978;
MacKkewn et al., 1982). fThis effect iz apparently not exclusively
raduction related, because influx is more strongly inhibited by
NH4+ than NO3~ reduction (Morgan et al., 1985b). A number of
mechanisms were suggested by MacKown 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 dld not alter the levels of tissue NO3”
and thus efflux was not apparently enhanced by this treatment.
ammonium iz well known to agt 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
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Goh, 1978). Precisely how this uncoupling {presumaoly
chloroplastic) results in an increase in cytoplasmic reducing
potential and ADP is not clear. From the differential inhibition
of uptake and reduction it was suggasted that the uptake system
was itself influenced although FH,* and its reduction products
have been suggested py other workers to affect uptake by altering
NR activity (MacKown et al., 1982). Although the net uptake of
NO3~ was smaller (MacKown et. al., 1982; Lewis et al., 1983), ac~
cumulation of NO3™ in roots was enhanced by application of NH,t
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 whish is pH (Reisenauer,
1978). The absorption of NH4+ increased with pH which may be re-
lated to the NHJ 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 accumuiation 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 s, in virtually all recorded cases, con~
verted through reductive amination of a~ketoglutarate to
glutamate and glutarine prilor to translocation, although in peas
asparagine may play an important réle as the major translocated
amino acid form (Ta and Joy, 1984). Absorption of divalent anions
(po42-, 50427} was increased while absorption of divalent caticns
was d by WHs* (Rei , 1978; Haynes and Geh, 1978).
The effects of NH4+ on uptake of monovalent ions were inconsis-
tent (Reisenauer, 1978).

Uptake of 0.1 mM NO,”~ was found to occur in rwots of Phaseolus
vulgaris against an electrochemical gradient. The rate of uptake
exhibited an inverse relationship to medium NO;~ concentration
(Bretler and Luczak, 1982}. At pH 5, 2% of NO;™ is in the form of
nitrous acid which is believed to be the toxic form of NOy~ and
this may account for reduced uptake. The uptake of NO;™ may af-
fect cothexr aspects of metabolism or it could restrict its own up-
take. Of the absorbed NOz™ only one third accumulated &s NOz~ in
the root (Bretler and Luczak, 1282). Although NO;~ can induce NR,
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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 NO3~ in
the proportion 30 mM:10 mM (Relsenauer, 1978). Maximum rates of
grewth and N assimilation were reported by Lewis et al. (1983) to
occur 1n barley maintained on a mixture of NO3~ and NH4*. The op~
timu depends on the specles of plant, age and pH of growth
medium {Haynes and Goh, 1978). Root temperature has beer indi-
cated to play an important role in determining the specific ab-
sorption rates for NH;* and NO3™ although the overall N-intake
remained relatively constant (Clarkson et al., 1986).

7.3.2. Transport of nitrogen compounds acrass the plasmalemma

7.1.2.1, Nitrate transport

Although one might expect the plasmalemma to play an important
zole 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 transiocation (Deane-Drummond,
1985). In Chara a linear relationship between NO;~ efflux and
cytoplasmic {NO3™] was found to exist. This linear relationship
may be modified by the addition of NH4"‘ (Deane-Drummond, 1985).
Eff1lux was concluded to be actlve the electr cal
driving force is in favour of NO3~ entry, which is not to say
that NO3” entry is passive, but that it may be accelerated by a
carrier (Deane-Drummond, 1985). If cytoplasmic NO3~ is very high
then influx is active and efflux passive (Deane-Drummond, 1985),

The site of proton limked NO3”  reduction/tramsport in
spheroplasts prepared from Escherichia g¢oli has been shown,
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through the use of azide inhibition, to be orn the ocuter aspect of
the cytoplasmic membrane, while the FMNH; reducible site is on
the inner aspect (Garland et al., 1975). With malate supplied as
a source of reductant, a ratic of 4 HY/NO3” (ut effluxiNe;™
supply) was found while formate and succinate yielded a ratioc of
2. The rate of entry of NO3~ into spheroplasts by passive diffu-
sion was found to account for 0.1% of the NU3~ required for NO3~
reduction (Garland et al., 1975). In haeme deficlent mutants, no
uptake of NO3~ occurred indicating a link between respiratory
electron transport and NO3™ reduction/tramsport. In addition
lipophilic carriers facilitating transport of cations (K% -
valinomycin and HY - CCCP) stimulated transport of KO3~ across
the membrane indicating the electrogenic mnature 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 trapsport mechanisms may ke divided into two classes:
1) carrier mediated - carrier molecule facilitating membrane
transport with the requirement for an energy supply
2) vesicle mediated - vesicular exceytosis 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 dlfferent mechanisms
of energy coupling:

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

Butz and X (1977) that the t 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(PJH and functioning in both the transport
and reduction of NO3™ in a 3:1 ratlo. A similar dimer system was
proposed for the chloroplast envelope functioning in a 1:1
transport:reduction. These authors presented correlative ev;denee
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that NR activity is coupled to transport of nitrate. Correlative
evidence for this dual rdle may be drawn from the finding that
the electrophoretic properties of NR differ between diatoms
(clones of Biddulphia aurita) 21iving in different temperature
zones and capable of different NO3™ uptake rates at various tem-
peratures {Underhill, 1977). Evidence of this nature is not age
ceptable however, in that some of the alyae 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-
curmulating in the cytoplasm. In addition mutants of Arahidopis
thaliana exhibiting no NR activity were capable of significant
rates of NO3~ uptake (Doddema et al., 1978). The rdle of NR in
transpoxt of NO3” has largely been discredited due to a lack of
evidence and the dependence of uptake on reduction inm the non-
vacuolate systems described above.

The invelvement of an ATPase in NOj~ uptake was proposed because
of the sensitivity of some ATPases to NO3~ and the apparent sen-
sitivity of NO3™ reduction to adenylates. The ATPase was sug-
gested to play a rdle in transporting the NO3;~ 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 achleved by nitrate. Although doubt exists
about the réle of ATPase in NO3” transport, evidence is available
for the existence of permeases across the plasmalemma (Fuggl,
1985) .

A substantial amount of evidence exists for the lmplication of a
NO3”/OH™ counter transport {or NO3~/#* co-tramsport) in NOF 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
appiication is however extremely concentrated and not in the
physiological range of NO3~ levels at all. Later work by Ullrich
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and Novacky (1981) showed that smaller concentrations (0.2 mM)

had a similar effect. In addition these authors showed that

plants with low membrane potentials showed no depoclarization and

aven a slight hyperpolarization on supply of light (Ullrich and "y
Novacky, 1%81). Two permease systems (high and low affinity) have

been proposed for NO;” uptake into Cyanidium caldarium. The high
affinity uptake system co-transported 1 NO3”™ and 2 B* with the

NO3™ binding first to the transport system (Fuggi, 1985). Al-

though light is known to cause a reduction in the extent of
membrane depolarization on supply ef 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 Iiinked
simultaneous extrusion of protons £rom the cells. Thus it appears

that the NO3~ uptake process involves a H*/NO3“ co-transport

(Novacky et al., 1978}.

Correlative evidence may be found from the similarities of NO3”

and pH to changes in the po al {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 N

NO3~ utilization is ieperted to be panied by a and {

increazse 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 L or 2 g,

depending on whether or not NO3~ derived NH4+ was incorporated or

not (Eisele and Ullrich, 1977; Fugygl et al.. 198l; Novacky et

al.,, 1978). Under steaay state conditions, the incorporation of

each equivalent of ammonia was accompanied by 0.8«1 equiv. of

protons while for each equiv. of NO3~ 1-1.2 equiv. protons ware

absorbed (Fuggi et al., 1981). Immediate alkalinization has been

reported during NOF uptake as wrll as acidification although the

alkalinization has been disputed to have any rdle in NO3™ uptake.
Additional supporting evidence comes from the report that

36C103'/ NO3” £lux into Chara was to be gensitive 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 NO;~ supplied, with greater p# dependence at
lower NO3~ concentrations and with maximal uptake cccurring at pH
4.7 {Deane-Drummond, 1984c). This author found no correlation be-
tween alkalinization and NO3"™ uptake. The proton pump inhibitor,
DES, was found to dramatically stimulate NO3~ uptake, although
extremely high concentrations of DES had an inhibitory effect
(Deane-Drummond, 1984c). An effect of NH;" on the uptake of NO3™
has been reported for Penicillium chrysogenum although in this
case glutamine and asparagine supply was reported o 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 NR

b) It may act as an allosteric inhibitor of the NO§ uptake
system

¢} 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 DES and the
evidence pointed to a stimulation of NO3“ efflux by NH4* as the
mechanism responsible for reduced NO3™ uptake (Deane~Drurmond,
1984b}.

This effect was explained as being the result of an inhibitory
effect on the efflux of NO3” from the cells and NQ;~ efflux was
proposed to occur in exchange for NO3™ influx. Nitrate efflux has
previously been reported to be an important component of net NO3™
uptake and to be independent of the supply of DES (Deane-
Drummond, 1984a). In kinetic studies it was found that the uptake
of 36¢103 was inhibltud competitively by NO3~ at low concentra-
tions while at higher concentrations inhibition was not charac~
terlstic of competitive or non-competitive inhibition (Deane-
Drummond, 1984a). These results have led to the following
conclusions:

a) NOj 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 medel proposed by Deane-Drummond (1984c) and Deane-Drummond
{1984a) (Fig. 1) envisages a counter exchange, influenced by
protons, of NO3” and HCO3"/OR™ or HCO3"/H* at low external NO3™
concentrations while at higher concentrations, the external NGy~
may exchange for internal NO3~ where net NO;™ uptake is detex-
mined by reduction and transport into the vacuole. Although &
single carrier has been proposed for both influx and efflux of
NO3~, Deane-Drummond {1985) has found evidence for the sxistence
of two Iindependent carriers. The differential effects of in-
hibitors (DES inhibited efflux and NH* stimulated efflux) on ef-
£lux and influx and apparent independence of NO3~ efflux of ex-
ternal [NO3™] have been taken as evidence for two carriers. The
influx of NO3~ 1s thought to cccur in exchange for HCO3™., The
control of NO3” erflux form the cell is proposed to ocour to
prevent the unnecessary reduction of NO3~ when alternative more
reduced, and thus, less expensive forms of nitrogen are available
{Deane-Drwuamond, 1985).
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Fig. 1. A tentative model for NO3™ uptake into Chara cells under different
conditions of nitrate status. t = tonoplast, m = plasmu © = out-
site cell, i = inside cell, v = vacuole, a.a. = amiao acids (Deane-
Drummond, 1984).

7.1.2.2, Amnonium uptake

Nonspecific diffusion of NH;* across membranes has hbeen favoured
by some authors, but evidence for carrier mediated NHy* transport
has acorreulated recently (Bertl et al., 1984). Addition of NH4+
has been reported to cause a concentration dependent change in
cellular p¥ in Riceia fluitans (Bertl et al,, 1984). On addition
of 1 uM NH4Cl the cytoplasmic pH of 7.2-7.4 dropped by 0.1-0.2 pH
units, but shifted to pH 7.8 ia the presence of 50 ulM NH4Cl. The
vacuolar pH increased drastically from 4.5 to 5.7 with 50 uM
NH4Cl. These results were interpreted by the authors to imply the
operation of two processes: first, acidification due to
deprotonation of NH4*; and second alkalinizatlon through protona-
tion of NHjy which is taken up to a significant extent from high

1 sentrations. 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 trausport of amino acids is accompanied by a simultanecus ?;
proton transport, although ne alkalinization of the external 3
medium during steady state uptake was found (Novacky et al., e
1878). A large variety of cells have been reported to possess a .
transport system for amino acids. In Chlorella yulgaris the

tramsport system has been shown to be inducible by the supply'of

hexcses and by nitrogen shortage Sauer et al., 1983}, This in-

duction was attributed to the C¢/N ratle. An amino acid transport

system in Chlorella vulgaris has alsc 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 15'
sugsrcane suspension cultures has led to the suggestion of a,
specific transport system for amino acidz. Several transliocators
have been proposed for either specific amino acids ar groups of
aminc acids {Robinsen and Beevers, 1981; Felle, 1981). The uptake
of amine acids has been proposed to be related to the influx of
protons acroas 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 Bt {Novacky et al.,
1978)., similar results were obtained using sugarcane tissue sec~
tions (Franz and Tattar, 1981) and cat coleoptiles (Kinraide and
Etherton, 1980).

In oat coleoptiles strong PpH  insensitive depolarization of
rembrane potentlals by basic amino aclds ond pE sensitive
wembrane depolarization by acidic and neutral amino acids has
been reported. This led to the proposal by Kinraide and Etherton
(1980) that neutral amino acids are co-transported with a HY and
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that acidic amino acid transport is associated with a cation and
a HY, 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'/amino 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 Avena
sativa the transiint depolarizations resulting from amino acid
supply (1-2 minute duration) are followed by repolarizations
which are complete within 2-3 minutes (Rinraide et al., 1984).
These authors suggest that the repolarizations are a result of
efflux of Kt 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 NO3;” have been interpreted to suggest that the control of
this process originates from the regulation of transport across
the tonoplast (Glass et al., 1985). CThese authors report that
NH4t strongly inhibited the uptake of NO3~ and that NO3~ influx
across the plasmalemma of barley roots was insensitive to tissue
NO3” and C1~ status; inhibition of tonoplast uptake led to higher
cytoplasmic contents and thus greater translocatien to the shoot.

Plasmalemma and tonoplast HY - 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 (ILew and
Spanswick, 1984). The plasmalemma form is sensitive to vanadate,
molybdate and azide and insensitive to NO3~ while the tonoplast
ATPase H* pumping is stimulated by Cl™ and inhibited by No3”
{Zocchi, 1285). Ko explanation of the effecc of €17 has been
forthcoming, but the effect of NO3~ has been found to be competi-

17

o U oD ks ehe e . A e F e .



b Laa i T Y TEY

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. Condltiens producing protein phosphoryla=~ '
tion {Caf'with calmodulin and a protein kinase) have been reported

to  inhibit total and lonophore stimulated ATPase activity
{Bocehi, 1985). Activity of the NO;” sensitive form of the ATPase

was found to be more depressed than the activity of the vanadate

form suggesting that the tonoplast ATPass is more sensgitive than -
the plasmalemma f£orm to phosphorylation. The tonoplast form is
unaffected by the supply of AaMP (Raush et ai., 1985 and Zocchi,

1985) but ADP is a potent competitive inhibitor (Kj 0.18 mM)

(Raush et al,, 1985). fThe protcn 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 toc be a
saturable phenomenon and relatively specific in that only certain

anions (KC1 and KNO3) could induce the associated proton uptake

{Lew and Spanswick, 198S).

Vacucles, 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 anabollc enzymes but has many hydrolytic enzymes and
transport systems involved in vacuolar accimulation across the
tonoplast (Boudet et al., 1984). Vacuolar storage aliows
intracellular accumulation of end products without the assoclated
feedback effects and may serve for reversible and Irreversitle
storage, the former of which may occur over long term (storage
for perlods of active growth) or short term (accumulation for
temporarily separated utillzation). It has been noted that NO3T
is often stored by specles from arid environments where tha NO3~
is accumulated after railn, possibly to maintain growth during the
dry period (Smirnoff and Stewart, 1985).

B In unicellular green algae without major storage vacuoles supply

- of ABA has been found to stimulate the uptake of NO3~ by up to
’ 200%. Although this stimulation was proposed to be the result of
the activation of HY extrusion at the plasmalemma, no evidence
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for this was found and the effect of AP° was more directly re-
lated to increased starch degradatie— co form glucose and thus
respiratory activity (Ullrich and .unz, 1984). ABA had very
little effect on photosynthetic 0, ~volution, NO;™ reduction and
NHyt assimilation (Ullrich and Kvaz, 1384).

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). ‘Normal' levels of NO3~ in
plant tissues are in the range 0-140 uwmol.g dry weight‘l or 0-
0.2% of dry welght and accounts for 0-10% of plant nitrogen
{Smirnoff and Stewart, 1985). High nitrogen £fertilization can
lead to accumulation of WNO3~ to such an extent that the plant
tissue is toxic if consumed (Smirnoff and Stewart, 1985). This
accumulated NO3” 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~ (Martinola et al., 1981)
and thus the 'storage' and ‘metabolic' pools are probably
separated by the tonoplast.

The in vivo assay for NP depends on the accumulation of NOp~ un-
der anaerobic cenditions. With the supply of NO3~ this acvivity
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 NO” accumulated is only a small fraction
of the amount of NO3™ present in the tissue (Ferrari et al.,
1873). Gradual leakage of NO;™ out of the tissue could not ac-
count for this because NOp™ production continued even after the
cessation of leakage. These results have been taken to suggest
the presence of a small pool of NO3™ avallsble for reductien,
while the rest of ths tissue NO3~ is in storage (Ferrari et al.,
1873}, The effects of the alcohols on NO;™ accumulation were sug-
gested to be the result of increased leakage of NO3;~ from storage
te 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 propancl and
ethanol promoted NO;” utilization, propanol brought about an ac-
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cumulation of NOy™ under both aerchic and anaerobic conditions
while ethanol caused an accumulation of NOp~ only under anaerchic
eonditions in Z, mays. In contrast Yoneyama (1981) reported that
propanel only increased NOp™ accumulation under aerobic condi-
tions and depressed NO3™ 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 NOp~ meta-
bolism are, except that they may be more compléx than suggested
by the leakage of NO3™ into the metabolic compartment. It is pos~ S
sible to speculate that the differences may arise from the meta~
bolism of ethanol under aercbic 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 ot al., 1973). Inter~
pretation of these results is however open to question as it has
been recently shown that even under anaerobic conditions, N0y~ is
metabolised, and thus the lack of NO;” accumulation is not a
reliable indicator of the flux of nitrate (Yoneyama, 1381; 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-
Jular ousmoticim (Smirnoff and Stewart, 1985).

The high NO3~ content of some leavss means that it may ke 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 NOj™ has been reported in Loliun multi-
florum {Veen and Kleinendorst, 1985). Blom-Zandstra and Lampe
(1985) found evidence suggesting that NO4~ may serve as an os~
moticum at low light intensity to compensate for a decline of
Yy carbohydrate concentration. Nitrate assimllation has also been
suggested %o contribute toward the avoidance of photeinhibition.
A 1light dependent ATPase maintained pH gradlent has been found
between the cytoplasm and the vacuole and may explain many of the
N energetically uphill transport systems operating on the tonoplast
and some of the control mechanisms (Boudet et al., 1984)}. Al-

20

K’ st B akias . cede, e o va Emie 2. New




grees 1 " o T

though the NO;™ readily permeates the vacuole with <the expendi-
ture of ATP, N03‘ cannot passively diffuse out of thils compart-
ment.,

7.2,  NITROGEN EFFECTS ON CARBON METABOLISM THROUGH UPTAKE
MECHANISMS

The apparent interdependence of NR 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 o oqour Or not to be assimilated further than NHg* under
conditions of CO, deprivation. Nitrate derived NO;~ and NH4* have
been reported to accumulate in the external medium of Chlcrella
(Di Martino Rigano et al., 1985) and Scenedesmus (Larsson et al.,
1985a) suspensions kept under conditions of CO; deprivation. This
effect has often been reported to be pH dependent with no ac-
cumulation occurring at pH 6.4. Accumulation of NO;™ occurs at pH
8.2 but the products of reduction are returned to the medium as
NH4+ (DL Martino Rigane 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
authoxs to 1lmply that the metabolic peol was replenished from a
storage pool in the presence of light while glucose and light are
both effective in the transport of extracellular NO3” inte the
metabolic pool. Eisele and Ullrich (1977) reported a glucose re-
versible inhibition of NO3” uptake and reductien, especilally at
low pH. The effect of glucose was found not to be markedly pH de-
pendent and high levels of COj (1%) exhibited the same effect.
wWhether this effect was primarily the result of an effect on NO3~
uptake or NQ3” reduction is difficult to assess. It is unikely
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 plasmalomma (Eisele and Ullrich, 1977). In addition NR has a
pH optimum of between 7 and 8 which is markedly different Exom
the pH optimum shown for NO3™ uptake (Eisele and Ullrich, 1977).
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The further reduction of NO;” 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 CO; 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 NO3~ uptake is stimulated by the
intermediate. The production of an OH™ during the complete reduc-~
tion of NO3~ iz constant with pH and thus the efflux of the OH™ =
and the uptake of NO3~ either has to occcur up a concentration

gradient or agalnst a membrane potential. Thus the uptake and

reduction of NOF must be an active process (Eisole and Ullrich,

1977). h

In Chlorella the accumulation of nitrate, NO;~ and NH4+ 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 unliikely 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 celliular carbon status, but at high pHE }
this control is lost. Larsson et al. (1985b) rxeported that NO;~
uptake and/or reduction was stimulated by €O; at non-limiting
light intensities (»>100 wmol.m~2.s"1l) associated with reduced
Nﬂq* efflux. They alsc report a reduced uptake and reduction of
NGy~ and a positive correlation between NH4+ uptake/reduction
with €Oy stion These h on the proposal
that a ¢-N intermediate dependent on the ratio of carbon to NH4+,
plays a regulatory rdle 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 cxzogs the
chloroplast envelope freely as the undisscciated anlon (Larsson
et al., 1985h). Kaiser and Heber (1983) reported sensitivity of
photosynthetia O; evolution to both bicarbonate and nitrite. In
examining the effects of NO;™ on ph Y ls it soon b

evident that pH considerations are very lmportant. In studies of i
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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 1s strongly pH dependent due to the predeminance of HCO3™

at high pH. Evidence indicates that €O, 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 acldification owing to the loss of OH™ through

the stromal formation of HCO3™ from CO; (Kaiser and Heber, 1983).
Similarly NO,” entering the stroma would result in acidification. - L
In this regard it ls important to establish whether NO;~ or HNO;

enters the chloroplast. Kailser and Heber (1983) concluded from
theoretical caleculations that both the protonated and the
unprotonated forms can cross the plasmalemma and chloroplast en-
velope, although anions crossed 103 times more slowly . The plas-
malemma was found to be less permeable to NO™ 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 NO™ (up to 100 mM).

Incubation of unicellular green algae with glucose or in the
presence of 1light has been found to enhance the consumption of
NO3~ {(Schlee et al., 1985) and this enhancement has been at~
tributed, in most cases, to the provision of energy or carbon
skeletons for NO;~ reduction. @Glucose has recently been reportzd
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 NO;~ 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 Y sympoert in a
stoichiometry of 1:1 but no X' movement was observed (Schlee et
al., 1985). Thus ths 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 lonic species during the reductlon of wvarious nitrogen
species, The accumulation of these lonic 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 concelve that these ions should
present a major problem to the plant considering the vast number
of redox and acid/base reaction which oeeur. In splte of these
reservations, the literature dealing with this subject is briefly
reviewed below.

Nitrate assimilation generates O~ ions (" per Noj) and WHy' as-
similation generates Ht (1 per NH4*) 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 HY and OH™, this could only account for a
fraction of that produced. For the roots this problem is simply
overcome through the excretion of bicarbonate or hydroxyl into
the bathing medium (Smirnoff and Stewart, 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
pe the result of selective pressures related to the requirement
of the plant for the disposal of excess H* and OE™ (Raven and
Smith, 1976). The site of NH4+ assimilation is predomlnantly 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 acldification of the rooting medium {Raven and Smlth,
19765, If NH4Y assimilation is to ocour in the shoot sucrose
translocated from the shoot may be converted into malate in the
root releasing 2 H* which may be exchanged for NH4' ions and the
malate ia translocated to the shoot where Lt enters the pH stat
and 1s decarboxylated to yield pyruvate. This pH control may ke
mediated through the pH effects on PEPg and malic enzyme (Smith
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and Raven, 1979). Raven and Smith (1976) concluded that all the
gt produced in the reduction of NH4+ could not be stored in the
vacucle for osmotic and pH reasons and thus the predominant maans
of detoxification appears to be throuyh root excretion.

Reductlon of NOy” actually results in the foxmation of 2 OH”, put
the production of H*' by the subsequent assimilation of Ni,*
results in a net stoichiometry of only 1 OH™ per NO3~. This as-
sumes that NO3~ reduction and NHq* assimilation occurs in the
same pH pool, which is probably not the case. Although NO3~ as-
similation can occur in the roots, depending on externmal NO3™
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 MR in the leaf {Smirmoff and
Stewart, 1985). Whether translocation of NO3~ occurs or not is
dependent on the external NO3” concentration and the root tem-
perature as dircussed previously. The reduction of NO3™ in the
root provides none of the praoblems associated with the Jleaf in
terms of the disposal of OH". The OH™ produced in the root is
elther excreted to the external medium or metabolised via the
biochemical pH stat, The assimilation of NO;~ in the root is
proposed to lead to a drop in pH which activates PEPe which
neutralizes OH™ with the production of malic acid. In the shoot
efflux accounts for 50% in maize and 10% in Beta yulgaris of the
generated OH™, and the balance is thought to be accounted for by
biochemical pH stat.

With increasing NO3™ assimilation, the buls of the anlons (OHT)
produced accumulated Iin 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, 1$77). The stimulation of
cation uptake was proposed to result from a requirement for an
acoompanying ion for shoot translocation. In additlon, the cation
Jas  suggested to balance the production of organic acidas formed
during NO3~ reductlon (Kirkby and Knight, 1977). The implication
of this proposal is somewhat different from that of Ben-Zioni et
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al. {1971) where the accompanying cation (Kt) was suggested to be
retranslocated downward in the phloem. Here the cations are sug-
gested to accumuiate in the shoot.

In the leaf organic aclds may be stored in the vacuoles as salts
or be 3nslocated to the phloem and on down to the roots where
they hnwy be decarboxylated and the resulting hydroxyl excreted,
peasibly in exchange for furthel NO;~ (Ben-Zioni et al., 1971).
These authors propose that the strichiometrie production of ma-
late witk .. 37 reduction allows the movement of K-malate to the
root whe.  the malate is oxidised to yieid KHCO3 which may then
exchange for KNO3. NO3~ feeding has been reported to result in an
increase of Xt and inorganic acid content (aconitate and malate)
of maize leavas {Morot-Gaudry et al., 1985). Criticisms leveled
against this suggestion include the observation that significant
root NO3” reduction occurs and tracer studies in tomatoes did not
shew the cycling of organic acids (Kir sy and Rnight, 1977; van
Beusichem et al., 1985), In Ricinus zommunis it was shown that
the efflux of HCN3™ 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 anjon charge and significant
root reduction of NO3" was ohserved (van Beusichem et al., 13985).
The same authors found that only 24% of excreted HCO3™ could be
attributed to shoot borne organic anions, Thus different specles
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 pctentlal problems. The formatien
of OAA 1s cata.ysed by the enzyme PEFe which is found in the
cytoplasm and in some cases +the chloxoplasts of Ty and ¢4
mesophyll cells which are in the latter case alsc the site of
NO3™ and NOy” reductase (Smirnoff and Stewart, 1985). The absence
of PEPc from the bundle sheath, and thus the lack of a pH stat,
lias been suggested to account for the lack of NO3™ reduction in
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these cells. This compartmentation has been further suggested to
spatially separate NO;” 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 ke avoided. C4 plants do not exhibit

ion of g is even at high light intensities. Thus
there may be insufficient photochemical energy to allow competi-
tion between nitrogen ani carbon assimilation. Mechanisms to
avoid such competition in C3 plants have been suggested to in-
clude the following:

a) Nitrate assimilation most active when light intensity
maximal and COp fixation at a minimum {e.g. at noon in some
plants})

Lt) Nitrate assimilation has been suggested {perhaps naively)
te dismipate excess photochemical energy in place of
photorespiration

¢} Nitrate of the pi Y ic 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 CH™ for each
) ~arbon. Up to 10% of the organic carbon may be involved in ox-
d o ganic acid formation. The sequestering of this organic acid in
' : the vacuole has been estimated tc consume about 5-10 AT®P/N while

t
| N } transport of carbon to root probab'y only requires 2 ATP (Smith
M | and Raven, 1979). Simultaneous supply of NO3" and NH4* would al-

b |} A 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.

v
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7.4. EFFECTS OF INORGANIC NITROGEN ON METABOLISM OF OTHER IONS {

Inorganic phosphate is known to be essential for the transloca~ -
tion of photosynthates sut of the chloroplast. Reduced supply of L}
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 enything affecting the
availability of Pi in the cell 1s also likely to have wide rang- ’ \
ing effects on carbon metabolism. NO;” 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

vacioles where NO3™ inhibited the transport of Pi from the L
cytoplasm to the vacuole leading to an increase in cytosolic
phosphate (Lamaze et al., 1984). This may have significance for
the rdle of NO3~ in regulating the efflux of photosynthate from \
the chlorcplast. Nitrate has been proposed to utilize triose~P i
produced in the chioroplast as a source of reductant (Kiepper et
al., 1971) #c that NO;3~ is expected to have an independent rdle.
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 coniroiling influence on the levels of
chloroplastic triose~F !{Flugge and Heldt, 1877). (O, dependent Op
evolution is strongly dependent on the adequate supply of Pi a=?
passive leakage of Pi from the chloroplast drastically reduces
thig Oy evolution (Mourioux and Douce, 1981). Furthermore, the
rates of photosynthetic carbon assimilation have been shown to be
strongly influenced by the lack of either N0, orx phosphate and
this has been related to the accumulation of starch under these
conditions {Ariovich and Cresswell, 1983). Thus a further link B -
hetween triose-P transport and NO3~ may exist through the effects
of this anion on phosphate accumulation in the eytosol.
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7.5. THE EFFECTS OF NITROGEN ON ENZYME ACTIVITIES ASSOCIATED WITH
CARBON DIOXIDE ASSIMILATION

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 alsc been attributed to the influence of nitrogen on enzymes
associated with these . Active t 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 =xdle in aquatic plants {Salvucei, N
1983), it appears that the major permeant carbon dioxide species
in Asparagus mesophyll cells is COy with HUD»™ contributing to
only 5-i6% of tha total net inorganic carbon uptake at high p¥
(8.5} (Espie et al., 1986; Espie and Colman, 1986)., Similar
results have been reported for Chlamydomonas reiphardii (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 photosynthetie 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 bax-
ley leaves., This was found to be correlated with Iincreases in
RuBPe/o activities., Supplied nitrogen of unspecified form has
been reported to activate PEPc, RuBPc and glyceraldehyde phos-
phate dehydrogenase (expressed pcr gram fresh weight) in both €3
{broad hean) and C4 (Zea mnays) plants ([Avdeeva and Aandreeva,
1973; Sugiyama et al., 1984). Fair et al (1974} reported that in-
creasing ¥03~ and NH4+ concentration in the medium of Hordeum
vulgare resulted in higher activity of RuBPec, glycolate oxidase
and catalase (expressed per gram fresh weight) while RuBPo ac~
tivity was reported to increase in H, vulgare (Tew et al., 1974).
similarly PEPc, glycolate oxidase and RuBPo activities (expressed
per gram fresh weight) have been reported to inerease with both
NO3™ and NH4+ supply to 2ea mays, Themeda triandca, Hyparrhenia
hirta and Bragrostis curvula (Cresswell et al., 1977). The same
avthors report a change in the ratio of carboxylase to oxygenase
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activities of RuBPec/o in all the species studied and with both
NO3” and wHy*. 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 imcrease in activity of RuBPo was as-
sociated with an increase in carbon dioxide compensation points
and increased sensitivity to oxyger inhibition of net
photosynthesis. Shieh and Liao (1985) reported little effect on
Ccop assimilation in rice on the supply of NHzNO3 over a wide
range of cancentrations although growth, RuBPe activity, PERc
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 rdle of PEP¢ in carbon assimilation, it is largely
assumed that this enzyme, with malate dehydrogenase and walic
engyme, functions as a cellular pH stat in C; plants (Schweiser
and Erismann, 1985). PEPc is also postulated to function as an
imporzant anaplerotic enzyme for the TCA uycle from which carbon
may be derived in some tissues for NHs* assimilation (Schweizer
and Erismann, 1985). The extractable activity of PRPc was en-
hanced in leaf tissue of N¢3~ fed plants but not in NH4+ fed
plants. Reots of NO;™ fed nlants showed no increase in PEPc ac-
tivity while NH,* fed plant root PEPc responded positively
{Schweizer and Erismann, 1785). These results may be interpreted
as meaning that NH4+ requires a pH stat or carbon £rom the TCA in
the roots while nc such requirements are made in the leaf because
NHA+ 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 pE stat in this tissue. Schwelzer and Eris-
mann (1985) reported no effect of inorganic nitrogen on RuBPc.

No consideration of the mechanism of thase effects exists in the
literature and a general elevation in protein synthesis on supply
of wvarious nitrogen forms cannot be excluded. The reduction of
NO3~ produces OR™ in cells whereas assimilation of NHX produces
Ht. The chloroplastic system is rxemarkably sensitive to r%
changes and such a release of cations/anlons could have important
consequences (Schwelzer and Erismann, 188%5). PEPc is largely as~
sumed to functlon as a pH stat in C3 plants and is also at-

30

Py U Bl ks s S . A e R ow .




5 AT Ty

tributed an important anaplerotic réle in the TCA cycle.
Schwelzer and Erismann (1985) found differential effects of NO3~
and NH4* on PEPc 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 NHg*. No effects of NO3” and NH4* on RuBPc were found.
Differential effects of NO3~ and NH;* on the carboxylation en~
zymes and the alteration in the ratios of RuBP¢/RuBP0 may point
to other mechanisms than just an elevation of general protein
synthesis on supply of nitrogen nutrition.

7.8 DIRECT ERFPECTS 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 (wWarburg 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 moze
direct effects. It has been suggested that NO3~ could act as an
electron acceptor for the Hill reaction or replace the C1™ anion
in the water oxidation system {Osman et al., 1982).

Addicion of NO3™ to a suspension of salt Qepleted thylakoids in-
capable of NO3™ reduction raised the rate of Oy evolution by a
factor of 2-3. fThrough the use of inhibitors and artificial
electron denors/ 353 g it was ned that the site of NO3™
action was at the water oxidation step or the donor side of PSII
{Osman et al., 1982). In these studies N3~ was supplled at 10 mM
while other authors have applied much higher concentrations (100
mM) and obtained inhibitory responses (Stemler and Murphy, 1983),

High concentrations of various anions inhibit PSII electron
transport. Nitrate supplied as KNO3 inhibited 0, evolution in a
competitive bicarbonate reversible farhlon. fThis was attributed
to the binding of NO3~ to site(s) on PSII (Stemler and Murphy,
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1985) probably located between QA and the PQ pocl (van Rensen and
Snel, 1985). Supply of HCO3™ has been shown to stimulate Hill
reaction activity (Shin et al., 1383). Removal of CO; from the
culture medium of Chlamydobotrvs stellata resulted in an initial
diminishment of photosynthetic electron transport at the oxidis-
ing side of photosystem I¥ fallowed by an additional offect on
the reducing side of the photosystem {(Mende and Wiessner, 1985).
The effects of HCO3” on PSII have been related tc the provision
of Y to the reaction site where HCO3" functions as a shuttle be-
cween 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  €fects of NO3~
at high and low concentrations and the different es of action
between the bicarbonate reversible and water oxidation step shows
that NO3~ may exhibit specific effects at this level.

Low concentrations of NH4+ are known to uncouple photophos-
phorylation and higher conceatrations inhibit the water oxidation
step of the light reaction {Izawa, 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 center ible for 07
evolution (Izawa, 1977)}. The uncoupling effect applies to other
systems (eg. cyanobacteria) with a small closed space in whish ut
gradients are important (Barskii et al., 1985).

THE INTER: PENDENCE OF INORGANIC NITROGEN REDUCTION AND CARBON
METABOLISM

7.7. REDUCTION OF NITRATE

7.7.1. Gight energy dependent nitrate reduction

The réle of the chloroplast in the reductive assimilation of €Op
is well known. This process is dependent on the provision af ATP
and reducing equivalents {NAD(P)H) by the light reaction. The
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light reaction occurs in the thylakoid membrane system and
releases ATP, NAD(PIH and ¥d(rgq) intc the stroma of the
chloroplast {Anderson, 1$81). There the high energy phosphate and
reducing equivalents are available for the reductive assimilation
of €Oz as well as a vaviety 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 NOp™ orobably occurs in  the cytoplasm with NAD(P)H as the
electron donor. The reducing power for this reduction may be sup-
plied from the chloroplast or from the resplratery processes
(AnQerson, 1981l). Because of the dependence of the cytoplasmic
comparcment on the chloroplast for the provision of respiratory
sub it becumes very difficult, but possible, to distine
qu :n the twe compartments.

7.7.2. Reduction requirements of Nitrate Reductase

The reduction Of NO3~ to NOp™ is facilitated by the metaloprotein
NR in a 2 e” step.
2e”
NO3™ > N0z~
nitrate reductase

The NR found in higher plants is pyridine nucleotide dependent
ard the enzyme ia soluble {Guerrerc et al., 1981). The enzyme has
a dilaphorase activity rasulting in the reduction of a variety of
electron acceptors by NAD(P)H and a NR ability which is pyridine
nucleotide independent resulting in reductlon of NO3~ by reduced
£lavins or viologens {Guerrero et al., 138l), Both moieties par-
ticipate jointly and sequentially in the transfer of alectrans
from NAD(PJE to NOs™ (Guerrerc et al., 1981}, The reaction
mechanism 1s ping-pong (bi-bi} s0 NADH binds before NO;” (Hewitt
et al., 197¢). Once NADH Ls 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~.
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2e”
NO3™ + NAD(P)H + ¥

> NO3™ + NAD(P) + H0
/\Go, PH 7 = -34 ¥eal.mol™l

FAD, cytochrome b557 and molybdenum have been identified as es~
sential components of NR (Hewltt, 1975). The FAD component is as-
soclated with the diaphorase moiety while the Mo is thought to bu
the site at which NO3~ binds. Mo(yr)/Mo(ry) is probably the
proximal reductant of NO3”. The cytochrome b5537 component is
reduced by NAD(P)H and oxidised by NO3” and has thus been
proposed to mediate electron transfer bectween FAD and NO3™.

NAD(B}E ——=> FAD ———> Cyt bS57 > Mo
(Guerrero et ali., 1981)

> NOy™

Nitrate reductase capable of utilizing NADH occurs in both root
and sheot material although the enzyme from different tissues ex~
hibits sub*le differences (Caks, 1379). This author reported that
root MR was localized in the oytoplasm in the soluble phase. AlL-
though 2TP is not obviously involved with the reduction of NO3™,
ADP and Pi have been reported tec play a rdle in the regulation of
NR activity. ADP inhibited MR where AMP and ATP were relatively
ineffective {Chaparre et al., 1976). The inhibition of NWR ac-
tivity by ADP i1s reversibly de ined by the tion of
NADH and thicls in the system (Baglesham and Hewitt, 1971). The
effects of ADF are complex and inhibition is hoth competitive
with NADH and non-competitive for NADH plus NO3~ (Hewltt et al.,
1879). 'Two sepavate sites on the enzyme react with ADP and the
gompetitive effect ig co-operative while the noncompetitive ef=
fect Is linear and abolished by thio)s. The innibitory capacity
of ADP is however low (’5-18%) in the dark and nonexistent in the
light due to its concentration. Both glutamine and £ructose
diphosphate play scme uncertain réle in modifying this effect
{Hewitt et al., 1979). PL{ on the other hand was shown to incraase
reductase activity under high reducing potential conditions. ADP
was proposed to play a 6le in allosteric regulation of NR to
facilitate a balance between NO3™ reducticn and oxidative phos-
phorylaticn (Nelson and 3Ilan, 1969). Sawhney et al., (1378)
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proposed that the levels of ATP regulate the supply of NADH for
NO3~ reduction on mitoch ial respiration al-
lowing greater partitioning of NADH into NR than oxidative phos-
phorylation. An alternative possibility is that low ATP restricts
the permeability or of a b: bound com~
partment containing NR to the chloroplast thus causing a
cytoplasmic accumulation of NOp™ (Soares et al., 1985z). Dry et
al. (1981) reported no direct requirement of ATP for NGy~ reduc-
tlion but did find a requirement for ATP regulated G6PR.

The type of pyridine nucleotide required for NO3~ reduction has
been the subject of much cont: y. This guestion 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 NADK and
has a relatively low K for NO3” (Redinbaugh and Campbell, 1981).
The simultaneous presence of an NADH specific and a bispecific
NAD(P}H:NR with & higher K, E£or NO3” has been repovted. The
evidence for a specific NADPE:NR is contradictory (Redinbaugh and
campbell, 1981). Some of the NAD(P)H forms reported may be NADH
spealfic forms where NADPH s converted to NADH by phosphatases
during the assay (Dailey et al., 1982). In barley when lactate
dehydr and pyruvate were added to mop up NADM, NADPH ac-
tivity of NAD(P)H:NR was reduced by 80-95%. There nowever a
small capacity for using NADPE by barley which couid not be ex-
plained through the mediation of phosphatases (Dailey et al.,
1982). oOver reduction of the NR enzyme by NAD(P}H ls inhibitory.
various oth.r inhibitory effects on the enzyme become apparsnt in
the presence of NAD(PJH ~nd NO3~ or various thiols (Eaglesham and
Hewitt, 1971).

The rdle of the two types of NR has recently received more atten-
tion and the requirements for specific pyridine nucleotides
linked to the cccurrence of the enzyme. Apart from the inducible
NR it appears that a constitutive component alse exists (Hewit®
et al., 1979) which does nct require the presence of NO3~ for its
activity and 1Is more tolerant of tungstate inhibitien than the

inducible form. I ical characterization of NR from a
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Soybean mutant lacking the constitutive component has produced
evidence that the constitutive component iz NAD(P)H:NR and the
inducible component NADH:NR (Robin et al., 1885},

7.7.2.1. Regulation of Nitvate Reductase

The activity of NR is' regulated by a number of chemical
compounds. Diverse mechanlsms of control have been postulated. An
inhibitor specific for NADH:NR, suggested to facilitate dark-
light changes in MR activity, has been described for soybeans
(Jolly and Tolbert, 1978). The inhibitor was non-competitive with
NO3~, although it was asgociated 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 invelving cyanide and
hydroxylamine has been suggested., Hydroxylamine was assuwned to be
formed from NOp™ during NO;~ reduction and the \ydroxylamine was
postulated to form cyanide in the presence of glyoxylate (Hewitt
et al., 1979). %ue cyanide complexes 1:1 with NR resuiting in
complete inactivation. Cyanide inhibition may be vemoved by fer-
rieyanide and rhodanese, which can transfer sulphur froum thiosul-
phate to cyanide (Tomatl 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 Iin 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(PJE 1levels 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 NH4+
at more alwsline pH (Mengel et al., 1983} and t'.1s & greater ef~
fect on NAD(P)H levels. Reactivation is facilitated by white or
blue light and it has been proposed that [(ight aids the reoxida-
tion of NR by exciting FAD which can then donate its electrons to
Oy {Aparicio and Maldenado, 1977). A direct effect of NHg" on NR
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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 NH;* metabolism were
responsible because amine acids exhibited similar effects in some
cases (Hewitt et al., 1879).

Nitrate has long been known to cause Substrate induction of NR.
It has been reported however that NO,~ may activate NR and this
activation has been proposed to oceur at the molybdenum subunit
while NO3~ induces the dehydrogenase componenmt (Kaplan et al.,
1984). Induction of NR by NO3~™ is a protein dependent response
(Hewitt et al., 1979). Mengel et al {1983) proposed that KR 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 sugazs have been reported to
be effective in inducing NR. @lucose has been reported to be af-
fective in inducing MR 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 this was attributed to
induction of an uptake system {Schlee et al., 1985), A specific
increase in levels of NR by sucrose in bean leaves has been
linked to direct induction of NR synthesls although it is also
possible that sucrose may accelerate uptake of NO3™ or mobilize
the NO3~ from & storage pool @uranik 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.,
1979). The rationsle behind this postulate was the observation of
the stimulation of the activity of the enzyme under dark
anaerchbic conditions. iThis type of oxygen repression is commonly
obgerved in bacteria.

1.7.2.2. ARlterpative systems of nitrabke reduction

An alternative scheme for the reduction of NO3™ has been sug-
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gested by Ivanova and Drobysheva (1985). The formation of the O3
anion radical occurs during biologleal 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, 1983). In addition sup: ides may bhe frow
the photolysls of water in the light rcaction and other enzymatic
systems and self-oxidising substances. 5 .e plant is generally
protected from the effacts of the superoxide through the
detoxification effects of superoxide dismutase which catalyses
the dismutation of superoxide to 03 and Hp0; (Ivanova and
Drobysheva, 1985). Nitrite accumulation in salt stressed plants
was shown to be inversely related to supercxide dismutase ac-
tivity {(Kayupova et al., 1383). It has been suggested by Ivanova
and Drobysheva (1982) that the superoxide may function in the
reduction of NO3” to NO3” in situations where the protective
detoxification performed by superoxide dismutase i1s 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 wlthout the addition of
diethyldithiocarbamate. pDiethyldithiocarbamate becomes a free
radical in the presence of superoxide and has been proposed to
reduce NO3~. In previcus work the same authors suggested that the
03~ anion may itself reduce NO3~ (Ivanova and Drobysheva, 1982).
It is open to guestion ar to whether the system ls operational
unless a thicl compound with similar properties to diethyl-
dithiocarbamate functions jin yive 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 1t may have for carbon assimilation and thus
productivity., The scirce appears to depend on the type of tissue
considered (ie, leaf or rost) and t'e presence and intensity of
light. In addition any factor which alters the production or con-
sunption of reducling potential will be of consequence, The
literature on this subject is fraught with contradictions, some
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of which at least have arisen from the experimental procedure for
the assay of NR. The in vive assay for NR measures the accw.ula-
tion of NO,” under conditions (dark ic) which ly
prevent the reduction of NO;™. The NO;™ accumulated is then taken
as an indication of the amount of NO3~ redvced, and thus the ac-
tivity of NR. The assumptions made in this agsay are :

- dark anaerobic 7onditions are not usual physiological
conditions

~ the assay assumes that NO,~ is the only product of the
reduction of NO3™

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

- NO,” is assumod not to be metabolized under the
conditions of the assay

-~ NO3~ and NO,” are assumed not to lsak fxom the tissue
during the assay.

Questions mey B¢ ralsed as to wvalidity of all of <these
assumptions. Ben-Zhalom et al. (1983) and Gray and Cresswell
(1983) have veported for instance that NO,~ is further reduced
under dark anaerobic conditions and in the presence of variou
inhibitors. Witrate and NO3” have baen reported to leak at sig-
nificant rates from the tissue into the surrcunding medium {Aslam,
1%81l}. These authors alsc reported that the storage com-
ponent of NO3~, not usually available for metaholism, may bz made
available through the effects of ethanol formed during anaerobic
conditions. Evidence for this came from the stimulatory effects
of propancl, ethanol and 2,4-dinitrophenol en NO3~ reduction. Im-
proved methods for RO3™ determination are now available (Cataldo
et al., 1975) and these may be used for an effective in vivo as-
say by measuring NO3;~ loss from the tlssue (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
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control of NO3~ reductien. In leaves the principal question is
whether NO3~ 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 i{s not possible. Evidence for this comes from the ability
of ruptured chloroplasts in contrast to the inability of intact
chloroplasts to utilize NADP as a Hill oxidant (Walker, 1976).
Similarly,rapid direct ATP translocation across the membrane does
not oceur. A slow and speciric counter exchangs involving ATP
movement into the chloroplast probabiy for dark provision of ATP
to the chloroplcst does cccur (Heber and Heldt, 1981). The site
at which the blcckage of movement acress the chloroplast envelope
wocurs 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 sukctances has led to the postulation of shutcles which
would involve the movement of intermediates across the mewbrane.
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 tb viloroplast 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 tri or 3 1 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 conseguence
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the transport is strongly pH dependent. The translocator appears
to be a protein of 29 kD (Flugge and Heldt, 1977; 1978) with one
inhibitor binding site and a turnover time of 5000 min~l (Heber
and Heldt, 1981).

A mumber of dicarboXylates such as L-malate, oxaloacetate, a-
ketoglutarate, L-aspartate and L-glutamate are rapidly taken up
by the chloroplast (Heber and Heldt, 1981). There is competltion
between these compounds for transportatlon indicating that the
same carrler is involved (Heldt and Rapley, 1970). Howaver incom-
plete inbibition of uptake of scme, but not other dicarboxylates,
points to a number of different carriers with overlapping
specificty (Heber and Heldt, 1981). In addition to these two
major translocators there alsc appears to be a specific glucose
translocator functioning in the translocation of D-glucoze (but
not L~glucose) produced from starch degradation out of the
chloreoplast. This glucose translocator was strongly inhibited by
high cytoplasmic glucose concentrations (Heber and Heldt, 1981).
A pyruvate translocator has also been reported which funutions in
C4 plants but not apparently in €3 plants (Heber and BHeldt,
1981). .

apart form the existence of these specific carriers and passive
diffusion across the envelope, thers exists the possibility that
exocytosis and endocytosis may oceur providing a relatively non-
specific port of exit/entry. Various types of exoscmes have been
reperted 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 C4 dicarboxylic acid (malatz/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 07 by the light reaction {Anderson and Done, 1978).
Reduction of OAA is dependent on light coupled NADR-MDH as
evidenced by the promotion of OAA~dependent Qj evolution by NADRH
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soclated inward transport ni Ohd (reaction IIL) which is effected by the dicar-
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( V} (After 1981).
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but not by NADH (Anderson and House, 1979}). In C4 plants the rdle
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 rdle of light couplied
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 NO3” may be reduced using this reductant is of in~
terest. The chioroplast envelope is freely permeable to malate
via the dicarboxylate translocator and malate

the reduction of NO3~ in leaf tissue. It has thus been proposed
that light enhanced NO3~ reduction is mediated throrgh malate
{Neyra and Hageman, 1878; Rathnam, 1978). According to this
hypothesis malate produced in the Tight may be o=xidised in the
cytoplasm for the Fformation of NADH, and OAA produced in the
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 chown in Fig. 2. Chloroplasts supplied
with enzymes and substrates are capable of reducing these sub-
strates in the light (Anderson, 1981). Oy evolution and pyruvate
reduction did not proseed in the absence of any one of CAA, NAD~
MDH, LDH, NAD or pyruvate, but malate could substitute for OAA
{Anderson and House, 187%). Direct evidence for this shuttle un-
der normal physiologlcal conditions is lacking (Anderson, 1981}
although Meyra and Hageman {1976} have provided evidence for the
operation of this pathway in maize. An extension of this Cy4 cycle
has been proposed and includes the formation of aspartate f£rom
OAA and the translocation of this intermediate across the
chloroplast membrane (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 1light dependent and
proceeds through the phosphorylation of PGA by ATP to form JiPGA
which is reduced by NADPH 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 chan GAP (Walker,
1976). DHAP is exported with the counter transport of PGA via the
phosphate translocator and DHAP is oxidised in reactlons 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, 2 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 NO;™ mey be more complex than the dependence of
NO3™ reduction on phosphate exchange across the chloroplastic
membrane. Nitrate appears to regulate the transport of phosphate
into the vacuole from the cytopiasm 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 £rom
the dinhibition of the tonoplast ATPase by NO3™ which has been
repyrted by Lew and Spanswick (19853). This may have important im=
plications for the effects of NO3~ on carbon metabolism because
of the rdle played by phosphate in the translocation of photosyn~
thetic carbon products out of the chloroplast.

The principal difference between the dlcarboxylate shuttle and
the PGA/DEAF shuttle is that the latter involves the loss of
reducing potential and phosphorylation potential from the Calvin
aycle whereas the former involves only the withdrawal of reducing
potentlal from the light reaction. This has dimportant 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. Tha 2GA/DHAP shuttle for the export of light-generated reducing
equivalents and high-energy from il chloroplasts. Reac-
tion I to III involve enzymes of reductive (Qp assimilation. DHAP is ex-
ported from the chloroplast (veactien IVA) with the countar transport of
PGA {resction IVB) via the phosphate translocator. The EGA and DHAP form
part of the Calvin cycle intermediatss pool. DHAP (s oxidised in the
eytoplasm in reactions involving enzymes of the glycolytic sequance
(reaction V to VII) (After Anderson, 1981).
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possibilities, which have received rather less attention may in-
clude the export of glucose, the participation of fatty acids and
amine acids, although these wechanisms are 1ikely to be 1less
direct. The situation in roots or leaf tissue kept in the dark is
congiderably different and depends on the metabolism of storage
products. Because roots are dependent on the supply of sugars
from the shoot #4r 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 endogencus sugar levels (Radin et al., 1978). The dependence
of NO;” assimilation in the root on the provision of photosyn-
thate {s 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 wuptake of NO3~ in the dark was only slightly

. depressed (Dark 7.93 and light 8.42 umoles/hr) but total plant
NO3™ reduction was signif@cantly diminished in the dark.

7,7.3.3. Carbon assimilation coupled nitrate reduction

Roots are known to assimlilate 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 te why light is required:

- light stimulates uptake of NO3™

=~ light promotes transfe: .~ from storage to the
metabolic pool

-~ light induces NR synu

- light activates pre-exi. « NR

- otosy! is provides for NO3” assimilation
(Naik et al., 1882).
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Recently it has been claimed that the rdle 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 15No3‘ {supplied to leaves either through the
transpirational stream or through vacuum infiltration) incorpora-
tion into amine acids that NO3” reduction under physiological
conditions had an absolute requirement for light., In these ex-
periments 15NH4+ was incorporated in the dark but light stimu-
lated this incorperation 5-fold. From the data of thase experi-
ments it does however appear that there was some small incorpora-
tion of 15N03‘ into amino acids in the dark. Dark ukilization of
NO3™,. even in chlorophyll free mutants of Qryza sativa has been
reported (Yoneyama, 1984).

By adding varilous metabolites of the glycolytic, pentose phos-
phate and cltric acid pathways, Klepper 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
NO4” reduction at rates of 9 umoles.mq'l.hr'l in the light with a
3-4 fold stimulation in *“& presence of HCO3~ (Rathnam, 1978). In
addition a light independe¢-" stimulation of NO3™ reduction by ma-
late and DHAP and a ligie. 2 _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 ertoplasm, above the reduction of
NAD by malate in the mi fon; could for the reduc=
tion of NO3”. Illuminated pea chloroplasts have been shown to
reduce OAA to malate with the concomittant produstion of ©p and
in the presence of NAD, NAD~MDH and catalytic amounts of OAA,
chloroplasts were capable of NO3™ reduction (House and Anderson,
1980). In addition the enzyme NAD-MDH is light activated and it
follows that the effect of light on NO3” reductior could be
mediated both through the effect of light on this enzyme and
through the supply of NADPH by the light rsaction. The Cy shuttle
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could be similarly regulated because glyceraldehyde 3-phosphate
dehydrogenase is also light activated (House and Anderson,1980).
In the absence of added PGA, DHAP or C4 acids, glyceralachyde
{which inhibits the Calvin cycle) inhibits both C0p fixation and
NO3~ reduction by spinach proteplasts (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-
of Nog~ ion 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 NO3" uptake-reduction was stimulated ky COp
at high light intensities. In addition these authors show a com-
petitive relationship between NO3~™ and €O at low light Ainten~
sities but thls 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 NO;™
reduction and depletion of this within the chloroplast resulted
in inhibition of CO; fixation at low light intensities. Di Mar-
tino Rigano et al. (1985) found that CO; deprivation prevented
the assimi’ation of NO3~ by Chlorella vulgarls in a pH dependent
fashion st pH 6.5 no NO3” assimilation occurred whereas at pH
8.2 N0y as reduced to NOp~ but no further reduction occurred.
In addition cells grown witheut phosphate were unable to assimi-
late NO3™ even in 3% COz. Under low nitrogen and phosphorus con-
ditions starch has been shown o accumulate in Panicum maximum
{Ariovich and Cresswell, 1573},  These authors and others
{Champigny, 1385) propose that ..is accumulatlon is the result of
a reduced translocation of Calvin oycle lntermediates out of the
chloroplast. Leaf extracts of . supplied plants have been
reported to have higher SP. sivity correlated with reduced
starch accumulation (Kerx et = , 1984; Huber et al., 1985).
Similar results were not o 2ed  with plants dependent on
sources of nitrogen othex than ..  (Kerr et al., 1984). Black-
wood and MAflin (1976) found thrxt NO3~ supplied to maize leaves
b the i ion of l4c into malate and aspartate, but
d inc ilon into and starch. Apart from the
importance of partitioning of carbon into sucrose, the lack of
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starch accumulation under NO3~ supply is very significant. Starch
is known to disrupt chloroplastic structure and function
(Ariovich 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
axerts & rpowerful contrel over eytosolic fructose 1,6~
bisphosphatase which is attributed a crucial rdle in controlling
carben assimilaticn (Champigny, 1985). This enzyme catalyses the
firstv step in the formation of sucrose in the cytosol from
triose-P. The absence of sufficient P1 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 rapldly that RuBP is depleted and photosyn-
thesis decreased {Stitt and Heldt, 1985}. After export from the
chloropiast, TP may be metabolised to sucrose with the concom-
mitant release of Pi (Stitt and Heldt, 1985). Thus contrel of
sucrose synthesis is important for the contral of cytoplasmic RPi
levels (Champigny, 1985). In a?dition, during rapid
photosynthesls, excess sucrose may accumulate in which case
gstarch is formed. Fructose 6-P, Pi, DHAP and PGA can control the
ynthesis and d ion of f£ructo 2,6-P; which in turn modu-
lates the activity of fructose 1,6-bisphosphatase. There is also
the possibility of direct effects of fructose 1,6-P;, DHAP, fruc-
tose 6-P, Pi, AMP, UDEB, ©pH and Mgz+ on the activity of fructose
1,6~bisphosphatase (sStitt and Heldt, 1985).

Not all workers are in agreement that NO3™ has a positive in-
£luence on photosynthetie CO; fixation and suppression of
photosynthesis in Selenastrum minutum resulted from the supply of
NO3~ to previously nitrogen limited cells (Elrifi and fTurpin,
1986). Supply of up to 100 uM NO3~ resulted in a 70 % reduction
in carbon assimllation and a 24 § reduction in oxygen evolution.
On  the basis of these results, and considering that similar
supply to N sufflcient cultures did not produce the same results
it was concluded that the response was not the result of NHg" un-
eoupling effects (Elrifi and Turpin, 1986). It was proposed in-
stead that the inhibltion resulted from competition between the
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Calvin cycle and nitrogen assimilation with the TCA cycle supply~
ing the carbon skeletons for nitrogen assimilation and the TCa
cvcle in turn grellant on the Calvin cycle. This was suggested to
result in the depletion of RuBP thus reducing the efficiency of
the Calvin cycle. These h indicate a d of NH4+ as-
similation on the provision of a-kezsglutarate from the TCR cycle
but apparently ignore the possibllity of the reliance of
cytoplasmic NO3” reduction on elther the respiratory pathways or
the Calvin cyale, although it is proposed that starch and sucrose
may play an important rdle as a asource of TP for nitrogen as~
aimilation.

7.7.3.4. The interdependence of photosynthetic and respiratory
carbon metabolisw and nitrate assimilation

Inhibition of pi ic electron t t by DCMU resulted
in a decrease in the fixation of 14C0; and the reduction of
15N03' although 15NO3' reduction was not as strongly inhibited as
14C02 £ixation (Atkins apd Canvin, 1975). Similar results were
obtained with the uncoupler of photophosphorylation CCCP (Atkins
and Canvin, 1975). These results may be interpreted as wmeaning
that NO3~ reduction 4is closely linked to the light reaction.
Nitrate is however reduced i - the dark but apparently only under
anaerobic conditions. O concentrations ¢! 2% support only 25% of
anaercbic NO3~ weduction (Canvin and Woo, 1972). Inhibitors of
mltochondrial elsctron transport had similar consequences to the
deprivation of O implying that NO3~ reduction is promoted when
mitochondrial dehydrogenase activity is lnactivated (Canvin and
Woo, 1979).

That N0z~ and NOp” are only assimilated under anaercbic condi-
tions when deprived of light has recently been challenged by Ben-
Shalom et al. (1983) who reported that NO3™ and NOy" were reduced
in both light and dark conditions. The use of uncouplers in this
type of study may be questioned however, because the inhibltors
may have different effects depending on the concentratlon at
which they are supplied. Gray and Cresswell (1984) found that low
congentrations of uncouplers resulted in a decrease on both NO3~
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reduction and NO,” as~umulatiocn relative to higher concentrations
of these uncouplers This may be related to the stimulation of
respiratory electron transport asscociated with low levels of un-
coupler while higher levels actually irhibit electron transport.
A stimulation of electron transport would deplete the supply of
NADH derived from respiratory pathways and thus inhibit the
reduction of NO3” and the accumulation of NOp™. 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
+ anaercbic + DCMU and dark + anaerobic + DCMU + CCCP} all stimu-
lated NO3™ reduction (Gray and Cresswell 1984). gimilarly Ben-
Shalom et al. (1983) and Reed et al. (1083) reported that condi-
tions restricting mitochondrial electron transport stimulated
NO3~ reduction. This observation is supported ky the small (2-3
£old) increase in NO,” assimilation under aerobic conditions com-
pared to anaercbic conditions whereas NOy~ accumulation under
dark anaerchic conditionms 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. Inhibitien 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 aad thus
make NADH more available for NO3~ reduction. Thus, under condi-
tions limiting mitochondrial electron transport, anaercbic
respiration could proceed or the glycolytic and TCA pathways may
operate with the NADE generated from these two paths being
oxidised by NO3~.

Although light has been implicated in the reduction of J03” it
has been suggested that NO3™ reduction is essentially linked to
respiration and that light really only plays a rdle in control-
1ling the availability of respiratory NADH. In this regard Sawhney
et al. (1978b} suggest that increased adenylate charge resulting
from photophosphorylaticn inhibits mitochondrial respiration and
that the reducing equivalents resulting from glycolysis and the
TCA cycle miy be diverted into NOj~ reduction. This suggestion
was based on the observation that infiltrated ATP and fructose-i~
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§-diphosphate (which could be rapidly metabolised to yield NADH
and ATP by glycerald de~3 dehy e) led to an
accumulation of NO,” even undexr aercbic conditions. Thus ATP was
suggested to prevent the dark accumulation of NOR™. Dry et al.
(1981) have shown that at least for root plastids, N0, reduction
was dependent on the supply of glucose-6~phosphate, and did not
require ATP. A negative correlation between NO,™ accumulation in
anaerocbic conditions and the level of G6F led to the proposal by
these authors that anaercbic metabclism of G6P depleted this me-
tabolite leading to an accumulation of NOz™. G6P was proposed to
be utilized via the pentose phosphate pathway for the provision
of NADPH for NO,” reduction. Chloroplastic NADPH could reduce
ferredoxin in the dark through the vreversal of Fd:NADF
oxidoreductase and the chloroplastic NADP may be imported via the
malate/oxal tate, gl /6-P-gluconate or the PGA/DHAP
shunts (Stitt et al., 1983).

That photophosphorylation inhibits mitochondrial respiration is
however eguivocal. Reports in the literature indicate that
respiration continues in the light while, on the other bhand,
light inhibition of respiration has been repcrted. Plant
mitocheondria, unlike animal mitochondria, are reported to be
relatively insensitive to the extramitochondrial ATP/ADP ratio
{Hamp, 1985). In contrast Tobln and Givan (1984) report extensive
effects of exogenous ATF 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 ATR/ADP
ratios actually decreasad in the 1ight which contradicts the
widespread assumption that export of p ically

ATP increases oytosolic 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 bhas been found to be
correlated with an i in the ation 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 degiine in the levels of TP (mostly in the
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form of DHAP} from 30 mM in the cytosol to between 2 and 5 mM
leading to oniy a moderate inhibition of mitochondrial respira-
tion (Hamp, 1985). Thus mitochondrial respiration probably has a
substantial réle in the provision of ATP Ln the light.

7 Réle of respiration in nitrate reduction

From the observations described in the previous sections, it can
be concluded that wunder 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
O competes strongly with NO;~ for NADH, but any factor
(anaerobic conditiens or supply of inhibitors) which limits
oxidative phosphorylation results in a stimulation of NO3~ reduc-~
tion through the removal of the competitive effects of Oy (Radin,
1973; Hewitt et al., 1379}. In spinach the concentrations of NADH
were found to be 8 uM in dark aercbic tissue, 13 uM in dark
anaerobic tissue and 17 uM in light aerobic tissue. The dark
levels are 2-3 times the Ky of NR while the light levels are 4-5
times the Ky (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 conditlons were not required for the dark
reduction of NO3™. This may indicate that high NO3~ levels may
competitively overcome the inhibition of NO3~™ reduction by
oxygen. The levels of NADH even under anaercbic 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 oxidation of NADH is
either brought about through enhanced cytoplasmic adenylate
charge or the presence of tricse-Pp.

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 alecohol and/or lactlc acid. The pathway dinvolves
the normal glycolytic sequence up to the transport of pyruvate
into the mitochondrion where it would normally be oxidised via
the TCA cycle. Under anaercbic 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 canaot be reoxidized by oxygen to form ATP. One
solution is the reductlon 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 proporticn of anaerobic
respiraticn (Reggiani et al., 1985}, The alternative is the
decarboxylation of pyruvate to acetaldehyde, catalysed by pyruvic
carboxylase and the subsequent reductlon of acetaldehyde to

ethanol by alcohol dehydrogenase wit? reoxidation of NADH.
This pathway has often been implicated veduction of NO3”
under anaerobic conditions. The opera: the anaerobic path-

way in parallel to the raduction of NO3~ s..wylies that these two
processes must be competitive for NADH. An altevnative mechanism
for the provision of reductant to NR under anaerobic conditions
is discussed later.

Dry et al. {1981) have reported a decline in glucose 6-P corre-
lated with increased NO,” production. The levels of glucose 6-P
were suggested by these authors to be regulated by Op through
ATP/ADP ratios and their effects on glycclysis. The utilizaticn
of glucose 6-P during anaerobilosis may deplete this metabolite
thus preventing the utilization of this metabolite for the provi-
sion of reductant for NOp” reduction (Dry et al., 1981)}. Under
anaeroblc 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, 1983), and
rasult in the rapid wetabolism of gluccose. Because anaerobic
respiration ylelds little ATP this system is thought to continue
operating at a high rate. 1ae proposal that anaercbic razspiration
could provide reductant for NO3~ reduction implies that pyruvate
or acetaluehyde must accumulate. For the reducticn of 1 NO3~ we
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tions

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 additicnal considera-
tion is that the anaerobic stimulation of NO;~ assimilation was
not found in barley roots in vivo 'Lee, 1978). Anoxia resulted in
a decrease in the capacity of nitrate assimilation and, at least -
partial,
may in part be related to the observation that NO3™ may be com-
partmentalised away f£rom the metabolic pool and may be unavail-
able during anaercbic conditions (Lee, 1978; Ferrari et al.,
1873}. A similar reduction in the capacity foxr NO3~ reduction un-
der anaerobic conditions has been reported for barley leaf tissue
by Soares et al. (1985a) but these authors reported that this
could not be attributed to the compartmentation of the NOy~
within the cell. These authors proposed a model in which NO3™ is
reduced to NO;™ in a confined metabolic compartment £rom which
NO,” cannot escape under conditions of low ATP.

inhibition of NO3” reduction (Lee, 1978). These results

Nitrate does however stimulate the anaerobic evolution of CO; and
the accumulation of ethanol in rice roots. Under anaerobic condi~

ratio of ethanol/CO; was not affected by the presence

uf NO3~ while the adenylate energy charge was elevated by NO3~
{Reggiani et al., 1985). The ratio of ethanol/CO; was very high
indicating the possible operation of other pathways, but NO3~
does not influsnce the relative contributions of these pathways.
The enhanced production of ethanol igts  the ion
that NR and ADH compete for reductant (Regglani et al., 1985).

The two factors which prevent normal glycolytic respiration under
anaeroble conditions are the accumulation of NADH and pyruvate

(Bidwell, 1974). 1In the light there is likely to be an adequate

K supply of TP in the cytoplasm whinh could participate in the

o glycolytic sequence resulting in the formation of NADH. These
o

substances are also likely to generate NADH in the mitochondricon
through the TCA cycle (Ramarao et al., 1981). Tyruvate accumu-
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lates because the TCA cycle cannot operate under these conditicns
as a result of the accumulation of NADH and PADH, which in turn
cannot be reoxidized. It is well known that the malate-aspartate
shunt is capable of transporting NAUH 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 NO3~ could fulfill this requirement has heen sug-
gested by Nalk and Nicholas (1981). These authors found a NO3~
dependent evolution of 14002 from leaf disks in anaercbic condi-
tions supplied with ldc¢ labeled citric acid cycle intermediates.
A 1:1 stoichiometry was observed between NO,” production and
14C02 evolution. Sawhney et al. (1978) observed that PEP,
pyruvate and other citric aeld cycle intermediates stimulated
NO3~ reduction and proposed that TCA produced NADH was important
for NO3~ reduction. Malate exported from the mitochondrion has
zlso been proposed as a source of reductant for NR (Woo and Can~
vin, 1980). This malate may be divectly exported from the TCA
cycle or may function as a carrier for NADH. Malonate completely
inhibits NO3~ reduction in vive under dark anaerobic conditions
indicating that the citric acld cycle is essential to provide
reductant and that glycolytic sgources are not that impertant
(Ramarac 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 rapldly produced by the chlorcplast
(Ramarao et al., 1981). Thus the proposal that the TCA cycle
produces NADH which is exported f£rom the mitochondrion by a
malate-oxaloacetate shunt enjoys some experimental support.

An additional posegibility is that the hexose-monophosphate shunt,
which produces CO; 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 NO3~ 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.,
1885). The HMP pathway also produces GAP, but this may be com-
bined with DHAP (produced from GAP by an lsomerase) to form
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F6P which can then re-enter the pathway. The operation of this
pathway in the cytoplasm normally for a significant
proportion of glucose degradation and may be favorsd during NO3~
reduction. NADPH has been shown to act as the physiological
reductant of NO;~ under dark aerobic conditions (Ramarac et al.,
1981). The activity of one of the primary enzymes of the hexose~
monophosphate shunt (glucose §-P dehydrogenase) in Chlamydomonas
reinhardii has been reported to increase in the 'presence of NO3~
as compared to NH.* fed cells (Hipkin and cCannons, 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 (Kow et al., 1982}, oOriginally it was supposed that
the chloroplast derived reducing potential and ATP from the
cytoplasm in the daxk. 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 £1ill this requirement to some extent. Kow et al.
(1982) reported the oxidation of glyceraldehyde-3-P to PGA with
the formation of NADP which could be converted to Fd(pq). 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 ipcluding NOp™ reduction to amino acids.

Nitrate and NH4* absorption by rzoots ellcited an immediate
respiratory rise of 160 % in roots of Pisum szativum, 90 % of
which was attributable t» an altexnative respiratory path not in-~
volving cytochromelpevisser et al., 1986). This was not accom~
panied by an immediate i in shoot photos is although
ghoot photosynthesis did increase after a 1 hour delay indicating
that the resplratory effect was not photosynthesis related.
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7.8. THE REDUCTION OF NITRITE

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 invelves the
transfer of six electrons.

NOp” + 6 e + 8§ HY > NEgT + 2 B0

Nitrite reductase is a single protein enzyme with a molecular
weight of 62 000 (Hewltt et al., 1976) although a molecular
welght of 68 000 has been reported (Ishiyama et al., 1983}). Thes
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}, Othex workeus bkt .. proposed that NIR occurs in the
cytoplasm (Grant et al., 1970} or in the peroxisome (Lips and
Aviszar, 1972). The enzyme from a variety of sources {Phaseolus
yulgaris green shoots, etioclated shoots and roots) was found to
have common untigenic determinants (Ishiyama et al., 1985}, Il-
luminated intact chloroplasts reduce NO;~ rapldly without any ad-
ditional requirements. Spilnach chloroplasts in the light actively
reduce NO,~ of which 60-90% is incorporated into amino acids
{Anderson and Done, 1978). Nitrite reduction was found to be
functionally assoclated with electron transport arising from the
light reactions of the chloroplast. Nitrite reductase was
reported to be closely assoclated 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 PL on the reductive assimilation of NO;” while ATP was
reported to promote NOp~ accumulation. Initially the reduction of
NOp™ to NH4* was proposed to involve the production of free in-
termediates.

NOp"  —==> N0 e3>  NHyOH ——>  NHy
Nitrite Hyponltrite Hydroxylamine Ammonia
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Hyponltrite su? hydroxylamine have not been demonstrated to exist
in any appreciable ameunts in plant tissue and the former is not
reduced by NiR (Hewitt et al., 1975). It is now believed that the
reduction of NOp"™ to NH4+ 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 hoth N3~ and
NOy™. Recent studies have shown that light and NO3™ modulate NiR
levels (Gupta anc Beevers, 1985). Use of antibodies against NiR
was made to de ne the sy of this enzyme is
regulated at the level of transcription or translation (Gupta and
Beevers, 1985). From these studies it was concluded that NO3~ is
required for the formation of NiR either in dark or light condi~
tions and that synthesis is stimulated by light. In additien it
appears that NO3™ regulates transcription while light may control
either transcription or translation. The induction of NiR may be
enhanced in the presence of elther NO;~ or NO3; by exogeneus
sucrose, glucose and fructose and other hexoses, although the in-
duction was more marked in the presence of NO3~ (Sahulka, 1981).
The reduction of NGy~ is associated with Oy evolution only in
chloreplasts isolated from plants previously supplied with NO3™.
This is consistent with the induction of NiIR by NO3~ (Anderson
and Done, 1978).

7.8.0.1. Reduction requirements of Nitrite Reductase

In initial studles benzyl viologen and methyl viologyen was used
as an artificial electron donor but gubsequently Fd(yd) 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 trapsferring
electrons from NADPH to Fd(ox) and a NIR component capable of ac-
cepting electrons from Fd(yq) and a Ky of 0.15 mM for NOy~ (Joy
and Hageman, 1966). The purified NO,” reductase was proposed to
accept electrons directly from benzyl viologen and Fd(rq) while
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NADPE and dithionite elesctrons were channeled through Fd {Joy and
Hageman, 1966).

Although NiR and GOGAT {see below) are found in roots and are ac~
tive with Fd(rq) prepared from spinach leaf material, a natural
electron doner in roots has only recently been characterized., A
non-hgeme iron containing proteiln, with antigenic similarity to
ferredoxin has been ldentified in maize roots (Suzuki et al.,
1985). 1In additlon a pyridine nucleotide reductase immunologi-
cally similar to FA-NADP reductase from spinach leaves has alsc
been characterized by these workers. Under chemically reducing
conditions these carriers served as electron carriers for maize
root GOGAT and NiR. 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 has been 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 NO;~ (Oji et al., 1985). These
authors cite as evidence for thls pathway the presence of the
required enzymes in the root plastid.

7.8.0.2. 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 avallability of Fd(rd)
generated through photosynthetic electren transport reactions
(Venkataramana and Dag, 1983). Photoreduction of NO;™ in the
stroma of higher plant chloroplasts involves the participation of
Pd(rq). Ferredoxin is required for both the reduction of NO;™ and
assimilation of NH;*; considering the total flux of NO~ and NH4*
the supply of Fd(rq) needs to he considerable. This is especially
true when the flux of NH4+ from photorespiration is considered.
The assimilation of N0~ to glutamate requires 8 Fd(pq) and 1 ATP
{Robinson, 1986). The Fd(pq) employed for NO;” assimilation may
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alternatively be routed through NADPH to the Calvin cycle for the
photoassimilation of COp. The magnitude of CO; assimilation is 5-
20 times greater thz  me magnitude of NO,~ reduction,

Light dependent assim xion of WOz™ and CO, were equally in-
hibited by DCMU and similarly dinhibited by CCCP (Atkins and
Canvin, 1975}. This is not consistent with other reports indicat-
ing that COy assimilation was considerably moze sensitive to DCMU
than NOp~ (Miflin, 1974). These results do however indicate that
Nog”™ and COp assimilation are closely linked to photosynthetic
electron transport.

The 0, evolution dependence of NO;” reduction may be summarized
asy

hv
HO + HNO; ~——~> NH3 + 1} Oy

This equation is derived from the fact that the photosynthetic
electron transport system produces 4 electrons for the formation
of 1 0y and the reduction of NO3™ requires 6 electrons. The
03/NO,™ ratio approached 1.5 in short term experiments, but on
the whole was lower (Anderson and Done, 1878). 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 NOp™ in O
evelution which were reported by Grant et al. (1970). These ex-
periments were performed in COp free medla and, although Miflin
{1974) dia veport inhibition of 0 evolution by NO3™ (0.4 mM)
over long time pericds (53 minutes), there was also a NOz™ depen-
dent Qp evolution component of his results over a shorter term
(20 minutes).

The rate at which NO;~ reduction occurs falls in the range 10 -
25 umol Nop".h™t.mg chl-l which would indicate a maximum demand
for Fd(rq) of 200 umol.hl.mg chi=l (Robinson, 1986). Coy as-
similation has been suggested to repress NOp~ reduction indicat-
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ing some competition between the two processes for Fd(rd)
(Larsson et al., 1988k} although other workers have reported no
effect of COp assimilation on NOp™ reduction. Supply of DL
glyceraldehyde, which inbibits the Calvin cycle, has also bheen
found to stimulate MO~ redustion (Anderson and Done, 1978).
Supply of NO3™ (Robinson, 1986) and NH4+ (Woo and Canvin, 1980)
have been reported to stimulate photosynthetic €O; assimilation.
The interdependence of COp fixation and NOp” assimilation has
been further demonstrated through the observation that a stimula-
tion of NOz”~ reduction may be achleved by allowing isclated
chloroplasts a shoxt period of photosynthetlc CO; £ixation in the
light prior to the addition of NOp™. A similar response was
achieved through the addition of DHAP or fructose 6-P and the
suggestion was made that photos ic i ates may regu-
late NO” reductior (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 NO,” reduction without
competition { , 1980}, v fer and Robinson (198%5)
report a decline of NADP reduction rates on supply of NO;” which
implles that NO;~ can successfully compete for Fd(rd) even at
high rates of NADP reduction, In <qontrast Robinson (1986)
reported equal rates of NO;™ reduction by spinach and soybean at
COp concentration in the range 0.5 mM to 5 mM. In addition the
same author reported a stimulation of CO; assimilation by plas-
tlds in the range S0 uM - 100 uM NO;~ while leaf mesophyll c¢ulls
responded posltively to NO;™ between 250 uM and 2500 uM. These
€indings led to the conclusion that NO;” and COp photoas~
similatory do not inter at high light intensity
{1000 uE.m‘z.s‘l). Depression of NO;™ uptake and reduction has
been reported in Scenedesmus during €Oz fixation (Larsson et al.,
1985b). Stimulation of O assimilatlon by NOp™ was not found in
protoplasts or chloxoplasts of spinach by Kaiser and Heber
{1983), fThese authors used O; as an indicator of photosynthetic
activity but it should be noted that 0; evolution and COz fixa-
tion are in reality quite distinct. In contrast ts the £indings
of Robinson {1986), Purczeldt et al. (1978) reported an inhibi~
tion of COy fixation in intact spinach chloroplasts at pHE 7.3 in
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presence of 1 mM NOp~. This effect was attributed to stromal
acidification which inhibited the activity of fructose and

lose bi which play an important réle in the
regulation of CO; fixation (Purczeldt et al., 1978; Kaiser and
Heber, 1983). Similar reasoning was invoked by Larsson et al.
(19854 to explain the inhibitory effects of NOp~ on CO; assimila~
tion in Scepedesmus. Thus the effects of NO,~ on photosynthesis
are complex and not attributable to any one rphencmenon.

7.9. THE REDUCTION OF AMMONIIRM
Two possible routes of Ni4* 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 + W3 + NAD(PJH + HY ¢—> 6l + NAD{P) + Hy0

Route 2: The initial incorporation of H4* into glutamine by
glutamine synthetase.

Glutamate + NH3y + 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(R)H
oxidising or Fd(rd) oxidising, otherwise named glutamine: a-~

ketoglutarate amino transferase (GOGAT).

Glutamine + a-ketoglutarate + Fd(pq) + HY —— 2 Glutamate +

Fd{ox)

The metabolism via both routes requires a minimum of two reducing
eguivalents plus an additional ATP in route 2. In addition carbon
is required for the formatiocn of glutamate (5 carbon atoms}.

(Lea and Miflin, 1%79)
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Ammonium assimilation in higher plants was leng thought to begin
with the synthesis of giutamate by glutamate dehydrogenase. It is
now believed that the major pathway for NH4+ assimilation is the
glutamine ynthetase-gl ynth . Supporting
evidence for this pathway has leen produced from 15y kinetic
studies showing that NHy 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 [13N]ammonium and
[13N]Initrate experiments that the major route for the assimila-
tion of NH4+ is through the glutamine synthetase-glutamate syn-
thase pathway although a minor contribution was made by
glutamate dehydrogenase (Skokut et al., 1878). 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 (104 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 cbserved to be localized in the chloraplast and the cytoplasm
(Lea and Miflin, 1979). GS has an extremely low Ky of 19 uM which
mseans that cellular NH4+ could be kept at very low levels (100
MM} 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{rq) dependent GOGAT have been extracted from
several plant tissues but alsc appears to be associated with the
chloroplast or root plastid. 1In higher plant leaves glutamate
synthase is Fd(pq) dependent {Klaus 2t al., 1585) although raots
and cell cultures may have the pyridine nucleotide dependent
form. The enzyme is specific for glutamine with a Ky of 330 ud
and can only function with a-k 1 as an (Lea
and Miflin, 1979).

Glutamate 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 (lLea and Miflin, 1972). Bath NARPH and NADE forms
of glutamate dehydrogenase have been described tor chloroplasts.
The enzyme shows a greater NADH activity but a chloroplastic
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NADPH activity has also been reported with a Ry for NH4+ of 5.8
1. Such a high Xy makes it unlikely that this enzymz could func~
tioa in viye (Lea and Miflin, 1979).

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

7.9.1 The source of reductant for ammonium assimilation

In barley leaves the conversion of inorganic nitrogen to amine
acids was found to be stimulated in the presence of light. In the
presence of NH4T, freshly assimilated CO, is withdrawn from or-
ganic acids and carbohydrates and is recovered in amino acids
(Klaus et al., 1985). With supply of NH4* increased amcunts of
14C02 are incorperated into arino acids (Platt et al., 1977).
Thus supply of NH4+ may be expected to alter the partitioning of
into sucr and starch. Alfalfa leaf disks sup-
plLed with NH4Cl and 14co, produced more labeled amino acids and
less sucrose than cantrol leaf disks (Platt et al., 1977). These
changes were accompanied by an incresase 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
way be derived from cytoplasmic PEP carboxylase or from
mitochondrial oxidation of malate. Lea and ™iflin (19%79) 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 lraves the
chloroplast as DHAP and PGA and is converted to a-ketoacids in
the mitochondrion and cytoplasm before re-entry inte the
chloroplast. This suggestion is not in accord with the f£indings
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of other authors. The suggested interaction of exogenous Niz*
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 possikle 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 NOz” iz to be incor into
amino acids within the chloroplast and is thus reliant on concur-
rent photosynthesls for the prevision 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 1light,
the lack of ATP restricts glutamine synthetase activity in low
light {Klaus et al., 1985). Labeling patterns of glutamine and
glutamate f£rom 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 15NH4+ into in-
termediates of the photorespiratery cycle (glycine) was zapid un-
der high light conditions while low light inhibited this process.
Under low 1light conditions maize incorporated only 40% of sup-
plied 15NH4cl into crganic 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 compariscn to
the responses of NOp~ 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 €Oy assimilation by 92% was accompanied by a 75% inhibi-
tion of NH " assimilation. The smaller reduction of NHg* as-
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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,
pessibly as & result of uncoupling of oxidative phosphoryiation
leading to greater availabllity of carbon skeletons and reductant
{Atkins and Canvin, 1975). Correlative evidence for the inter-
dependence of NH;* and €O, assimilation may be derived from the
work of Larsson et al. (1985b}. Ammonium supply to Scenedesmus
resulted in the inhibition of CO, assimilation independently of
light intensity. This inhibition of CO; 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 Nﬂq* assimilation by CO; fixation but did not
consider the mechanisms of such effects.

Ammonium plus a-ketoglutarate dependent O evolution attributable
to the operation of the GS-GOGAT system for NH4+ assimilation
inte glutamate catalysed by glutamine syntheta;e 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 NH4+ and a-ketoglutarate. Reconstituted chloroplasts
required the provision of glutamate at high levels for this ac~
tivity to be come manifest while intact chleroplast required no
addition of glutamate, presumably as a result of high endogenous
glutamate levels. The (NH3 plus a-kstoglutarate)-dependent Oy
evelution 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 inte the thloroplast via the dicar-
boxylate shuttle, this has been questioned by Anderson and
wWalker (1983} who found that a-ketoglutarzte was taken up at
rates saturating GS~GOGAT. No evidence for direct effects of NH4+
were found. This reaction was attributed o primary and
photorespiratory assimilation of NH4+ linked to tie light reac-
tion for provision of ATP, Fd(pq) and carbon (as a-ketoglutarate)
directly or indirectly derived from the Calvin cycle.
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7.10. THE ROLE OF INORGANIC NITROGEN IONS IN PHOTORESPIRATION

During photorespiration, glycine is converted to serine in the
mitochondrion in an ATP iiberating step which results in the
release of NH3 in stoichiometric quantities to C»; evolved from
photorespiration (Keys et al., 1978).

2 Glycine + Hy0 ~-—3 Serine + COp + NH3 + 2 HY + 2 e~

with significant photorespiratory activity (up to 20% primary €Oz
fixation), the ¥H; produced would have to be assimilated at rates
considerably higher than required from NO3~ reduction. The NHj
liberated in the mitochondrion may be refixed either in the
cytoplasnm or the chlorop?ast.

Evidence for the existence of an alternative pathway for
photorespiratory decarboxylation invelving the oxidation by FHpOp
of glycolate to COp and formate bas been obtained from studies
using MSO (amory and Cresswell, 1986). In the presence of this
inhipitor of glutamine synthetase, and also in the presence of
NogT or Nﬂq+, increases in €O compensation point of Themeda fri-
andra correlated with formate pool size (Amory and Cresswell,
1986). This pathway was suggested by these authors to improve
nitrogen use efficiency, but to itantly reduce productivity
by increasing photoxespiratory COz disassimilation.

Ccompetition between CO, and Oz 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 mitocchondria with the evolution of
€Oz (Wallsgrove et al., 1983). This reaction is vital to the un-
derstanding of the fixation of CO; and the reduction of nitrogen
because large amounts of both carbon and nitrogen pass through
this pathway. The release of COp 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 chlosoplast or ¢ytoplasm by glutamine synthetase
(68) and glutamate synthase with the participation of NAD(P)H
and/or Fd (wWallsgrove ot al., 1983). If G8 is inactivated by MSO,
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NH; acoumulates, but this accumulatlon may be abolished through
the addition of exogenous GS (Wallsgrove et al., 1983). Martin et
al. (19834 reported an accumulation of NH3 to 16% of the apparent
CO, assimilation rate in C3 leaves exposed to MSO. From these ex-
periments performed with MSO it appears that the GS-GOGAT pathway

is hle for iratory NH3 reassimilation, in spite
of the presence of GDH in the mitochondrion (Wallsgrove et al.,
1983}. The originai pho ratory N cycle that NHj

reass! ilation was via cytoplasmic @S. From O; studies on spinach
chloroplasts it was suggested that chloroplastic GS is respon~
sible for reassimilatlon. 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 resssimilation (Wallsgrove et al.,
1983). Recent evidence from studies using mutants of barley with
lesions in the pho iratory pathway ( of n-
dependent glutamate synthase and the inability to transport
dicarboxylate substrates into the ochloroplast) suggest that
chleroplastic ferredoxin: gl ynth activity
may ke malnly 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 pho lratory and non-p! iratory cenditions
leads to an accumulation of NHj. MSO induced NH3 accumulation has
been used to provide a minimum estimate of the rate of
photorespiration. From such studles on wheat and maize minimal
rates of photorespiration were calculated to be 1-4% of COp as-
similation {Berger and Fock, 1983; 1985). Using tlsulglycine in-
corporation as an indicator of photorespiration much higher rates
{24% CO; assimilation) were detexmined (Berger and Fock, 1985).
Accumulation of NH3 stimulated by MSO supply has been suggested
to uncouple photophosphorylation and thus inhkibit €O, assimila-
tion. The inhibitory effect of MSO on carbon assimliation has
however been recently attributed to depletion of Calvin cycle in-
termediates rather than an uncoupling effect (Ikeda et al.,
1984).

The possibility that NO3~ reduction could be linked to
photorespiration for the provision of reductant was raised by

69

_r Y oo ok oan ene B . B L a T ow .o osa



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

- a fast efficlent regulatory system coordinating nitrogen
and carbon metabolism

- a8 source of reducing equivalents coupling WO3~ reduction
to the pentose phosphate {Lips, 1977).

This author suggested that NADE 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
heuy ) for pho ratory glycolate metabolism (Lips,
1971). Roth~Bejerano (1973) reported that glycolate dehydrogenase
was onfy found in barley and tobacco plants in the presence of NR
and that plants supplied with adequate NO3~ and MR were able to
reduce NAD with glycolate. In contrast Mann et al (1378) have
zeported that glycolate was ineffective as a source of reductant
for NR. Kaplan and Tips (1984) have taken up the proposals of
Lips (1971) and produced a more detailed analysis. These authors
found identical changes in NR and GDH activities following
changes in NO3™ and molybdenum nutrition.
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8. METHODS AND MATERIALS

8.1, PLANT MATERIAL

8.1.1. culture of Lycopersicon esgulentum

seeds of Lycopersicon esculentum var. Helnz (supplied by

Straathof's Seeds, Johannesburg) were germinated in river sand at

a density of approximately 0.5.em*2, Long Ashton nutrient medium

{Hewi 1852) containing 14.8 mM¥ NO3~ (Table 1) was supplied
(unl¢- otherwise specified) twice weekly and tap water was sup-

plied or other days. Where plants were starved of nitrogen, the

Long Ash:on nutrient medium was supplied as normal except that

the KNO3 and Ca(NOy}; were omitted, After release from N starva-

tion by provision of the complete Long Ashton medjum, this N free

treatment was continued untll measurements were taken. The plants

were grown in a phytotron chamber with a day/night temperature of

25/20°C and day/night welative humidity of 70/6¢ %. The

photoperiod was 14 hours starting at § am with a light intensity P
of 100 uE.m"z.s'l (For spectral compositlon see Flg. 4a). Plants

were used when they were 20~30 days old.

8,1.2, culture of Pisum sativum

Pisum satiyum var. Meteor (Swann Technol. Ltd., Herts, England)
seeds were snaked in tap water for 24 hours with constant aera-
tlon before planting in vermiculite at a denslty of approximately
Ll.em™2, Long Ashton nutrient medlum (Hewltt, 1952} contalaing
14.8 mM NO3~ (Table 1) was supplied (unless otherwise specified)
twice weekly and tap water was supplled on other days. Where
plants were starved of nltrogen, the Long Ashton nutrient medium
was supplied as normal except that the KNO3 and Ca(NOj);

71

P B ek e b L A L T ow L. o, I



200

200

Inteasity {Q.m” 235 owcl)
H £ &
ﬁ

Intensity (Qn*tsb aul)
{housandsy

tatanzity (Q.n~%s1 ., ot}
houzands)
.

/

o v v
400 300 600 00
Wovelangth {am)
F¥ig. 4. Spectral analysis of light sources used for: a) Growth of plants;
b) Gas tudi, c) Oxygen iution studles.

72

- P ol o aa Me B e Y oa




were umitted. After release from N starvation by provision of the
conplete 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 u.E,m'z.s'l
{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 Cancentration (g.l‘l)
KNGy 6.505
calNOg)y 0.820
FeEDTA 0.030
Micronutrients

NaHPO4. 2H,0 0.208

MgS04. THZO 0.369

Mnso, 0.224 x 10~2
CuSO4. 5820 0.024 x 1072
2nSO4. TH0 0.029 x 10~2
H3B0, 0.186 x 102
(NHy) gMo705 4. 4H,0 0.004 x 1072
Ca804. THRO 0.003 x 10-2
NaCl 0.585 x 1072

8.2. CO»_ GAS EXCHANGE ANALYSYS

8.2.%. Photosynthetic €05 fixation

Gas exchange measurements were carried out by means of an
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Analytical Development Company Ssries 225 infrared gas analyzer
{I.R.G.A) in an open "leak proof" system. That the system was
"leak proof" was established by closing the system and depleting
che Oy levels with scda lime and then monitoring the change in
€0y 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 CO; 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 (continucus monitoring of a reference alr stream and
analysis stream) for improved sensitlvity (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. §). The cuvette used had a volumec 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 temperawurs. 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 mized 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 mancmeter 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 humldity 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 partlculate matter bhefore being passed into the
I.R.G.A.. The flow rare of gas through both the cuvette and the
reference line was maintained at 1 l.min"},

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
dellvered by this set up was determined as 600 ul-:.m"z.s"l and the
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spectral composition (Fig. 4b) dstermined using a Tectum Instru-
ments {uantaspectrophotometexr (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 mm mesh)} placed over the cuvette.

Roots were removed from the shoots under water and the shoots

trangsferred te a small beaker without sxpcsing the cui surface to

alr. The beaker was closed with a sultably cut rubber stopper

which served to reduce evaporation from the water surface and to

support the shoot. Two teflon capillary tubes were inserted P
the per to allow repl of the bathing solu- s

tions. The exchange of the solutions was accomplished by using 2

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 bhack into cne 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 C0; uptake had stabilized and

remained constant for at least 10 minutes. The detached shoots

were exposed to varying concentrations of NaNOj, NaNOj and

NH,4504.

/

Low oxygen tensions were achieved by replacing the normal gas
supply prior to the ice trap (Fig. 35) with a supply of 340 ppm
COp mixed from cylindex Ny (5 ppm Oy} and cylinder COp (1100 ppm
€Oy and <2 ppm Oy} with vissthuff precision gas mixing pumps.

Photosynthetic rates wexe calculated from ppm CO; 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 Armon {(1949). ZLeaf waterial (0.1} g of wasz thoroughly
homoyenized in a mortar end pestle with acid washed sand in 20 ml
80% acetons, flltered through Whatman No.l filter paper and the
resulting filtrate xead on a Varlan DMS 90 spectrophotometer at
€45 and 663 um. The amount of chlarcphy}l was caleulated as fol-
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lows (Wintermans and De Mots, 1965): {
Chiorophyll (mg.g=l fresh weight) = i

(20.2 x Absgy5)+{8.02 x Absggs) x V/(1000 x W)

where: Absg4s = .absorption at 645 nm
Absggg = absorption at 663 nm '
= Volume of acetone used (ml) -
W = Amount tissue used (g}
1/1000 E Conversion of chlorophyll concentration 2

from g.171 to mg.mi-l.
The photosynthetic rate was calculated as follows:
Photosynthetic rate (mg coz.dm"z.h‘% —
OR

(mg COg.mg chl=*.n-1) =

(Appm /LAY x ({FR x 1000)/60) x (44/22.424) x (273/T}) x
(P/1013) x 3.6

Where: Apom = €Oz uptake (ppm)
LA = Leaf area (dmz) or chlorophyll
{mg chl'l.g £t~ )
FR = Flow rate (1.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 €O, depleted air through the system and the leak rate
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was determined to be 0.4 ppm.h~l 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 L L.min"}. Before deter-
mination of the CCP the plants were allowed to photosynthesize in
an open system until a stable rate of photosynthetic CO, fixation
was observed whereupon the system was closed using a valve. Ini-
tial ailr supply to the open system was drawn from a mast on the
roof through twe 50 1 drums and pressure in the system equalized
using a non-return bleed off valve. The cuvette used was of a
doma shaped construction sealing onto a glass plate and had a
volume of 1 1. A multiple entry system was used for the air inlet
and the air was stirred using a fan driven by a magnetic stirrer.
The plants were stcod 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. ILight was provided
by a 400 W sSiemens mercury vapour lamp at an intensity of &00
uE.m'Z.s'l (For spectral composition see Fig. 4b). The cuvette
had no water jacket but the temperature was maintained between
21-25 °C (as ined using a le) with a desk £fan.
The air passing into the I.R.G.A was dried using a silica gel
column.

Conditlons of low oxygen tenslons were achieved by f£flushing the
gas system with a supply of 340 ppm CO; mixed from cylinder Ny (5§
ppm Op) and cylinder oz (1100 ppm CO; and <2 ppm Op) with
Wosthuff 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
alr. The beaker was closed with a sultably cut rubber stopper
which served to reduce evapcratlon 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 pastial volumes in the beaker with a syringe, The
detached shoots were exposed to varying concentrations of NaNO3,
NaNOj and NH4SO4. The CCP was expressed in ppm.
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8.3. STOMATAL RESISTANCE

The stomatal resistance of leaves of pea grown on normal strength
Long Ashton medium was measur.d using a Licor Autoporometer
(automatic diffusive resistance meter) with an Li 205 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 of leaf 1 resi was per-
formed (26°C and 600 ME.m"2.s*1). The calibration cuzve was
plotted using a “best-fit' e and the zesi calcu~

lated from the equation for this line.

The stomatal resistances of normal rooted pess and peas with the
roots removed were determined. The roots were removed by cutting
under water, and the shoots were then transferrxd to vials,
«rithout exposure of the cut surface to air. The changes in the
stomatal resistance due to cutting and the subseguent recovery
were followed over time. In addition the response of cut shoots
to tranafer into a bathing medium containing 10 or 20 mM NaNOj or
NH4CL was followed over time.

8.4. LEAF DISK CARBON DIOXIDE FIXATION

Leaf disks {1 om diameter) wers punched from leaves of pea grown
with a supply of normal strength Long Ashton medium twice weekly
as described in section 8.1.2, During the punching operation the
leaves were stored on wet filter paper. The disks were then
transferred to mesh bags whlch were lmmersed 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 ringed in distilled water before the leaves were placed dor-
sal surface up onto wet £ilter discs. The labeling of the discs
was accomplished 4in a specially designed cuvette which held six
filter discs. The cuvette consisted of a six wells bored into 4
cm thick perspex. Each well was supplied with a gas inlet-outlet,
a control valve and a flat pexspex cover. The cover had a baffle
positioned to mix the gas being input to the cuvette and the
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cover was sealed onto the cuvette using vacuum grease. The gas
was drawn through the cuvette by a pump at 1 l.min~! from a
cylinder containing 14002 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 scintililation

vials and lmmediately lmmersed in 5 ml bolling 80% ethanol and A
the vials capped. After cooling the leaf disks were ground in the :
ethanol solution with a mechanical glass-glass homogenizer. To

the homogenate was added 1 ml 20% (w/v) TCA (to release any un-

£ixed 14c02) and 1 ml 10 m¢ phenylhydrazine (to prevent
volatilization of organic acids). The vials were stood uncapped

in a fume hood for 30 winutes before beiny made up to 10 ml with

water. A 0.2 ml aliquot of sample was added te 10 ml “Aquagel"
seintillation £luid supplied by Packard. The sampies wers
counted on a Packard liguid scintillation counter. The instrument

was set to provide disintegrations per minute using the channels

ratio technique to correct for quenvhing. The photesynthetic as-
similation of 14(:02 was expressed on the basis of the leaf disc

area as dpm. l.s"1,

8.5, PROTOPLAST ISOLATION =

A modification of the methods described by Leegood et al. (31982)
was used. The leaves were taken from plants grown with a supply
of normal strength Long Ashton medium twlce weekly and exposed to
14 h dark. »2bout 3 g leaf materlal was either cut with a sharp
blade inte 0.5 - 1 mm strips or lightly rubbed with earborundum
powder to score the epldermis. The leaves were then washad 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
al 2,5 % Cellulase "Onozuka R10" (Yakult Biochemicals Co., Japan)
or 2 % Cellulase "Onozuka RS" {Yakult Biochemicals <Co., Japan),
0.25 % Macerozyme "Onozuka R10" {Yakult Biochemicals Co., Japan),
0.5 § Hemicellulase (Sigma), 0.5 M sorbitol, 1 mM CaCly, 5 mM MES
{pH 5.5), 0.05 % BSA (pH 5.5) at 259C in a 9 cm diameter petri
dish with constant shaking on a IKA-WERK {KS 300) shaking table
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at about 70 cycles.min'l for 24 - 3 hours. The digesting medium
was passed tLrough a 500 um mesh and a 88 um Nybolt mesh. The
leaf wmaverial was washed three times with 10 wml chilled 0.5 K
sorbitol, 1 mM CaCl,, 5 mM MES (pH 6.0} and similarly f£iltered,
The f£iltrate was spun in a Hettich Universal table top swiny out
centrifuge at 100 g for 5 min. The supernatant was discarded and
the pellet resuspended in chilled 0.5 M sorbitol, 1 mM CaCly, §
oM MES (pH 6.0). The protoplast suspension was Kept on ice in the
light on a shaking table (90 cycles.min"l).

The protoplasts were on ah using Evans Blue
vital dye {¢.2 /100 ml) in 0.7 M sorbitol to determine Lintact-
rsss. The protoplasts were discarded 1f intactness fell below 60
%. Frotoplast counts (intact) werm found to be high (5.04 x
106.m11 & s.D. 0.71 % 105.m1"1) and intactness varied with the
preparation but was characteristically over 90%.

Al) measurements using protoplasts were expressed on the basis of
chlorophyll. Chlorephyll concentration was estimated by determin-
ing the absorbance of 50 ul of protoplast suspension in 20 ml 8¢
% acetone (v/v) at 663 nm on a Varian DMS 90. The absorbance was
substituted into the following formula (modified from Aznon,
1949):

Vol. (ml) = 2/Absggy

where:
AbSgg3y = Absorbance at 563 nm
Vol = volume {nl) of protoplast suspension required

for 100 ug chlorophyll.

8.6. PROTOPLAST NITRATE, MITRITE AND AMMONIUM NEY UPTAKE STUDIES

The protoplasts were incubated in buffer containing 0.4 M sor-~
bitol, 10 mM NaHCO3, 0.5 mk CaClp, 0.1 mM KHpPO4 and 50 mM HEPES
buffer (pH 7.6) at about 20°C under a light intensity of
600 uE.m“z.s"l using a sufficient volume of protoplasts to make
up a solution containing 300 g chl.ml‘l. Nitrate, nitrite and
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ammonium were added as NaNOj, NaNOp, NH4SOQ4. 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 cyeles.min"l {n small vials (3
ml) with & glass bead to retain the protoplasts in suspension.
The vials were sealed with a thin plastic f£ilm to prevent
evaporation. At wvarious time intervals aliquots of the
protoplasts suspension were removed and immediately centrifuged
at 8000 g for 60 s in a i II. The tant was
then used for the determination of nitrate, nitrite and ammonia.

In order to replicate the experiments of Rathnam (1973) the assay
medium used abave was replaced with 0.4 M sorbitel, 0.75 mM
MgCly, 0.) mM RHpPO4, 350 mM Tricine-NaOH (pH 8.1) and 3 mM Na-
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 nitratlon of salicylic
acid, Using a modification of the Cstaldo method (Cataldo et al.,
1975) a 100 ul aliquot of protoplasts was mixed with 400 pl 1%
{w/v) salicylate in concentrated HyS04. 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 20 spectrophotometer at
410 nm 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 ylelded no results be-
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cause no change in the levels of NOj 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 twe tachniques were
employed to measure the in vitro activity of this enzyme.

8.6.1.1. Dark anaercobic assay for NR

Protoplasts isolated as above were added to phosphate buffer (pH
7.6} with 0.1 ml of the varleus concentrations of nitrate to make
up a final volume of 1 ml. The protoplasts wers then incubated in
8 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 Ny over the contents
of the wvial. The gas was not hubbled through the protoplast
suspension in order to avold 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 1%00¢ in a Beckman TI&
swing-out bucket centrifuge for 5 minutes. Supernatant (1 ml) was
then removed for assay of niltrite using the method described
below,

8.6.1.2. Benzyl viologan assay for NR

This assay was adapted from the description of an assay for NR in
algae by Larsson et al. (1985b). A 9.5 ml volume of pretoplasts
was solubilized by vigorous shaking with 0.2 ml toluene for 1
minute. To this 0.5 ml of a solution containing 10 mM KNOj, 2mM
benzyl viologen and 100 wM MES at pH 7.5 was added. The reaction
was started with the addition of 1 mg NapS;04 and terminated
after 15 minutes by vigarous shaking in air. 2Zino acetate (1 ml)
and 2 ml chloroform were added prior to centrifugation at 1500g
in a Beckman TJ§ swing-out bucket centrifuge for 5 minutes. Su-
pernatant (1 ml)} was then removed for assay of nitrite using the
method described below.
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8.6.2. Nitrite net uptake

Nitrite lon was ned gh the on of a
azo compound by the reaction of sulphanilamide in acidic solution
with nitrite and thereafter N-{l-napthyl)ethyleneamine dihydroch~
loride (Goltermann et al., 1978). For determination of nitrite
100 pl aliquots of supernatant were added te 1.0 ml sul-
phanilamide solution {1 % (w/v) in 2 N HCL), To this mixture 1.
ml of N-~(l-napthyl)ethylenediamine dihydrochloride (0.02 % {(w/v}
in distilled water) was added. The colour wac allowed to develop
for 30 minutes and the absorbance was read on a Varian DMS 90
spectrophotometer at 340 nm against & reagent blank and the con-
centrations of nitrite calculated using & standaxrd curve
similarly prepared, but using 4i nitrite ons in
place of the protoplast suspension.

8:6.3. Ammonium net uptake

The phenyl-hypochloyite method (Scheiner, 1975) was used for
determining ammonium nitrogen ien. ZIndoph 1 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 EDTA {Ethylene-dinitrile tetraacetic
acid} for on of inter 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 aliguot of supernatant from the protoplast suspension
was added to 8 ml 0.12 % di-sodlum EDTA. To this was added 1 ml
phenolic nitroprusside which was prapared 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 %
athanol). Inmediately thersafter 1 ml bufferad alkaline phosphate
prepared dally from 4 parts alkaline phosphate buffer (26.84 g
NayHPO4. 2Hp0 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 develey for 60 minutes before the absarbance was
measured at 635 nm on a Varilan JMS 90 against a reagent blank and
the concentrations of ammonium ¢-iculated using a standard curve
similarly prepared, but using differsant ammonium concentrations
in place of the protoplast suspension.

8.7. PROTOPLAST CARBON DIOXIDE FIXATION

Carbon dioxide £ixation was measured in buffer containing 0.4 M
sorbitol, 6 mM NaHCC3, 5 mM CaCly and 50 mM HEPES buffer (pH 7.6) -
{as described by Leegocd et al., 1982) at 20°C under a light in- ’
tensity of 600 uE.m~2.571 or 100 uE.m~2.s"% using a sufficient
volume of protoplasts to make up a solution containing 100 ug
chl.mi"l, The experiments were conducted in scintillation vials
continuously stirred at low speed with magnetic stixrers to
prevent sedimentation of the protoplasts. Carbon assimilation was
determined using 10 mM Na#l4co; (0,01 mCi.ml~l) added to the
above buffer. At various times 100 ul aliquots of labeled sample
wers transferred to scintillation vials containing 100 pl 20 %
(w/v) trichloroacetic acid to kill protoplasts and release un-
fized 1%co, and 100 pl 10 mM phenylhydragine 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 MCO-,_).

A 10 ml volume of scintiilation £luld, consisting of 70 % (v/v)
toluene, 30 % (v/v} ethanol, & q.l'l 2~5 diphenyl oxazole {PPO}
as a primary scintillator and 300 n\q.l‘1 1,4,d8(2-(5~
3 phenyloxazolyl))~benzene (POPOY) as a secondary scintillator, was
%M mixed with the sample, This was followed by counting for 10
' ¥ minutes per sample. With each set of s.. vles 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 ligquid seintlllation counter. The instrument was set %o
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 MSE Spectroplus
spectrophotometer (for signal detection) and a Linear chart re-
cord The platinum-silver electrode was covered with a 1 M KCl
solution under a square of lens tissue to ensure even distribu~
tlon of the KCl and the whole assembly isolated from the sample
chamber with a teflon membxane. The water cacled axygen electrade
was pe- oned in front of a 150 W tungsten lamp capable of
deliveri., in excess of 600 uE.m"2.5"l ta the sample chamber (for
spectral composition see Fig. 4c)s The oxygen electrode was
calibrated using 0; saturated aerated water taken to contain
0.28 umoles Oz.ml“l at 20°C and sodium dithionite to deplete all
Qp from solution, Protoplast suspension (0.2 ml), pre~incubated
in dark unless otherwise specified, was added to 2.8 ml of assay
wedium  consisting of 0.4 M sorbit ., 0.75 mM CaCly and 50 mM
HEPES {pH 7.6) {as described by Leegood et al., 1982) at 20°C
stirred at 100 cycles.min™l., In addition 10 mn NaRCO3 was in-
cluded in the medium unless otherwise stated. For experiments in
which different concentrations of NaHCO; were used, the CO; in
the medium was removed by deaeration under vacuum followed by the
bubbling of CO; free air (passed through a soda lime column)
through the medica prior to use and constantly while in use. The
effect of the addition of varlous nitrogen salts was determined
as the change in rate of 0p evolution from a constant rate deter-
mined over about 5 min. The rate of oxygen evolution was
expressed as umoles Op.mg chl™l.h"l, The results were subjected
te a homogenelty of slopes test using SAS and only highly sig-
nificant results were considered.

Nitrate, nitrite, ammonia and phosphate were added as NaNOj,
NaNOy, NH4SO4 and NazPO4 respectively. Sodium chloride was used
as a contrcl to ascertain the osmotlc effects of salts added to
the buffer.
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8.9. PROTOPLAST ATP DETERMINATION

AT? determinations were made using the lueiferin/luciferase sys~ .
tem (Weil Organization} and an LKB lumi with an in q
and printing unit. The protoplasts were incubated in buffer con-
taining 0.4 M sorbitel, 10 mM NaHCQ3, 0.5 mM CaCl; and 350 mM
HEPES buffer (pH 7.6) at 20°C under a light intensity of 600
uE:.m‘z.s'1 using a sufficient volume of protoplasts to make up a
solntion containing 300 ug chl.ml™. The protoplast suspension
was stirred in scintillation vials with magnetic stirrers at low
sperd to retain the protoplasts in suspension. Aliguots (150 ul)
were transferved to tubes cocled in liquid nitrogen. Just before
the measurement of the ATP levels, the samples were thawed {about
30 s}, 100 ul suspansion was mixed with 100 ul of somatic releas-
ing agent (Well Organization), the mixture shaken for 30 s and
the tube inserted into the luminometer. Thereafter 160 ul of
.ueiferin/luciferase suspended in HEPES buffer at pH 7.5 was in-
jected using & miewo gyringe and 18 s after the start of the in-
cubation, integration of 10 s counts was initiated. The con-
centrations of ATP were calculated using a standard curve.
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9. RESULTS

[

9.1. SHOOL PHOTOSYNTHETIC CARBON ASSIMILATION

9.1.1. .ycopersicon gsculentum -y

In initlal 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 -
£rom 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 nitr;:gen. Unless otherwise stated all responses to
supply of inorganic nitrogen are considered "short term".

9.1.%.1. Pre-treatment effects

Withholding nitrogen resulted in chlorotic plants with stunte;i
shoots but very ive rootinyg sy + Pho! tic 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 of
nitrogen resulted in an & in net photosy e rate iv
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
b manifest with a maximum effect occurring only after 3 days. The
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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 (Flg. 6).

Po. Rote (ma.dr-2.-1}

l

s

Z?}

fZ/‘ .

1

2

Ntaned 4Cos 30ap 2003 180wt Owr Ok Ooys K fea

Tragtment

Fig. 6. Comparison of effects of release from N starvation at varisble
times prior to of the rates of L, gsculentum.
Bars indicato 9.E. where sufficient measurements wara performed to calcu-
late this statisi...

The pre-treatment was alon found to have some effects on the
response of the plants to nitrogen introduced into the bathing
medium of shoots from which the roous had been removed. Plants
starved of nltrogen showed no short term response to 1 mM NaNOj
{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 (Flg. 7). These results are expressed as & 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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9.1.1.2. The influence of nitrate and ammonium

The response to the supply of niltrate was followed over a peried
of up to 124 minutes f£rom 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-
nigue. This held true for absolute rates as well as responses to
inorganic nitrogen. The reduction of light intensity from 600
ug.m=2.57% to 200 pE.m~2,57) had no effect on tue responses ob-
served other than to reduce the initial photosynthetic rate, The
response of the plants te nitrate supply in the concentration
range 0.1 mM to 10 m¥ 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 <O, fixation while 19 mM nitrate was inrhibitory.
The largest stimulation was found to result from supply of 0.2 mM
aitrate (Fiy. 9). With increasing concentration an initial
stimulation followed by a subsequent inhibition of photosynthetic
rate was observed.

e

Supply of ammonium had a stimulatory effect on photosynthetic €Op
assimilation. Ammonium at 0.3 mM had greater stimulatory effect
than déid 1 mi ammonium (Fig. 20).

9.1.2. Pisum sativum

@.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 €O fixation rates
of pea (about 5 mg.dm~2.s"l) and tomato (about 13 mg.dm~2.s*1)
was that the pea rates were lower than thuse of tomato
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Fig, 9. Summary of the response of L. ssculentum shoot photesyuthetic rate
te NO3”, Rate Z change was derived from the slope of the linear hest-f£it
line of % change over timeé. Although all data points were retained, use of
splines was made to deriva shape of curve.
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(Fig. 6 and Fig. 1la). Plants starved of nitrogen nxhibited only
slightly (<0.5 mg COj.dm"2.h~l) reduced photosynthetic rates in
comparison to plants supplied with nitrogen. The supply of Lony
Ashton medium containing nitrogen to previously starved plants
brought about a stimulation of the photosynthetic rate within a
few hours (Fig. 1la) 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 nlants appeared to exhibit a higher
photosyncthetic 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 determinatien appcared to increase
the photosyntnetic rate.

8.1.2.2. The influence of nitrate and ammonium

Supply of varying concentrations of nitrate and ammonium to pea

shoits had similar resultant response patterns to those of

tomate. Sodium chloride supplied at 1 mM appeared to have no ef-

fect. Concentrations of nitrate in the range 0.3 mM - 10 aM had

stimulatory effects on the rate of photosynthetic ¢O; assimila-

tion (Fig. 12). The Ilargest resporse was found with 1 mM J0;37.
Supply of 25 mM NO3™ had a strong inhibltory effect on €O, fixa-
tion. Pea seemed to De less sensitive to nitrate than the tomato

with a maxnd of 5% as d to 20 %. In the case of

+he pea theve was a lag phase lasting 6-18 minutes before a

response occurred.

Ammonium elicited only a very small stimulation of photosynthetic
oy assimilatlon at 0.3 mM, at higher concentrations (1L mM - 10
m) ammonium had an inhibitory influence on €Oy assimilatlon
{Flg. 13). This pattern may be contrasted with that for tomato
(Flg. 10) where 1 mM had a positive influence on photosynthetic
€0z assimilation. Although no la was apparent (Flg. 13) it is
possible that this occurred in the & minute perlod after addi-
tior, before the first point of the curve was taken.
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Scrutiny of Fig. 14 indicates that the concentration rangs over
which nitrate was effective in stimulating €O, fixation was much
broader than for tomato (Flg.9). Ammonla 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 zscertain whether
the effect of inorganic nitrogen was related to net photosyn-
thetic €Oy fixation or to photorespiration.  Although compensa-
tion points are arguably not the best methed of determining
photorespiration they are easily determined. Initial compensation
polnts were found to depend strongly on the pre~treatment of the
plants (Fig. 15).
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Fig. 15, Compensation points of 2, gativum either N starved or veleased
{rom starvation at various times prior to measuramen! as compared with nor-
mally N fed plants. Effact of anaerobic conditions on compensation points
of normeily N fed plants included to illustrate the dependence CO; disas-
similation on the presenca of 0. Bars indicate S.E. whers suZficient
measuLenents were performed to calculate this statistic.
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Mitrogen starved plants were found to have significantly higher
compensatioa points (69 ppm} than those of nitrogen fed plants
{58 ppm}. sugply 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
PDm) were qreater than those determined after 17 hours (95 ppm).

Under low oxygsn tension conditions ---mal nitrogen fed plants
exhirited very low compensation points (10 ppm). This appeared to
be correlated o ¢ross pl 3 in €Oy assimilation
actisity expressed both on the basis of leaf arsa and chlorophylli
co-ant (Fig., 11)., Low oxygen tenuions do not imply sirictly
anaerchi: conditions. The gasses used to mix the CO, contained
small guintivies of O; and the use of a closed gas system would
allow the accumulation of photosynthetically derived 0. When an
attempt was made o measure the accumulation of Oy in the closed
gas system using a Hartmann and Braun paramagnetic Op detector
Lowever, ao significant changes (not attributable to the measured
leak rate) were getuzted within a 4 hour period although the in~
strument was sensitive to changss in 0O concentration greater
than 0.5% and the lesk rate was 0.3 %.h™1. It may be possible
that the photosynthetic evolution of oxygen was small enough t2
be obscured by this leakage of O into the gas system.

2:1.3. Limitation i= the use of the I.R.G.A

One of the limitations of using intact shoots is that the supply
of inorganic nitrogcn to the shout material is dependent on the
shoot translocation system. This results in uncertain supply of
the inorganic nitrogen to the photosynthetic tissues. In addition
the rsmoval of the rocti 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 expcriments. Only limited replica-
tion was possible as a result of the lengthy nature of the

of ph ynthesis. 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 dises and protoplasis were
utilized. Although both systems are subject to criticisms as a
result of thelr isolation £rom the plant, they provide the advan-
tages of replicability, ease of manipulation and more rapid
experimentation. R 4

9.1.4. Stometal Resistance .

Removal of the roots from wea plants had an imwediate effect on
stomatal resistance. The resistance increased dramatically im-
mediately after cutting and only recovared to levels similar to
those prior to cutting after approximately 90 minites (Fig. 18}.
The greatest increase occurred within the first 3 minutes but
continued for up to 30 minutes after cutting whererfter the
resistance values returned to approximately the values prior to
cutting.

Stamatal Reatatanca {s.enft)
-
1

2 T T T T T T T T T
3 20 “ @ &0 190

Time frvdn)

Fig. 16. The effact of excising the root from the pea plant on the stomatal
resistance of the shoot. Bars indicate S.E.
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Cut shoots allowed to equilibrate for 9C 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, NaNO3, NH4Cl). 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 wvariability 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 ¢f the salt or the
nitrogen salt specifically. Both 10 and 20 mif NaCl (Fig. 17a and
Fig. 18a) lncreased the stomatal resistarce 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 hoth concentrations. Ammonium supply resuilted 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 effeet 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 ASSIMILATTON

Initial experiments with leaf dises indlcated that the capacity
of the disks for photosynthetic CO; assimilation was fairly
variable. It was then discovered that lsaf 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 nest to each other. To obtain sone 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 for 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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The standard deviation of the results did not exceed 15 % and the
average standard deviation was 8.5 %.

The influence of nitrate on COp fixation was investigated and a
concentration and time dependent effect aestablished (Fig. 19}.
With time the rate of 14602 assimilation declined, possibly as a
result of re-release of 14C0, from photorespiration. The leaf
discs alac 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 wore
l4co, than the control while higher concentrations exhibited a
slightly repressive effect on assimilstion. After 20 minutes in-
cubation the pattern was essentially similar to that of 10
minutes while at 30 minuteg 2 wM nitrate resulted in the greatest
assimilation of 14co;. 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 CO; assimilation.
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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 gquantitative idea of the
fiux of the various ions into the cells. This was necessary to
achlieve some perspective on whether the ions were influencing me=
tabolism through their mere presence or whether the metabolism of
the ilons was more likely to be the cause of the varicus effects
described. The argument may be advanced that the measurements

2rmisn d X and not the net uptake of the
various nitrogen forms. This possibility does exist, but tuis
would necessitate the leakage of the rellular non-reduced N back
into the external medium because, e<ven after raplid centrifuga~
tion, a large proportion of the protopiasts, dependent on the
initial i of the ion, remained intact as deter-
mined by Evans Blue staining.

2.3.1. Ni:crate

The assays used for the determination of nitrate net uptake were
insensitive ¢o 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 ion nzywatlie reaction, ut &
Lineweaver~Burk plot of thils data did not yi..d the expested
straight line and thus no Ky value could be caloculated. The MR
assay which is dependent on the presence of reduced methyl
viologen ylelded no nitrite accumulation. No colour developed in
any of the samples. This may be the result of the further reduc-
vion of nitrite to NH4+ through the action of NiR reduced by the
methyl viologen.
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Fig. 20. Nitrate reductase production of NO,™ fn protoplasts under dark .
anaerobic conditions. Bars indicate §.E. &

9.3.2. Nitrite

Net uptake of nitrite was monito. «d over a 30 minute pericd in a
concentration range 0.01 mM - 0.5 mM (Fig. 21). The rate of net
uptake increased markedly over the range 0.0l 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
LB concentrations (0.3 mM - 0.5 mM) the rate of net uptake appeared

o to decline when compared with the % 0.2 mM. For the net up-~
f take over 30 minutes no such ¢ ‘he higher ccncentrations
was evident., The rate of ne ie was determined for the

various concentrations from the ni....¢ net uptake which had oc~
curred after 10 minutes (Fig. 23), for the purposes of determin-
ing the Ky for net uptake of nitrite. The fact that the rate of
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net uptake declined at higher concentrations had some important
consequences for the value determined for the Ky, The Ky was
determined using a best~fit Lineweaver-Burk plet. Considering all
the data points the Ky was found to be 0.2 mM but i{f the data
points of 0.3 mM and 0.5 mM were excluded the Ky was determined
to be 0.58 mM.

tiptaka amoles g cH1)

B ‘ [l 2 18 0 2 ]

Tina (min
LR L] g mm 4 oamM X arm

o atran LI X Y

Fig. 2l. The uptake of NOp” at dlffarent exogemous concentrations of this
ion over tims.
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9.3.3, Ammonium

The net uptake of ammonium monitored iver a 30 minute time period
showed a maximum net uptake when exposed to 0.5 mM ammonlum. 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 an 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
aveas between the curves in Flg. 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
(Fig. 26). The decline was smooth and almost linear with increas-
ing ammonium concentration and finally resulted in an efflux of
the ammoniww 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 Ky calculation. Because of the rapid fall
off in net vuptake at concentrations higher than 0.5 mM the net
uptake Ky was calculated from the data values for concentrations
below 0©.5 mM. The K calculated from a best-fit Lineweaver-Burk
plot was 0.039 mM.
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9.4. PROTOPLAST CARBON DIOXIDE ASSIMILATION

14c02 assimilation by protoplasts was followed for 45 wminutes in
the ilight. The effect of the supply of a inorganic nitrogen was
compared agalnst the controls. No effects of Nacl (i mM) as a
control ¢ould be established. In these experiments each treatment
was replicated three times,including the controls. The results
are as the p increase from the control of the
best-fit linear slope to allow direct comparison of data sets obe
tained in separate experiments utilizing separate protoplast
preparations. The effects of nitrate, nitrite and ammonium were
investigated.

111



9.4,1. Nitrate

The of r of 14co, assimilation measured at a light
intensity of 600 uE.m‘z.s'% to nitrats showed an initial stimula-
tion of fixation in the concentration range O 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 wE.m~2.571) the pattern of response
was similar to that at 600 uE.m~2.s"1 {Fig. 27b and Fig 28). The
difference -between the two curves was in the range over which the
responses occurred and the extent of the recponses. The stimula-
tion occurred between O mM and 0.1 mM followed by a marked in-~
hibition of 14002 assimilation. The stimulatory effect peaked at
a lower level of 6.5 %, although the inhibitien was similar at
the maximum concentration supplied (22 $). From Fig. 28 it ap-
pears that the stimulatory &nd inhibitory effects paralleled for
both light intensities.

9.4.2. Nitrite

Nitrite was observed to have a negative effect on 14002 assimila-
tion through out the range of concentrations supplied (Fig. 30).
The inhibition of 14002 assimilation increased most markedly over
the range 0 mM =~ 0,3 mM and thereafter decreased less rapidly
with increasing nitrite.
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9.4.3. Ammonium .

supply of ammonium had a very short-lived positive effect f£ol-
lowed by a very strong inhibition of 14502 agsimilation (Fig.
31). The stimulatory concentration was 0.033 mM resulting in a
2.4 % increase in assimilation while all other concentrations
were inhibitory. The maximum inhibition was 65 % which occurred
at the maximum concentration supplied.

Q

e

% Chongs %00, Fixotion

{irit] (M)
Fig. 30, Response of protoplast C0; assimilation to the supply of nitrite.
Bars indicate S.E. where larger than symbols.
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Fig. 31. Response of protoplast 00; assimilation to the supply of ammonitm.
Bars indicate S5.E. where larger than symbols.

115




9.5. PROTOPLAST OXYGEN EVOLUTION

Responses of oxygen evolution by protoplasts incubated with 10 mM
NaHCO3 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 inltial 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 zases the prob-
ability values were p=:0.0001l, 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 WNaCl 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-
feat with increasing concentration (Fig. 33 - Fig. 36)}.

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

9.5.2. Nitrite

Nitrite had an optimal concentration of 0.66 mi but 4in contrast
to the pattern exhibited by nitrate treated plants the decline in
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stimulation to zero above the optimum concentration only occurred
at 6.3 mM (¥ig, 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).

8.5.4. Phosphate

The of 1 to (supplied as Naz¥Q4) showed
an optimum response at 0.56 mM with a subsequent decline in
stimulation to zerc at 2.4 mM becoming inhibitory at higher con-
centrations {(Fig., 36).

9.5.5. Sodium bicarbonate

The effect of various concentrations of NaHyCO3 on O protoplast
evolution were alsc determined. In the experiments in which the
effects of nitrate, nitrite, ammonium and phosphate were inves~
tigated the varlous concentrations of the .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 szequentially 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 reyression was per-
formed on each portion of a curve corr ing to a

The ‘best~fit' lines were then plotted and the correlation coef-
ficients guoted with each line. The slopes of these lines were
also plotted to allow ready assessment of the effects of the
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various treatme. -

Without the additic~ of NaH,CO3 net oxygen evolution did not
ocaur, or occurred at very low rates (0 - 3.9 umoles.mg eni~l.n
-1 (Fig. 37a). The pre-treatment of the protoplasts was found to
he 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 0p
evolution, the protoplasts were pre-incubated in the light to
prevent the possibility of €Oz accumulation within the protoplast
suspension.

On addition of low ations of bi the rate of
oxygen evolution was dramatically increased (Fig. 37a)}. Bicar-
bonate continued to enhance 0, evolution up to a concentration of
15 mM after which there was a decline in the enhancement with in-
creasing concentration although O, evolution still occurred at
greater rates than those exhibited by CO; depleted systems (Fig.
37b and Fig. 37¢).

% Chonge 0, svolution
3

il T T T ¥ T T
o 2 . 1

{Nitrite] (mi)

Fig. 34. The influence of NOp™ concentration on the evolution of 0y from
protoplasts expressad as percent increase above the initial rate prior to
the addition of NO;™. All values indicated passed a significance test at
the p=0.05 level. Bars indicate §.E.
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various tceatments.

Without the addition of NaHzCO3 net oxygen evolution did not
ocour, or occurred at very low rates (0 ~ 3.9 umoles.mg chi*l.n
“1) {Fig. 37a), The pre-treatment of the protoplasts was found to
be significant in that protoplasts pre-incubated in the light &id
not evolve oxygen while those pre-incubated in the dark did. In
the experiments investigating the effect of bicarbonate on Oy
evolution, the protoplasts were pre-incubated in the light to
prevent the possiidlity of €Oz accumulation within the protoplast
suspension.

On addition of low rations of bica the rate of
oxygen evolution was dramatically increased (Fig. 37a). Bicar-
bonate continued to enhance Op; evolution up to a concentration of
15 mM after which there was a decline in the with in-
creasing concentration although Oj evolution still occurred at
greater rates than those exhibited by CO; depleted systems {Fig.
%7b and Fig. 37c}).
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Fig, 34. The influence of NO;" conce. -atlen on the evolution of O from

toplast. as percent above the initial rate prior te
the addition of NO;”. ALl values indicated passed a significance tast at
the p=0.05 lavel. Bars indicate 5.E.
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9.5.5.1. Interaction ketween Nitrate and Sodium Bicarbonate

A combination of four different NaHCO3 concentrations and various
concentrations of NaNOj were investigated. Pre-incubation of the
»rotoplests 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 O; evolu-
tion by protoplasts incubated in 10 mM NaHCO3. Concentrations of
NOj3~ were selected to fall in ranges expected to stimulate and
inhibit oxygen evolution.

Protoplasts not supplied with added NaHCO3 evolved oxygen at sig-
nificant rates (14.8 umoles Oy.mg chtl.n"1l). fThe addition of 1
md  NO3~ resulted in no change or a very slight stimulation of 0
evolution (Fig. 38) while addicion of a further 4 mM NO3™
resulted in a strong inhibition of Oy evolution. This effect was
found to be reverszible with the addition of 1 mif NaHCO3 which en-
hanced O; evolution above the initial rate.

Protoplasts incubated in 1 mM NeHCO3 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 O; evelution (Fig. 39)
but not by as much as in the case of protoplasts not supplied
with NaHCO; (Fig. 38). Again the addition of further bicarbonate
was able to reverse the effects of high NO3™ concentrations, but
the level of O, evolution was not enhanced above the initial rate
in this case.

Protoplasts incubated with 5 mM NaHCO; 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 0; evolution.
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9.5.5.2. Interaction between Ammonium and Sodium Bicarbonste

A combination of three different aHCO; concentrations and
various concentrations of NH4Cl were investigated. Pre-incubation
of the protoplasts was performed in the dark. Concentrations of
NH4+ were selected to fall in ranges expected to stimulate and
inhibit oxygen evolution.

In the absence of NaHCO; the effects of ammonium could not be
distinguished f£rom the variability of the data and attempts to
perform linear regression on this data resulted in small correla-
tion coefficlents. In the presence of 1 mM NaHCOz, 1 mM NH4+ in-
creased O; evolution significantly (42%) (Fig. 41). Further addi-
tion of NH4Y (3 mM) inhibited O, evolution and this effect was
not reversible with even very high concentrations of bicarbonate
(L0 mM).

Oxygen evolution by protoplasts incubated with 5 mM NaHCQ3; was
stimulated (27%) by addition of 1 mM NH4+ while higher concentra-
tions resulted in an inhibition of Oz evolution (Fig. 42). The
stimulatory effect of 1 mi NH4+ was reduced in comparison to that
observed for protoplasts incubated in 1 mM NaHCO; (Fig. 41).

Oxygen evolutlon by protoplasts incubated with 1¢ mM NaBCO; was
stimulated (6%) by addition of 1 mM NH4+ while higher concentra-
tions resulted in an inzhibition of 0; evolution (Fig. 43). The
stimulatory effect of 1 mM NH4+ was reduced in comparison to that
obgerved for protoplasts incubated in 5 mM NaHCO3 (Fig. 42).
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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 MFA was either
injected into the incubatlon mediwum during the assay or the
protoplasts were pre-incubated in 1 mM MFA for i 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,
1986).

In the presence of 10 mM NaHCO;, 1 m¥ 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
0.00Eg.ml"l) caused an immediate cessation of Op evolution and
rapid v; consumption. In the dark this rate of Op consumption was
considerably reduced (68%) while return to light conditions
resulted in a slight increase in the rate of 0; consumption.

Cells pre-incubated in 1 mM MFA without added NaHCQ; appeared to
evolve Op at a low rate (1 umole Opimg chl™l.h™t) (Fig. d3a)
while protoplasts not pre-incubated in MFA exhibited no net 0y
evolution (Fig. 45b). In both cases 1 mi NaHCO3 resulted in a
stimulation of Oy evolution. ¥Nltrate (1 mM) also stimulated Oy
evolution in both cases. Additional 3 mM NO3™ decreased Q; evolu~
tion (10%) by the MFA treated cells but less than shown pre-
viously for non-MFA treated cells (Fig. 39). A cumparison of the
MFA pre-incubated cells and those not pre-~incubated in MFA (Fig.
45c) indicates that MFA pre-incubation dramatically increased Op
evolution and that the r of cells i in MFA were
greater (15%) than those of normal cells (10% - 11%).

Cells pre-incubated in MFA and incubated with 10 m¥ NaHCO3 showed
enhanced Oy evolution with 1 mM NO3~ but a further 3 mM NO3~
decreased Op evolution (Fig. 46).
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9.6. THE EFFECT OF NITRATE ON PROTOPLAST ATP LEVELS

The response of ATP levels in the protoplasts was examined at
levels of NO3”™ chosen to the lons found to be
inhibitory and stimulatory on €Oy 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
dleterminations. Initially the levels of ATP were depressed at
both concentrations, but the low NO3” treatment (0.17 mi)
rec -~ 34 rapidly and the ATP levels rose above the dinitial
leve. t 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. Rasponse of ATP levels in protoplasts to the supply of NO3” at two

Low 0.17 uM) selected for its stimulatory
effact while 1 oM exhibited and inhibitory effect on 00; evolution. Per-
centage change caleulated as deviation from the comtzol.
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10,1,

i0, DISCUSSION

SHOOT PHOTOSYNTHETIC CARBON ASSTMILATION

The long term effects of NO3~ on photosynthisis may be at-
tributable to a large number of phenomena (Hunt et al.,
1985a;b;c). The main possibilities are listed belaow.

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

b} The activity of the photosynthetically linked enzymes may
be altered.

©) The activity of the photorespiratory enzymes and of the
photorespiratory pathway may be affected.

d} Respiyatory 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.

£) The reduction and carbon requirements for NO3~ and NOy~
reductlion and NHA+ 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
sé.

£) & 1 ance may be infiuenced

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«




tivity of these enzymes is specific or related tc a general '
elevation of protein synthesis is questionable. Th~ activities of

RuBPo (Tew et al., 1874; Cresswell et al. 's77}, glycolate
oxidase, catalase (Fair et al., 1974), RuBPc a2.d PEPc (Tew, 1376)
have however been reported to increase with aitrate and ammonium ' q

nutrition im several species of grass. Thus one would expect
photorespiratory activity to increase (Cresswell et al., 1977)
which would result in a in net ph ' ic 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 ratic between RuBP¢/RuBPo but no
kinetic evidence exists f£or such mechanisms. Low compensation
points in N fed barley have recently besen attributed to altera-
tion in mitochondrial activity (Marek and Frank, 1984) and thus
respiratory decreases may mediate i d net P SY c
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 1likely to involve xylem conduction from the root to the
shoot. Transport across cellular membranes may be passive (NOy7)
or involve some form of transport system. The importance of
reductant and carbon provision will be discussed elsewhere.

10.1.31. Lycopersicon esculentum =
10.1.1.1, Pre-t effects

Associated with chilorosis and stunted shoots of plants starved of
pltrogen was a low net photosynthetic rate in comparison to
plants grown with the normal quantity of nitrogen in the form of
NO3z™ (14.8 mM). 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
{Flg. 6). considering that the growth medium was flushed daily
with distilled water, this may imply that after initial exposure
to N nutrition, the effect of that nutrition was retained for
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some time.

The effects of inorganic nitrogen on net photosynthetic carbon
assimilation through uptake, translocation, transport, reduction
and effects on other lons ars undoubtedly a possibility and there
is evidence for all these effects in the literature. Over the
time perlods 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 COp as-
similation 1= 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 provisien of reductant and carbon skeletons for
nitrate reduction to amino acids. The time between supply and
maximal tosy! is may thus the time taken for the
plant to recover from the N limited condition. That the plants
released £rom 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-inltiation 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 possibllity is that either respiration or photorespiration
was stimulated at this point but there is no likely explanation
as to why this shculd have occurred after such a long delay.

The short term effects of NO3~™ on net photosynthetic COp; 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
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NR is known te occur in maize within a few hours of supply, full
induction may anly be achleved after 8 hours or more (Gray,
1984). The transition from a N starved situation to one of suffi-
clent N may be a longer term response involving induction of the
photosynthetic systems. Noxmal N fed plants exhibited an inter-
mediate response. Plants most recently supplied with NO3T (0.4
days) exhibited only a transient response to the ions. This
response oceurred over a short time interval and may be related
to the uptake, transport, translocation or reduction requirements
of the lons. These plants were probably saturated with NO3T  at
the time of measuxcment 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 tjassue 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

of net pl Yy ic COp assimilation to NO3™ was con-
centration dependent (Fig. 8). The low concentration stimulation
of net photosynthetic CQ, assimilation and a high concentration
dependent inhibition was a characteristic pattern found
throughout this investigatlon. The response of net CO; fixation
showed a maximum stimulation when shoots were introduced into a
0.2 mM XO3~ bathing medium (Fig. 2). 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 unlikesly 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 NO3~ transport into the cell or vacuole
places indirect on the ph C system or that the
cytoplasmic reduction requirements of this ion, or its products,
in some way enhances CO; assimilation.

Ammonium stimulation of net photosynthetic €O, assimilation (Fig.
10) may be attributable to possible direct effects of the ion on
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enzyme activity. Ammonium stimulation of photorespiration in the
long term has been reported by other workers (Tew, 1976). Ex-
ogenous Nﬂq+ is normally assimilated in the root and translocated
to the shoot as amino acids (Lewis and Chadwick, 1883), although
there is extensive release and reassimilation of NHj through the
photorespiratory nitrogen cyecle. Blockage of photorespiratory
nitrogen reassimilatlion ({(with M30) in Themeda trlandra resulted
in an inhibition of net photosynthetic €Oz assimilation (Amory

and Cresswell, 1986}, This decrease was correlated to an in-
creased €O compensation point which was ascribed to the opera-
tion of an alternative p ratory involving

formate. In this study the effects of ammonium on CO, compensa-
tion points were not examined, but the results of Amory and
Cresswell (1986) indicate that photosynthetic activity would
have to i against 1 phot: iratory €O, release.
In the experimental systsm employed here the root was absent and
thus translocation and transport of NH4+ 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 gativum

20.1,2.1. Pre-treatment effects
Starvation of Pisum sativum had totally different consequences to
similar treatment of Lycopersicon gsculentum. 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 (Flg. 11). This dif b the of the
two speciles ls probably due to the difference in the size of the
seeds. The large P. gativum seeds were observed to be sufficient
to maintaln vigorous growth in albino mutants for up to 14 days.
No nodulation was evident on the roots of P. sativum and thus Na.
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fixation is unlikely to be a factor. In addition the growth rates
of the peas were more rapid and th@se plants were used at a
youngsr 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 pesea net photosynthetic
rates it appears that the former functlons more efficiently in
net photosynthetic €Oy assimilation (13.2 mg.dm'z.h'1 versus 5.2
mg.dm=2.h"1),

The stimulatory effect of N nutrition 3 hours prior to determina-
tiory of the photosynthetic rates may once again be attributed to
a number of factors. The lack of a significant difference between
N starved and N fed plants implies +that the photosynthetic
system, apd probably other metabolic systems, in the starved
plants were as active as those of the N starved plants and thus

induction of a sy ie phase for y from starvation was
not reguired. In addition the lack of significant change in
plants supplied 17 hours prior to pl ' ic rate na-

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 atre
expressed on the basis of leaf area. If the results are expressed
on the basis of chlorophyll ation a t di

picture emerges. The distinotions 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 chlorotic. 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 hasis of
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fixation is unlikely to be a fackor. 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 iu the case of the former. Another factor re~
lated to species was the magnitude of the photosynthetic rates.
From comparison of the data for tomate and pea net photesynthetic
rates it appears that the former functions more efficiently in
net photosynthetic €O, assimilation (13.2 mg.dm'z‘h‘l versus 5.2
ng.dm~2.p71),

The stimulatory effect of N putrition 3 hours pricr to determina-
tion of the photosynthetlc rates may once again be attributed to
a number 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 ph Y ie yate na-
tion indicates that any change which N nutrition may have hrought
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 refersnce agalnst which photosynthetle 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
op the basis of chlorophyll concentration a somewhat different
picture emerges. The distinctions detween 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 chlorotic. 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 ¢h) rophyll coniant are also more likely
to occur more rapldly than leaf expan~ion and thus the stimula~
tion of photosynthesis within 3 hour= of N nutrition was more
significant when expressed on the basis of leaf area than
chlorophyll content. This would suggest that the chlorophyli was
sufficient even in chloretic plants to maintain €Oy fixation un-
less any & in ph Y ie activity, with increased
¢hlorophyll content, was correlated with
photorespiratory activity.

increased

10.1.2.2. The influence of nitrate and ammonium

A similar effect to that in pomato was ohserved in response to
the short texm provision of NO3™ to N fed plants (Flg. 12). Iow
concentrations of NO3” stimulated net photosynthetic assimilstion
(Fig. 14). The stimulation observed in pea was considerably smal-
ler <tnan that of tomate and the concentration range over which a
positive effect was observed was much wider. Thisg, coupled with
lower photasynthetic rates, may imply that the pea photosynthetic
system was functioning closer to its maximum limit. Nitrate can
only increasc¢ the photosynthetic rate up to some maximum limit; a
limit which may be determined by factors unrelaked to the effects
of NO3” supply. The short lag phase prior to stimulation of net
COp fixation may be attributable to the time required for transe~
lccation to the leaf tissue., This short lag suggests that syn~
thesis of protelns was not important for this response, That the

effect of NO3~ became inhibitory at higher concentrations makes

it unlikely that this ion would play a divect réle in the modula-~
tion of photosynthetic enzyme activity. This lesves the pos~
gibility that the ic..3 influence was exerted througn transport,

photorespiratory, respiratory or reduction mechanisms described
previocusly.

supply of NH4+ also resulted in a concentration dependent effect
in pea (Fig. 13). The effects of NH4+ may ke related to direct
effects on enzyme levels/activities although the considerations
described above for NO3” apply equally here. The absence of
requirements for uptake and translocation of Nﬂ4+ was dis ussed
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previously. The reduction of NH4+ in the leaf is known to be
chloroplastic light reaction dependent (Atkins and Canvin, 1975;
hnderson and Walker, 1983) and thus is unlikely to affect
photosynthetic €O, fixation directly. The assimilation of NE4+
into amino acides does however require carbon skeletons which may
be provided directly or indirectly from the Calvin cycle and may
thus moderate ~" assimilation. Thus, 4if the light reaction has
the capacity .o supply sufficlent reducing equivalents for the
assimilation of both CO; and NH4*, then the Nig* may enhance O
assimilation. TIf the concentration of ammonium is increased the
withdrawal of redv ¢ potential and ATP from the light reaction
may become competyn. @ with COp assimilation. Anothor possibility
iz that at higher concentrations, N34+ uncouples photophos-
phorylation and/or inhibits the functioning of the light reaction
(Izawa, 1977) which would result in diminished CO; assimilation.
This may explain the concentration dependent effects of NH4+ on
€O assimilation {Fig. 14) aithough the rdle of photorespiration
in NH4+ assimilation and COp metabolism cannot ~» ignored.

i10.1.2.3. Carbon dioxide compensation points

The interpr ion of on point data is complex as a
result of the i tion of pl ils, pho ration and
respiration influencing tle magnitude of this parameter. Compen-
sation polnts & 3 the €Oy ation at which photosyn-

thetlce assimilation balances photorespiratory and respiratory
disasgimilation at a given light intensity. The compensation
polnt is in any care an underestimation of COp disassimilation as
a conseguence of the possibility of photosynthetic reassimilation
of CO;. Because the balance point occurs at a relatively low COy
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 C0; while 1 :iotosynthesis will be reduced for the same
reasan. The ratio of COz/0p would also be increased and thus
photorespiration would be stimulated. Any modification of the
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com; ensation point may be attributed to a change in any one of
the participating factors. Considering that we have information
about the of net p! Y is to various treatments it
is possible to obtain at least ap estimate of the activity of
photorespiration, although net photosvnthesis Is itself modified
by disassimaltory activity. It was previously believed that
respiratory €Oz evolution was only a small component of the COy
eveolved by the combination of photorespiration and respiratien.
This ~#= be true to some extent although work by Marek and Frank
{1 cates that respiration may be an important component
5 . . 1sation point. :

d in tbis investigation indicate that N deficiency
srsulted ic an crease of compensation point (Fig. 15). This is
in agreement the results of Frank and Marek (1983} who found
A similar trend ‘n barley. In contrast the compensation points
wete elevated 7.3 hours after N nutrition. This elevation in
compensation point was associated with a small increase in
photosynthetic capacity. fThus the yross photosynthetic capacity
must have changed mors than suggested by net photosynthesis.

Ellts obt

Due to the complexities of this system 1t is difficult to specu-
late on the possible mechanism of these effects. It is possible
that the slevation of compensation peint in plants transferred to
¥ nutrition from N ’imited conditions was the result of NO3”
reduction utilizing reducing potential derived from the metabo-
limm of glycolate to glyoxylate as suggested by Lips {1971). Al~-
though an elevation of tle ion points with N
nutrition of ths intact plants, no such elevation was evident in
cut shoots supplied with K33~ over the period of an hour. This
would seem to negate the proposal that the effect was as a result
of the requirements res ng from nitrate reduction. In chanjing
from a N limited comlition amino acids may become avsilable
facilitating photorespiratory activity, or transition to N suffi-
clent conditions may plase 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
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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 bheen reported to inhibit photorespiratory
activity (Ogren, 1984). In these experiments anaerobic conditlons
(COp+N3) resulted in marked reduction of disassimilation of COp
in normal ¥ fed plants. Under such conditions oxygen is unavail-
able for the formation of g¢lycolate during photorespiration
(Oogren, 1984} and mitochondrial oxidation is inhibited. The
residual disassimaltory CO; release may be due to anssrobic
resplration or a result of photosynthetic net oxygen evolution
causing partial relief frosm anaerobiosis.

Under anaerobic conditions the photosyntheatic rate was sig-
nificantly increased (fig. 1l1la and Fig. 11b) indicating that
photorespiration and respiration play a major rdle in determining
net photosynthetic assimilation. This simplistic interpretation
is open to gquestion because anaerobiosis may stimulate photosyn-
thetic €O, fixation in a number of ways apart from eliminating
competition between O; and CO; for RuBPc/o. The anaerobic release
of glycolytic control, mediated through the Fasteur effect,has as
a consequence,incrsased metabolism of glucose under anaerobic
conditions as a result of anaercbic metabolism. This would
require the provision of i of pl v to
the oytoplasm and thus a possible further enhancement of COp
assimilation. Anaercbic conditions may alse reduce the magnitude
of the Mehler reaction (pseudocyclic electron transport}, which
ocours under physiological conditions in higher plants (Gimmler,
3971, and which results in chloroplastic oxygen reduction to
H30; thus releasing further reductant for CO; assimilation. Thus
any changes in net paotosynthetic activity should be viewed in
the light of these possibilities. The mechanism through which N
putrition moderates photorespiration and/or respiration is not
known although photorespiratory NH; cycling may play an important
réle (Ogren, 1984).
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10.2. STOMATAL RESYSTANCE

The possibility that some of the effects of inorganic nitrogen on
photcsynéhetic carbon assimilation were the result of changes in
stomatal resistance was investigated. The importance of stomatal
resistance in determining photosynthetic rate was discussed by
PFarquhar and Sharkey {1982). Based on a model presented by these
authors stomatal rasistance only affects CO, assimilation at high
resistances. Stomatal resistance bas been shown to change diur-
nally keeping the ratio (8A/8E) (A - assimilation rate, E -
trunspiration 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 Commelina communis were ex~
cised (in air) f£rom a well watered plant there was a transient
increase in stomatal resistance (lasting 20 seconds) followed by
a2 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 relcase of tension in the continuous
water columns of the xylem which ~~~ults in the flooding of water
into the mesophyll and epidermis so ¢that the cells surrocunding
the guard cells have a ¢ turgor ad it over the guard
cells. This results in the closure of the guard cells. The sub-
sequent changes in resistance in leaves exciged in air is the
result the guard cells eguilidrating with the mesophyll and of
the onset of water stress. The increase in stomatal resistance as
a result of excision of the shoot under wvater found in this in-
vestigation may be analogous te 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 :warly pre-cut levels over time indicates that transfer to
die, 41lad water did not affect this part of the physiology
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extensively. The changes in stomatal resistance as a result of
cutting would not have affected the results obtained for net
photosynthetic COp 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 contrcl, 10 mM and 20 mM NO3~ appeared to
decrease stomatal resistance very slightly. In relation to the
effect of similar concentrations of NaCl, NO;” 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 m¥ NH,* had less effect on stomatal resistance
than NaCl while at the higher conceantration (20 mM} NH4+ caused i
huge increase in stomatal resistance.

Thus it may be concluded that both NO3~ and NH,* hed some effect
op stomatal esistance 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
powelii where stomatal resistance was reported to be negatively
correlztad with supply of NO3™ up to 45 mM (Hunt et al., 1985ck
These authors found that stomatal resistance and photosynthetic
carbon assimilation rates were negatively corrxelated and specu-
lated that both these physiclogical parameters are controlled by
leaf nitrogen concentration or some factor correlated with leaf
nitrogen. Farquhar and Sharkey (1982) report that stomatal resis-
tance 1is positively dependent on pCOz. Thus increased photosyn~
thetic rates which may result in decreased pCO; 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.
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The effects of NO3~ and MH4' on the stomatal resistance has im~
portant consequences for the interpretation of the results of
photosynthetie carbon assimilation by intact plants. These ef«
fects of NO3" and NH4* on stomatal resistance however were only
observed at 1y high tions of the various salts.
The lack of any evidence for such effects at lower concentrations
may be due to the insensitivity of the technique us.d to the
changes in stomatal resistance. It may be true that the photosyn-
thetic measurements were mere sensitive to stomatal resistance.
The NO3~ stimulation of photosynthetic activity may be partially
attributable to decreased steomatal 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.

40.3. LEAF DISK NET PHOTOSYNTHETIC CARBCM DIOXIDE ASSIMILATION

Leaf disk net CO, assimilation was found to be influenced by the
concentration and the time of NO3~ infiltration. The rate of net
14002 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., Zen minutes after
infiltration of NO3~ into the leaf disks the photosynthetic rate
of disks treated with 2 mM NO3™ exhibited greater net CO; as-
similation than the controls and disks treated with more con-
centrated NO3” which caused some inhibitory effectz. Similar
resulte were observed for leaf disks after 20 minutes while after
30 minutes nc inhibitory effects were noticed. Expressed
differently; the time dependent reduction of net CO; 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 ieaf
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levels are depleted within 30 minutes. Thus nitrate at relatively
high concentrations may partially reverse the time dependent
devline of photosynthesis (see Fig. 19 control) although these
high concentrations were initially weakly inhibitory on net cop
fixation. The forced entry of nitrate into the cells by vacuum
infiltration prior to the labeling period means that any
responses of 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 effectz of the NO3~ correlate well with the
hypothesis (discussed later) that the effects of NO3~ on the
photosynthetic rates are a consequence of its reduction
requirements.

10.4. PROTOPLAST NITRATE, NITRITE AND AMMONIUM NET UPTAKE

1f the metabolism of NO3~, NOp~ and NHg* is to be attributed ef-
fects on photosynthetic Oy and CO; metabolism, it is pertinent to
neasure the rates at which these ions are utilised. If the ions
are not metabolised to a significant extent the effects of the
reduction requi on ph Y sis are also likely to be
insignificant.

10.4.1. Nitrate

No net uptake could be measured for NO3™ by protoplasts in vivo
probably due to a lack of sensitivity of the methods enployed.
Considering that the explanatior of much of the experimental data
is dependent on the presene of an active NR it was important o
demonstrate the presence of this enzyme. Measurement of the ac-
cumulation of NOp™ under dark anaercbic conditions allows the
possibility of ing the activity of this enzyme aven al-
though it does not provide any direct evidence for its function-

unéer normal physiologilcal conditions. Increases in MR ac-
wuvity were observed even up to quite high concentrations of NOg™
(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 NOy™ net uptake
involved the lncubation of intact protoplasts in NOp~ containing
medium prior to the breakage of the protoplasts and the deter-
mination of NG~ loss from the whole system. Thus N0y~ had to be
taken up into the protoplast prior to reduction within the
chloreplast. Uptake of NO;™ has been reparted to occur across the
plasmalemma and the chloroplast envelope (Kaiser and Heber, 1983}
although the latter membrane system was considerab'y more perme-
able to the ions (200 fold). ¥* has also been reported that NOZ”
is taken up predominantliy protonated form (Kaiser and
Heber, 1983). Protonatl : occurs chemically in a pH de-
pendent fashion with an egui.. .m lying to the left of the
reaction (N0~ + HY =——> HNOZ).

Whatever the effects of NO;™ on photosynthetic net O; evolution
or net CO; fixaticn, the net uptake/reduction of NO,~ occurred at
high rates {1.1 umoles.mg chl'l.h'l). The rate of NO,” net up-
take was ation and i d rapidly 0
and 0.2 mi NO;~ (Fig. 21 and Fig. 22). At concentrations greater
thanr 0.2 mM the rats of net uptake was reduced. The pattern of
NO;~ net uptake in response to NO;” is reminiscent of enzymatic
kineties. Considering the absence of any evidence for active up-
take of NO;” across either the plasmalemma or the chloroplast
envelope, it is likely chat the influx of NOy” into the cell is
reduction related. It may be speculated that the decliune in net
uptake rate at high concentrations may be due to the accumulation
of the reduction products of NO,~ in the chloreplast.

10.4.3. mummonium
BEfiux of ammonium f£rom cells treated with extremely high con-
centrations of NH4+ occurred within 8 minutes of initiation of

NHA* supply (Fig. 24). At lower concentrations the net uptake
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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 effiux of previously accunulated
NH,Y. The efflux of NHg¥ may have resulted from an over loading
of cellular pools and a breakdewn in the ability of the membranes
to retain absorbed ammonium or an active excretion of NHg*.

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 te influx
as suggested by the net release of NH4+ at 2 mM.

10.5. PROYOPLAST N2% 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 transvort systems were eliminated. The question of
the wvalidity. of the use of protoplasts as physiological tools
ari. ~§ from the osmotic stress encounterwd by protoplasts, trans-
for into a new solute enviromment, reioval of the Gwll wall and
J: kage of pl (Robinson and Loveys, 1986}. Changes in
membrane composition during isolation and incubation have
recently been reported not to ocour {Goldbery et al., 1986).
Sugar is normally used as an osmoticum for protoplast preparation
and serves to plasmolyse the cells and provide osmotic support,
Plamolysis aids digestion and breakage of plamodesmata but also
has other physiological effects on protein synthesis, photosyn-
thesisz, respiration, solute uptake, slectrolyte efflux and
menmbrane potentials (Robinson and Loveys, 1586,., The effects of
the osmotica usad has recently been discusaed by these authors
who found that the disaccharide sugar alcohols used commonly
(sorbitol and mannitol), and also sucrose, do peietrate the
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cells and are uniformly distributed within the cytoplasm.

There is some discussion in the 1i over the form of dif-
fusable inorganic carbon (DIC) which is favoured for uptake
across blological membranes. Lipid billayers are far more perme-
able to COp than to RCO3~ and passive f£lux of HCO3" is therefore
expected to be minimal. (Esple and Colman, 1986). Thus the effec-
tiveness of the supply of HCO3™ is dependent on the converslon of
HCO3~™ to COy. The following equations (from Espie and Colman,
1986) describe this conversion:

ky
€Oy + Hp0 g==== H} + HCO3™ ..
kay

k3
COp + OH™ === HCO3™ vevieevvernsrannnnensossasesl
k-3

The equilibrium constant (Kgj) of equation L is given by:

k1 ta*1[BCO;™]
Rg & —— = ————————
kog fcoy]
and
Kai ki [HCO3™]
Ky k.3 [Coz 11087
where %y = [EFI{OR"]

The following values are derived from Esple and Colman, 1986)
Kyy = 4.45 x 1077 m
Ky =1.01 x 10°34 u

Using these values with the HCO;” concentration at 19 mM, the
concentration of COy in the solution at 25°C was 5.8 x 10-4 m
(0.58 M), Thus there are signiticant levels of COp available at
the pH and HCO3~ ation of the used. Water at 25°C
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becomes saturated at 0.145 g/100 ml CO; ie. 33 mM {CRC Handbook
of Physics and Chemistry, 1982} at a pressure of 1.013 x 105 N.m
=2, under these conditlons and normal atmospheric COy, water con-
tains 0.011 mM CO; of unspecified form (Golterman, 1969) in com-
parison to 10 mM COp of an unspecified form when NaHCOj was
added. This analysis «llows us “o conclude that the provision of
NaHCO3 elevates the CGz levels beyond those normally experienced
by the plant and thus ration may be to be
negligible.

10.5.1, Nitrate

A biphasic response pattern was cbserved for the effects NO3~ on
protoplast net 14C02 assinmilation (Fig. 27). Typlcal 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 intec a narrower concentration range at low light
intensities (Flg. 22) provides some evidence for the lack of any
direct effects on photosynthetic enzyme activities. If NO3™ was
able to directly activate the photosynthetlc 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
orlgin of reductant for NO3" reduction and the effects that the
utilization of this reductant may have on photasynthetic carbon
assimilation. The reduction of NO3” is thought to be a cytoplas-
mic event and some on  pl Y is has been sug-
gested (Naik et al., 1982; Zanvin anrd Atkins, 1974). This depen-
dence may be direct or indirect, but the ultimate source of
reducticn poteatial 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 lmmediately
available for participavion in NO3” reduction. Indirect depen~
dence stems from the reliance of raspiration on photosynthesis
for provision of carbon substrates.
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During active photosynthesis TP export 1s the major drain of
carbon from photosynthesis (Stitt and Heldt, 1985). This TP may
be diverted into starch synthesls within the cu.oroplast by the
absence of cytoplasmic PL which normally exchanges across the
chloroplast membrane for TP (Heldt and Rapley, 1970). In addition
the control of sucrose gynthesls by the metabolite fructose 2,6-
bisphosphate and the re-release of PL during sucrose synthesis
are thought to be important for control of cytoplasmic PL levels
{Champigny, 1985). Nitrate has been shown to regulate the ac-
cumulation of starch within the chloroplast (Ariovich ard
Cresswell, 1983; Kerr et al., 1984; Huber et al., 1985)., The in-
fluence of NO3~ on these processes may be due to two mechanisms:

a) NO3” has been suggested to regulate the ATPase de-
pandent vacuplar storage of Pi (Lamaze et al., 1984)

b) NO3~ may increase the rate of TP wutilization thus
preventing starch accumulation.

The export of TP has been suggested to be c:upled to NO3™ reduc-
tion through the glycolytic metabolism of DHAR 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, 198i). The former results in the export of
light reaction reducing potential to the c¢ytoplasm and there is
very liitle commentary on the latter in the literature.

Thus the results of the current investigation may be the con-
sequence of the control of oytoplasmic Pi concentrations by NO3™
and thus the regulation of photosynthesls through control of TP
export, Thlis mechanism has similar consequences to the control of
TP export through the veduction requirements of NO3”., The supply
of MO3” 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

153

[ VT VI T TP




7

s g

Sxrn e

Y}

derived from the light reaction competitively with the Calvin
cycls, The result of this could only be an dinhibition of
photosynthetic carbon assimilation by NO3~. Work done by Rathnam
(1978) wusing inhibitors of the Calvin cycle suggested that DHAP
was the physiological source of reductant in spinach. If NO3~
stimulates DHAP export £rom the chloroplast a stimulation of
photosynthetic carbon assimilation may be aaticipated 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 accumulatlion. Starch accumulation is thought +o disrupt
chloroplastic structure and ZIunction (Ariovich and Cresswell,
1983; Kerr et al., 1984} and thus a lack of accumulation may have
beneficial . These 5 are 1ly the
result of a removal of feedback inhibition through the elimina-
tion of carbkon 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 Pl across the chloroplast membrane. If
PGA is shuttled back into the chloroplast only reducing potential
is exported via this cycle. N

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 operatiny maximally and export of TP may not
deplete chloroplastic metabolites significantly. If the light in-
tensity is reduced the ongoing expoert of carbon for NO3~ reduc-
tion may vresult in a depletion of metabolites required for the
functioning of the Calvin cycle (RuSP) (Stitt and Reldt, 1985). 2
similar effect may be induced by high NO3” concentrations. An ad-
ditional possibility is that at high NO3” concentrations or lLow
light intensitiss the dicarboxylate and/or DHAP/PGA shunts oome
into operation resulting in NO3~ reduction beiny competitive with
€0, assimilation. These. pathways may play some rdle in any case.
Their exlstence is well known and 1f these shuttles are operating
it is likely that at least some of tha reductant exported will be
utilised for NO;“ reduction. The major path.ay may be TP export
with extra reductant suppiled from the shuttles.
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It may be argued that the results of the addition of NO3~ are ”
merely +he result of the effects of the reduction products of
NO3~ on net CUp fixation. That this is the case seems unlikely in
view of the strong inhibitory effects of N0y~ and NH4+ on net €0y
assimilatien. It is possible that the inhibitery effects of NO3™
at high concentrations result from the effects of its reducticn 1
products.

10.5.2. Nitrite

Nizrite inhibited 14002 assimilation by protoplasts (Fig.30).
»¥.erite reduction ia light reaction dependent and thus may com-
pete with the Calvin cycle for reductant. Evidence for such com-
petition uas heen derived from CO; suppression of N0y™ reduction
(Larsson et al., 1985) and stimulation of NO;™ reduction by in-
hibitors of the Calvin cycle (Anderson and Done, 1985). In con-
trast NO,~ has b2en reported to stimulate COp assimilation
{Robinson, 1986), Calculations of Fd(rd) content of leaf tissue
led to the corclusion that there is sufficient Fd(rqy f£or both
NOa” and €Oy w#ssicilation without competition (Buchanan, 1980;
Robingon, 1983).

The most common report in the literature is that NO;™ inhibits
net €0y fixation (Larsson et al., 1885; Purczeldt et al., 1978).
This effect may be due to stromal acidification (Furczeldt et
al., 1378; Larsson at al., 1983) resulting in inh/bition of the
key enzymes (fructose and h lose bi ) of carbon
assimilation {Purczeldt et al., 1978; Kaiser and Heber, 1983).
Nitrite is thought to freely permeate the chleroplast membrane,
predeminantly in the form of BNO, (Kaiser and Heber, 1983) and
thus trangport is not likely ta be energy dependent.

Altnough NO,” may or may not intercompete for Fd with carcbon
assimilation, NC,” does appear to Inhibit carbon assimilation
through its chemical effects on the stroma. The effects of NOy™
may be partially the result of NH4+ effects, as the two ions
resulted in very similar responses of net 0O, assimilation.
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10:5.3. Ammonium

Armonium resulted in a very transient small increase in net
photosynthetic 14c02 assimilation at low (0.033 mM) Nﬁ4+ con~
centration (Fig. 31). Assimilation of NH4+ is light dependent and
requires the presence of Ed(rd) and ATP (Klaus et al., 1985).
Supply of NH4+ has been reported to increase the incorporation of
14002 into amino acids and decrease incorporation into starch and
sucrose (Platt et al., 1977). These changes were accompanied by
an increase in pyxuvat: and a decrease in PEP. Pyruvate may
provide the carbon skeletons for glutamate and glutamine for the
assimilation of NH4* into aminc acids. Lea and Miflin (1979}
found little evidence to suggest that NH4+ incorpocation into
aminn acids funciioned with the direct participatica 2f carbon
from photosynthesis. It was suggested to be more likely that TP
exported from the chloroplast was re-imported as «-keto acids.
Other workers report that freshly assimilated CO; is utilised
ﬁ‘ ’ from organic acids and carbohydrates (Atkins and Canvin, 1375;
~ ' Klaus et al., 1985). Thus NH4+ assimilation would be indirectly
dependent on the Calvin cycle for carbom.

Sy,

Ammonium assimilation is undoubtedly linked to the light reaction
for the provisiorn of Fd(rd) {Atkins and Canvin, 1975; Larsson et
al., 1985). Taus the assimilation of ammeonium may be expected to
compete with CO; fixation for reductant. In addition ammonium is
known to uncouple ylation its pr e
effect and high concentrations inhibit the light reaction {Izawa,
1877).

The initial stir ion of net 14002 assimilation may result from
the utilization of photosynthetic carbon for amino acid
synthesis, while inhibition was a consequence of competition for
P Fd(rd) and uncoupling/inhibitory effects. The initially enhanced

. photosynthetic rate mAY function in the regulation of
photorespiration by reducing the retio of €0,/03 in the leaf thus
facilitating increased photorezpiration, although such mechanisms
are unlikely to function in the system (protoplasts) used for
these studies as a result of the elevated COp levels. . .
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10.6. PROTOPLAST NET ORYGEN SVOLUTION

As a result of the i of pl tic 0; evolution
and CO, assimilation, any factor influencing the operation of one
of these pathways influences the other. Thus many of the effects
of incrganic nitrogen on net Op evolution may ke traced to ef-
fects on €O fixation.

10.6.1. Nitrate

Comparison of the stimulatory effects of NO3™ on ret COj fixation
(Fig. 27z} and net Oy evolutien (Fig. 33) shows that NO3~ has a
much grester effect on the latter. The magniturde 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 rdle 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 dicarboxylate shuttles.

The decline in the stimulatory effect of NO3~™ at higher con-
centrations may be due to its effects on (0; assimilation, Ale.
through the inhibition of net CO; assimilation at high NOz™
concentrations.

10.6.2. Nivrite
Nitrite stimulated net photosynthetic 0 evolution over a wide
range of concentrations (Fig. 34). This is in contrast to the in-
hibitory effects of NOy™ on COy. This increase occurred in spite
of the decrease in the demand for reductant by the Calvin cycle
during incubation with NO;”. It is possible that the reduction of
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WOp™ was ible for the net Oy evolution. Similar
results have been reported by other workers (Purczeldt et al.
1978) who found both an enhancement of net Uy evolution, which
was bi ! , and a d in net CO, assimilation
as a result of stromal acidification.

The high concentration decline in NO;™ stimulation of net Oy
qvolution may be attributable to strong acidifics:ion of the
stroma.

10.6.3. Ammonium

Ammonium caused a significant elevation (10%) of net Oy evolution
at low concentrations (Fig. 39). The response of net Oy evolution
essentlally pacalleled that of net COp f£ixation. The initial
stimulation of pet Oy evolutlon by ammonium may suggest an uncou-
pling effect, although if this was associated with the stimula-
tion of net CO; fixation, wuncoupling is unlikely. Comparison of
net Oy evolution and net €Oz assimilation (Fig. 31 am Fig. 35)
guggests that the effect of NH4+ on pet Uy evolution may be a
result of a combination of these effects. The concentration at
which NH,* became inhibitory on nst 7, evolucion was much higher
than the analcgous concentration for net €Op fixation. Thus it is
possible that stimulation of €O; assimilation contriduted pax-
tially to elevated net O; evolution, but that the uncoupling ef-
fect described by Izawa (1977) was a major contributor. Ammonium
is known to uncouple ohotophosphorylation at leow concentrations
and have an inhibitory effect on the light reaction at higher
concentratlons (Izawa, 1977). The alternative possibility is that
the demand for reductant from the light reaction stimulated net
Qy evelution.

10.6.4. Phosphate

The rdle of phosphite Ln 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 P042' on net Oy evolution (Fig. 36)}. At low concenvra~
tions phosphate is likely to stimulate photosynthetic net Oy
evolution as a result of increased carbon metabolism resulting
from improved TP export froem the chloroplast, At higher con-
centratlions of P042', the withdrawal of large amounts of TP may
deplete chloroplastic intermediates from the cCalvin cycle and
thus inhibit CO, Fixation. In addition PO42~ has been reported to
stimulate the activity of the Hill reactlon (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 CO; requirements
of photosynthesis. In these experiments, <Oy was supplied in the
form of NaHCO3, which should dissociate to €Oz and HCO3™ to a
small but significant extent at the pH of the incubating wmedium
(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 O; evolu-
tion (Fig. 37). The response to bicarbonate was positive for all
concentrations supplied. Without added bicarbonate net 0y evolu~
tion did not ocour 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 O
evolution although it is not certaln that the medium was com-
pletely depleted of €O, and photorespiratory and respiratory €Oz
release may play a rdle in maintaining a minimal rate of
photosynthetic net O, evolution. 1In addition the photosynthetic
system may be supplying reductant and ATP to many processes
within the cells and it is therefore not surprising that net Oy
evolution should occur in the absence, even if only partial, of
COp. The pre-incubation txeatment of the protoplasts was sig-
nificant in this regard. In protoplast preparations pre-incubated
in the light no initial (prior to addition of NaHCOz), or very
little, 0y evolution occurred. Protoplasts incubated in the dark
showed greater initlal rates of Oy evolution. It must be remem-
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bered that any evolutlon of O; is the net flux resulting from
phe ic 0y pr on, resplratory and photorespiratory Oy
reductien.

With the addition of bicarbonate to the medium net Oy evolution
was almost linear with NaHyCO3 concentration, indicating the
strict interdependence of these two pr . High ra-
tions of HCO3™ (30 mM} have been reported to result in stromal
acidification (Ralser and Heber, 1983) and this may have been the
reason for the decline in the stimulatory effect of bicarbonate
at concentrations sbove 15 mM, The presence of COp in the incuba-
tion medium has other important ramifications. Elevated COp
levels may depress photoresplratory O, consumption by increaving
the competitive potential of COp for RuBPe. In addition the Meh-
ler reaction (pseudocyclic reduction of oxygen to H03) is
favoured under conditions where COy fixation is inhibited (Radmer
and Kok, 1976) and thus increased CO; should reduce the contribu-
tion of this reactlion to net O consumption.

10.6,5.1. Interaction hetween Nitrate and Sodium Bigarbonate

A significant finding was that NO3“ has no, or very Llittle,
stimulatory effect on the net evolution of Oz by protoplasts in
the absence of NaHCO;. This is especially striking if it is noted
that the initial xates of net Oy evolution by protoplasts not
supplied with NaHCOy were equivalent to those of protoplasts sup-
plled with 1 mM NaHCO; and yet the responses of these two treat-
mens to NC3~ were markedly different. The trend appears to be
ihat with higher NaHCOj; concentrations in the medium, greater
stimulation of net Oz evolution by NO3~ is possible and at higher
concentratinns. In additlon the net evolution of 03 appears to be
more resistant to higher, inhibitory, levels of NO3™ under condi-
tions of greater NaHCO3 supply.

These results may imply that COp is required for the stimulatory
effect of NO3™ on net Oy evolution and lend support to the
hypothesis that the effect of NO3™ on met Op ¢volution is through

the reduction requirements of NO3™ for carbon exported from the
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chloroplast. At low NO3~ coneentrations (1 mM} no inhibition of
net Oy evolution was observed. This may be suggested to mean that
at these concentrations (1mM), the effect of carbon withdrawal
from the Calvin eycle was not enough to significantly deplete the
pools of intermediates although this depletion was sufficient to
stimulate net O; evolution. At highier concentrations of 1o3~,
especlally under conditions of low COp, the removal of carbon in~
termediates from the Calvin cycle was signiflcant enough to cause
a breakdown in this cycle. The fact that 1 mM NaHCO; was found to
reverse the inhibitory elfects of high NO3™ cancentrations on
protoplasts incubated without NaHCO; is significant iIn that it
indicates that NO3™ induced ion of p ynthetic net Oy
evolution i= a x»sult of a carbon limitation. It is possible that
NO3™ may reduce re.piratory O coasumption (Frank and Marek,
1983}, In experiments conducted in the dark it was impossible to
discern any effect of NO3™ on net Oy consumption. The fact that
increased responses to NO3™ were oknerved at higher NaHCO3 con-
centration precludes the possibility or photorespir: .ion playing
2 vdle in these responses,.

10.6.5.2. Interaction between Ammenium and Sodium Bicarbonate

During the metabolism of NHj¥ to amino acids carbon skeletons are
reguired. It is thus commonly supposed that NH4* should place ad-
ditional demands on the Calvin cycle for carbon. In these experi-
ments 1t appeared that the stimulatory effect of NH4* on net Og
evolution declined with increasing NaHCO3 concentration. It would
thus appear that the effects of NH4+ on net G evolution are at
least partislly independent of COp metabolism. Altetnatively it
may be possible that NH;* has the ability to incresse vpet Op
evolution only to a certain extent and thag f:2 supply of NaHCOj
masked this effect. A more tenable hypothesi- ls that the reduc-
tion requirements of NH4+ compete with CO; for reductant and
that, under low COp conditions, NH4+ is a fairly successful
competitor, but not at higher CO, concentrations.

The low concentration NE4* uncoupling of photophosphorylation and
higher concentration inhibition of photosynthetlie electron
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transport have been previously di It is possible that
these factors may play a xdle here especlally at the higher con~
centrations where NH;* was found to inhibit net O, evolution. I
is perhaps joteworthy that NaHCO; was unable to reverse NH4+ in-
hibition of net 05 evolution, indicating the lack of a strong
direct link between the two prosesses.

10.6.5.3 The effects of respirvatory inhibitors

In eczder to better elucldate the rdle played by respiration in
the vrvesponses discussed above, MFA was used to inhibi%
respiration. The effectiveness and specificity of this inhibitor
is questionable, but it at least partially inhibits respiration
{Elxifi and Turpin, 1986) and appears to leave photosynthetic 0y
evolution intact. In a measurement of resplratory Oy evolution
(under dark conditions) very little Op consumption tas observed
and this declined to no consumptlon at all within a few minutes.

Supply of MFA stimulated net Op evolution above the rates ob-
served for protoplasts not exposed to to WFA, regardless of the
concentration of NaHCO; supplied. This may result from the par-
tial depression of respiratory Oz consumption. The greater
stimulation of net Oy evolution by MFA incubated cells in con-
trast to normal cells in the presence of 1 mM NO3~ and the lack
of inhibition by an additional 3 mM may also be ascribed to the
partial lack of respiratory Op consumption acting as a buffer to
changes in net Oy evolution.

Cyanide as an inhibitor of rusparation provides a speclal and in-
teresting case. Cyanide inblbits electron transport in bkoth
photosynthesis and respiration. It may thus be surprising that
the levels of Oj changed at all after the addition of cyanide.
The Mehler reaction has been reported to be insensitive to
cyanlde (Gimalsr, 1977) and Radmer and Kok (1976) reported high
rates of Oz uptake by algae aftr» *he supply of cyanide. During

normal photosynthesis 0y evol® far in excess of 0p f£ixa~

tion by the Mehler reaction which inhibits non-cyclic

electron transport,  inhibix . reduction and thus COp
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fixation. fThe electrons from pseudocyclic electron transport are
then available for the reduction of Oy and thus Oz is taken up in
the light in excess of 0z evolutlion. 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 Oy consump-
tion decreased and partlally resumed on return to  light
ccnditions.

10.7. EFFECT OF NITRATE ON PROTOPLAST ATE LEVELS

The effects of NO3~ on the accoumulation 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 AYP on supply of NU3~ (Fig. 47) may resuit from the
regquirement for the products of the dark reaction of photosyn-
thesis (DHAP) by NO3™ reduction and the increased synthesis of
these metabolites. The reduction of NO3~™ in the cytoplasm,
mediated by the reduction of NAD by DHAP to yleld NADH and PGA is
accompanied by a release of ATP. The accumulation of ATP after an
initiel depletion (Flg. 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 actlvity as a result of deple-
tion of cytoplasmic DHAP.
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11, CONCLUSION

‘The short texm and long rerm of photosy s to fnor-
ganic nitrogen are the result of different mechanisms. The lLong
term effects of N nutrition may result in elevated proteln syn-
thesis, photosynthesis and growth (Hunt et al,, 1985¢c) although
specific increases in the levels of several enzymes are also pos~
sible (Tew, 1876}. Stomatal reslstance may play an important rdle
in determining the effectz of particoularly ammonium on net
photosynthesiz. Supply of nitrogen causes a decrease in the com~
pensation point. Changes in photorespiratory activity may play an
important rdle in determining the rate of net photosynthesis.
These effects are not dependent on the continual presence on N in
the growth medium.

fhe predominant short term effect of inorganic nitrogen on
photosynthetic carbon metabolism may be speculated to be mediated
through the requirements of these lons for reductant and carbon
during th assimilation inte amino acids. This class of effects
15 depend * on the presence of thes inorganic nitrogen within the
cell.

The mechanisms through which tue various inorganic nitrogen
species influence carbon metaboli:m may be hypothesized to be the
£ollowing.

Nitrate reduction is eytopl -"mic and is supplied with reduc-
tant from the export of 7% from the Calvin cycle. This
carbon 1s metabolised via : . .ycolytle sequence to yield
PGA, NADPH and ATP. Tb 33 may be further metabolised
through the respiratory ps:. weys or some returned to the
chloroplast in exchange for ficther DHAP. The dicarboxylate
shunt may also operate te svme extent in the provision of
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reductant. Nitrate may alsc exert a direct effect on the
light yeaction.

Nitrite reduction is chloroplastic and utilizes Fd(rq)
produced by the light reaction. Nitrite may or may not come
pete with the light reaction fo. reductant, Nitrite influx
into the chloroplast results in the acidification of the
stroma which inhibits €Oy fixation.

Anmoniws utilizes chloroplastic Fd(pq) and ATP for its
assimilation. This utllization of reductant may or may not
compete with the Calvin cycle. The carbon utilized for NH4*
assimilation into amino acids may be dexived from concurrent
photosynthasis. 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 varlous inorganic
nitrogen lons on net photosynthetic carbon assimilation are
described in the form of a metabolic scheme in Pig. 48, The
presence of inorganic nitrogen in the form of NO3~ is concluded
to be of importance to photosynthetic carbon metabolism. Without
tdequate NO3~ export of TP from the chlvcoplast is likely to be
impaired with the resulting deletarious acouwnulation of starch
within the chloroplast. Maximal pyoductivity can be expected in
plants supplied with a continuous source of NO3”™ rather than
large infrequent applications. Nltrite appears mnot to have
beneficial effects on carbon assimilation while NHg™ may be ef-
feotive in mediating some positive effects on photosynthesis.
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GLN - Glutanivse
GLU - Glutanate
a~XG - a-ketoglutarate
Ge3-P - Glycargldehyde~3-P
F-2,6-F7 - Fructoge 2,§ Bisphosphate
F-1,6-Py - Fructose 1,5 Bisphogphata

Fig. 48, The pathways suggested to account for tha sffects of NOz”, Nop~, NE;*
and POy 2+ “gffacts on the photosynthatic €Oy assimilation and 02 «volutinn.
Positiva effactors (+); negative effectors (-). The key enzymss ara numbered.
(1). ADPglucosa pyvophosphorylase; (2). phosphorylase; (3). fructose-1,6-
Iziz;phosphatase. (4}, sucroge 5).

{8), PEP carhoxylase; (9). pyruvate
kinasa; (9). nitrate reductase (Ah:ex Blrifi and Turpin, 1987).
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A; APPENDIX
Listing of program for calculation of photosynthetic rates written in
BASICA.

10 EEM #%* PHOTOSYNTHESIS **
20 Q=1

30 GLS

40 DIM X(100), ¥(100), PN(100)

50 LOCATE 12, 30

60 PRINT "PHOTOSYNTHESIS DATA MANAGER"

70 FOR T=1 TO 1000:NEXT T

80 CLS

90 INPUT "Do you wish to read an old file (¥/N)';¥§
100 IF Y$O"Y” AND Y§<OUN" THEN PRINT :£0T0 90
110 IF Y$="N" GOTO 428

120 PRINT :PRINT :INPUT "Read from drive A or B (A/B)';Y$
130 IF Y$<>"A" AND Y$<>"B* THEN PRINT :GOTO 120
140 LET Tgm¥s+ts\"

150 FILES T$

160 PR_JT :FRINT :INPUT "Which file to read “iY$
170 IF RIGET$(Y$, 3)="CHL" THEN LET Ly="C"

180 OPEN Y$ FOR INRUT AS #1

190 GOTC 270

200 RESUME 210

210 CLS: LOCATE 12, 32

22G ON ERRCR GOTO 0

230 PRINT "&&% WARNING hiwant

240 LOCATE 14, 32:BRINT "% FILE ERROR *-

250 FOR T=1 TO SOC:NEXT T

260 CLS:GOTO 150

270 INPUT 1, Q

280 INPUT #1, STARY

290 INPUT #1, INC

300 FOR T=l 10 G-1

310 INPUT #1, (T3

320 NEXT T

330 INEUT #1, P

340 INPUT #3, TP *
350 INPUT #1, ¥

360 INPUT #1, N$

370 IF L$="C" GOTO 390

380 INBUT #1, &

390 CLOSE #1

400 IF L$="C" GOTO 710

410 GOTO 780

420 REM *** DATA ENTRY *#%

430 CLS

440 LOCATE 1.

450 PRINT "ENTER THE DATA REQUESTED WHEN PROMPJ.‘ED"
460 PRINT "

A .

Microsoft ‘

470 PRINT :PRINT :INPUT "What are the time intervals between the readings ";INC

480 PRINT :PRINT :INPUT “Stariing at time =";START
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490 LET START=START~INC

500 CLS '
510 PRINT :PRINT :INPUT "Enter the temperature in centigrade ;TP
520 LET TP-TP+Z73

"Enter the flow rate in litres per minute ";F

: "Enter the atmospheric pressure in millibars ";P

550 PBRINT :PRINT :INPUT "Enter the number of lsaf area measurements you made
' NLA

550 CLS

570 FOR T=3 TO NLA

580 PRINT Arsa ";T3" = _ _ _ _ _ (em?)"
500 INPUT LA

600 LET ASA+LA

610 NEXT T

620 LET A=A/(T-1) :

630 PRINT :PRINT (INPUT “If you wish to type an explanatory note, do so now.

Otherwise type 'N' “;N§

640 IF N§~'N'" THEN LET Ng=*"

650 CLS

660 PRINT “ENTER THE NUMBER CZ PPH"

670 PRINT "ememmmmmammmmmmmmmmmm e

680 IF ¥(Q)=0999 THEN END

690 PRINT :PRINT "Pn = ";PN(Q-1);" mg/dr?/hr for data point "iq~1

700 PRINT :PRINT

710 ERINT "Enter data point ";Q

720 INRUT ¥(Q)

730 IF ¥(Q)=9999 AND q>1 GoTO 780

740 IF Y(Q)=9999

750 PN(Q)=({¥(Q)*. 1)/(A/IOU))"((((F*IODD)/ASD)*DA)/ZZAM)*(Z73/TP)*(PI‘013)*36I

760 LET Q=Q+l

770 GOTO 650

730 CLS

790 INPUT "Hard coP}' (Y/N)"'E$

800 IF H$="Y" GOTO

810 REM **% PRINT i

820 PRINT :PRINT "mw;ma #" TAB{14) "TIME" TAB(22) “ppm-COZ" TAB(33) "Value-Pa"

TAB(45) "INCREASE X'

830 PRINT * "

840 PRINT

850 FOR T=1 70 Q-1

860 PN(T)‘((Y(T)* 1)/(A/lOO))*((((F*IGOO)/60)*414)/ZZAIk)*(zH/TF)*(P/1013)*36[

§70 IF Tl THEN Dw(:ELSE DeGINT(((EN(T)-EN(1)}/PN(1))*

880 PRINT T TAB(14) (TXING)+START TAB(22) Y(T) TAB(33) CINT(PN(T)) TAB(45) D
NEXT T

900 PRINT (PRINT :PRINT +PRINT "Pn in mg/du®/he"
910 ERINT :PRINT "Pressura = ";B;’

INT "Temperatare = ";TP;" K"

930 PRINT :PRINT "Flow rate = 'GF;" 1/min®

940 PRINT :BRINT “Leaf area = ";A;" cm?!

950 PRINT :PRINT :BRINT "Explanatory ncte : ";N§

960 FRINT :PRINT “Continua?”

970 Y$nINKEYS

980 IF ¥§=" GOTO 970

956 GO0 1130

1000 LPRINT :LPRINT "READING #" TAB(14) "TIME TAB(22) "ppm-CO2" TAB(33) “Value-
Pn" TAB(45) VINCREASE %"

1010 LERINT "

1020 FOR T-l 0 g-1
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1030 PNCT)=((Y(T)*.1)/(A/100))*((((F*1000)/60)%44) /22414 )%(273/TRI*(B/ 1013 )*36!
1040 IF T=1 THEN D=G:KLSE DSCINT(((PN(T)-PN(1))/PN[1))*100)

1050 LPRINT T TAB{14} (T®INC)+START TAB(22) Y(T) TAB(33) CINT(PN(T)) TAB(45) D
1060 NEXT T

1070 LPRINT :LBRINT :LPRINT :LPRINT "Pn n mg/dm’/h"

1080 LPRINT :LPRINT "Pressure = ";
1090 LPRINT :LERINT “Temperature = "3
1100 LERINT :LPRINT “Flow rate = ";F;" 1/min"

1110 LPRINT :LPRINT "Leaf avea = ";a;" om?"

1120 LPRINT :LPRINT :LPRINT "Explanatory nota : "4N§

1130 REM *%DATA FILER%H*

1140 CLS

1150 INBUT "Do you wisk to file your input data (Y/N) "y

1160 If Y$<"Y® AND Y§<>'N" THEN PRINT :GOTO 1150 ;
1170 IF Y§="N" GOTO 1510 '
1180 PRINT :PRINT :INPUT "Name for data fila - Note .PIN will automatically be
appended "3

1190 TP LEN(H$)>E Gu.d 1130

1200 LET M$uM§+" . FIN'

1210 ON ERROR GOTO 1260

1220 FILES M$

1230 GLS:LOCATE 12, 3J0:PRINT ‘%% WARNING - FILE EXISTS *#%

1240 LOCATE 15, 30:PRINT "ENTER A WEW FILE NAME"

1250 GOTO 1180

1260 RESUME 1270

1270 ON ERROR GOTO O

1280 OPEN M$ FOR OUTPUT AS #1

1290 PRINT #1, Q

1320 FOR T=1 T0 Q-1 )
1330 PRINT #1, Y(T) 1
1340 NEXT T

1350 PRINT #i, F

1360 PRINT #1, TP

1370 BRINT 1, ¥

1380 FRINT #1, N§

1400 CLOSE #1

1410 PRINT :INPUT "Another look at data (¥/N)"i¥$

1420 IF Y$<™ AND Y$<O"N" GOTO 1410

1430 IF Y$="Y" GOT0 780

1440 REM *%% QUTPUT FILE *#%

1450 CLS

1460 INPUT "Do you wish to file your output values for further processing (Y/N)
e

5§
1470 YR Y§<3UY* AND YE<>'N" THEN PRINT :GOTO 1460
1480 IF Y$="Y" GOTO 1530
1490 PRINT tPRINT :INPUT “Re-run program (Y/N) ";¥§
1500 IF Y§<O"Y" AND YS<O'N" THEN PRINT :GOTO 1460
1510 IF Y§="N" THEN BND
1520 RUN
1530 PRINT :PRINT :PRINT "Your data will be filed in two colums, Time and
Photosynthetic rates."
1540 PRINT :PRINT :INPUT “Enter 2 file name - note that .PRN will automatically
be appended, "i¥§
1550 IF LEN(HS)>S GOTO 1540
1560 LET Y§u¥$+",PRN"
1570 ON ERROR GUT0 1620
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1580 FILES Y$ '

1590 CLS:LOCATE 12, 30:EHINT ™wk# WARNING - FILE EXISTS ##%
1600 LOCATE 15, 30:JRINT "ENTER A NEW FILE NAME"

1610 GOTO 1540

1620 RESUME 1630

1630 ON ERROR GOTO 0

1640 OPEN ¥$ FOR OUTBUT AS ff1 i
1650 FOR T=1 TO Q-1 4
1660 BRINT #i, START+(INGAT), EN(T)

1670 NEXT T

1680 CLOSE #1
1650 GOTO 1410
1700 FND

|
i
|

186

~— . e + LY PR S e ™



ey

I

e




Author Cramer Michael Denis
Name of thesis The Short Term Effects Of The Supply Of Inorganic Nitrogen On The Photosynthetic Assimilation Of Carbon
Dioxide. 1987

PUBLISHER:
University of the Witwatersrand, Johannesburg
©2013

LEGAL NOTICES:

Copyright Notice: All materials on the University of the Witwatersrand, Johannesburg Library website
are protected by South African copyright law and may not be distributed, transmitted, displayed, or otherwise
published in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material (one machine readable copy and one print copy per page) for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or omissions from the information on the Library website.



