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ABSTRACT

In maize (Zea mays L., cv Contessa), nitrogen (NO3-) limitation
resulted in a reduction in shoot growth and photosynthetic ca-
pacity and in an increase in the leaf zeaxanthin contents. Nitrogen
deficiency had only a small effect on the quantum yield of CO2
assimilation but a large effect on the light-saturated rate of
photosynthesis. Linear relationships persisted between the quan-
tum yield of CO2 assimilation and that of photosystem 11 photo-
chemistry in all circumstances. At high irradiances, large differ-
ences in photochemical quenching and nonphotochemical
quenching of Chi a fluorescence as well as the ratio of variable
to maximal fluorescence (Fv/Fm) were apparent between nitro-
gen-deficient plants and nitrogen-replete controls, whereas at
low irradiances these parameters were comparable in all plants.
Light intensity-dependent increases in nonphotochemical
quenching were greatest in nitrogen-deficient plants as were the
decreases in Fv/Fm ratio. In nitrogen-deficient plants, photo-
chemical quenching decreased with increasing irradiance but
remained higher than in controls at high irradiances. Thermal
dissipative processes were enhanced as a result of nitrogen
deficiency (nonphotochemical quenching was elevated and Fv/
Fm was lowered) allowing PSII to remain relatively oxidised even
when carbon metabolism was limited via nitrogen limitation.

Strong positive correlations have been found between the
photosynthetic capacity of leaves and their nitrogen content,
most of which is used for synthesis of components of the
photosynthetic apparatus (1, 6, 23, 26). Indeed, the availabil-
ity of nitrogen limits growth in most environments but the
restricted development of nitrogen-deficient plants is usually
due to a lower rate of leaf expansion rather than a decline in
rate of photosynthesis per unit leaf area (22). Evans and
Terashima (6) found that the photosynthetic properties of
spinach thylakoid membranes were virtually independent of
nitrogen treatments. In this case, nitrogen nutrition affected
the amount of thylakoids per unit leaf area but not the
properties of the membranes (6, 27). In contrast, studies with
other species have found decreases in the light-saturated rate
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of photosynthesis (15, 17, 23, 26, 27, 30), and the incident
quantum yield (17) when nitrate was limiting. In developing
maize leaves nitrogen deficiency has been found to result in
a significant decrease in photosynthesis with a selective reduc-
tion in the levels of phosphoenolpyruvate carboxylase, pyru-
vate orthophosphate dikinase, and ribulose 1,5-bisphosphate
carboxylase and a concomitant decrease in level of their
respective mRNAs (26). Nitrogen-limited Chiamydomonas
cells were found to have a 70% reduction in the Chl content
and in this case the Chl a/b ratio increased as a result of N-
limitation (19). Nitrogen-limited plants also accumulate large
amounts of carotenoids (12, 19). Shade-grown plants grown
with limiting nitrogen have been found to be more susceptible
to photoinhibition than nitrogen-replete controls (8, 25).
Damage to the PSII reaction center occurs when the absorp-
tion of excitation energy exceeds the capacity for dissipation
(9). The extent of photoinhibitory damage may be viewed as
the net difference between the rate of damage and the rate of
repair or recovery (13). In circumstances of nitrogen limita-
tion it is probable that it is the repair processes which are
limited (8, 13, 26).
The yield of Chl a fluorescence from photosynthetic orga-

nisms is determined by two distinct quenching processes, qQ2,
which is due to operation ofphotosynthetic electron transport,
and qNP (2, 9, 11, 14, 20, 24). Nonphotochemical quenching
arises from nonradiative dissipative processes that regulate
the quantum yield of PSII (14, 28), and prevent damage to
the photosynthetic apparatus by excess light. qNP is composed
of at least three types of quenching processes which function
in the protection of the membranes and also in the regulation
of PSII photochemistry. These are: (a) the thermal dissipation
process activated by the formation of ApH known as qE (3),
(b) the regulation of the absorption cross section via the state
transition, qT (29), and (c) the thermal dissipation process
correlated with the conversion of violaxanthin to zeaxanthin,

2Abbreviations: qQ, photochemical quenching coefficient; OC02,
quantum efficiency of CO2 assimilation; qPSII, quantum efficiency
of PSII photochemistry; Fv/Fm, efficiency of open PSII centers; QA,
primary acceptor of PSII; qE, thermal dissipation associated with the
formation of ApH; qI, thermal dissipation due several processes
including the xanthophyll cycle; qNP, nonphotochemical quenching
coefficient; qT, radiationless dissipation due to the state transition.
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Table I. Shoot Characteristics of 3 Week Old Maize
Plants, without endosperm, were grown for 2 weeks on sand periodically watered with a complete

nutrient solution containing various concentrations of nitrate.

Treatment Shoot Mass Chl Net NO3- Reduced Nphotosynthesis Concentration

mM g dry wt plant-' mg g-I fresh wt umol h mg-' Chl pmol g-' dry wt mg g ' dry wt

12.0 0.106 2.47 78 700 38.9
0.8 0.098 2.38 82 30 39.0
0.2 0.061 1.66 114 20 28.2
0.05 0.045 1.04 156 10 17.1

qI (4, 5, 18). These energy dissipation processes, which are

mediated largely at the level of the antenna complexes, result
in a pronounced increase in the rate of radiationless dissipa-
tion of the antenna Chl. As a result, they compete effectively
with excitation energy transfer processes to the PSII, leading
to reduced quantum yield.
Nitrogen-(NO3) nutrition influences photosynthesis in

three main ways. (a) Nitrogen deficiency may affect the
quantity, structure and composition of the photosynthetic
apparatus since this accounts for most of the nitrogen in the
leaf (6, 27). (b) Assimilation of NO3- by the cell requires
the NAD(P)H, reduced ferredoxin, ATP, and carbon chains
produced by photosynthesis, so that NO3- is in competition
with CO2 for assimilatory power. (c) Accumulated NO3- may
alter chloroplast function by way of modulation of sucrose

synthesis (1).
To study the interactions between nitrogen and carbon

metabolism in maize, we have used Chl a fluorescence analy-
sis to moniter changes in the regulation of the photosynthetic
apparatus of plants undergoing nitrogen limitation. To avoid
any alteration in carbon metabolism ofN-deficient plants due
to changes in the N03- concentration in the tissues and not
to changes in nitrogen utilization, we chose 0.8 mm nitrate-
grown plants as controls since they exhibited maximal bio-
mass production and normal nitrogen characteristics in the
absence ofN03- accumulation in the leaves (16).

MATERIALS AND METHODS

Plant Material

Maize (Zea mays L. cv Contessa) seeds were germinated
for 3 d and then grown in a growth chamber on aerated 0.2
mM CaSO4 for an additional 3 d. After subsequent removal
of the endosperm, treatments were initiated by transplanta-

tion of the seedlings into pots of sand (8 plants per pot of 3.6
L) for an additional 2 weeks. The growth environment con-

sisted of(dawn/day/dusk/night) cycle of 19/22/20/1 7°C, with
dawn/day/dusk length of 2.5/7.5/6 h at 140/200/65 smol
m-2 s-1 PAR respectively (cool-white fluorescent lamps, Gen-
eral Electric, FG6 PG 17/C W) and 85% RH. The nutrient
solution (pH 6.0) was automatically delivered at the rate of
100 mL every 30 min in the light period and 100 mL every 2
h during the night. The whole experiment was carried out
twice. Data are the mean of four measurements with four
different plants per treatment.

Treatments, Sampling, and Assays

Maize seedlings were supplied with 0.05, 0.2, 0.8, or 12.0
mM NO3- as Ca2+ salt plus 1.0 mM KH2PO4, 0.2 mM NaCl,
0.1 mM K2HPO4 and, either 0.7 mM K2SO4; 0.4 mM MgSO4;
1.4 mm CaCl2; in addition to micronutrients: 24 ,gM H3BO3,
16 ,M FeEDTA, 9 jM MnSO4, 3.5 jiM ZnSO4, 1 JAM CuSO4,
and 0.1 jIM (NH4)Mo7024. Plants were used for Chl a fluores-
cence measurements after 14 d treatment and for biochemical
assays the day after. In the latter case, plants were harvested
4 h after the beginning of the photoperiod. The third leaf of
each plant was rapidly excised, weighed, and frozen in liquid
nitrogen for subsequent determination. Chl, nitrate, and total
nitrogen were assayed as described by Khamis and Lamaze
(16). Ammonium and amino acid extraction was done in 3%
sulfosalicylic acid (5 mL for 1 g fresh weight). Amino acids
and ammonium were determined using a Biotronik LC 5001
analyzer (physiological program run with lithium buffers,
detection at 570 and 440 nm after postcolumn derivatization
with ninhydrin) and a SP 4090 Spectra-Physics integrator
after baseline subtraction.

Table II. Free Amino Acid Content in the Third Maize Leaf
The experimental conditions were as those of Table I.

Amino Acid
Treatment

Asp Asn Glu Gin Gly Ser Ala Pro Thr Val Met

mM nmol g 1 fresh wt
12.0 1055 63 1645 525 959 780 2728 89 179 139 16
0.8 1120 50 1585 470 594 528 3648 67 140 98 13
0.2 610 32 1024 238 342 245 1437 57 79 81 10
0.05 312 0 810 41 177 117 352 24 43 63 8
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Figure 1. Light saturation curves of CO2 assimilation in maize plants
grown with 0.8 (A), 0.2 (0), and 0.05 mm (0) nitrogen supply.

Chi a Fluorescence and CO2 Assimilation Measurements

Measurements of room temperature Chl a fluorescence in
air were made on the attached fourth leaf using a pulse
amplitude modulation fluorometer (PAM-101, H. Walz, Ef-
feltrich, FRG). CO2 assimilation measurements were made
both simultaneously with fluorescence analysis and also the
day after in the growth chamber using infra-red gas analysis
(ADC and LCA-2, Analytical Development Co., Hoddesdon,
England) and the transpiration rates assessed with a hygro-
dynamic sensor (Elcowa, 1100, DP). The quantum efficiency
of electron transport through PSII was estimated from Chl
fluorescence quenching analysis using the light doubling tech-
nique (2) as described by Genty et al. (10) as follows

kPSII = (Fm - Fs)/Fm

where Fm is the level of Chl a fluorescence when all the PSII
traps are closed, i.e. during a saturation light pulse, and Fs is
the steady-state level of Chl a fluorescence.

Photochemical quenching of Chl a fluorescence qQ was
estimated as follows

qQ = (Fm - Fs)/Fv

where variable fluorescence, Fv = Fm - Fo. Fo is the level of
fluorescence measured when all the PSII traps are open fol-
lowing a dark incubation.
Nonphotochemical quenching of Chl a fluorescence (24)

was calculated as follows

qNP = (Fm' - Fm)/Fm'

where Fm' is the maximum level of Chl a fluorescence
measured during a saturating light pulse immediately follow-
ing a dark incubation period of 30 min.

Carotenoid Estimation

Carotenoid pigments were separated by nonaqueous re-
versed phase high pressure liquid chromatography using a
gradient of 3 to 40% dichloromethane in a mixture of aceto-
nitrile and methanol (70/30, v/v) on a Dupont Zorbax octa-
decyl silica (ODS) column. Continuous measurement of the
pigment spectrum was made using a Hewlett-Packard 1040A
spectrophotometer. The Hewlett-Packard 1040 A diode array
spectrophotometer allowed accurate pigment absorption spec-
tra to be obtained without the need to stop solvent flow.
Quantitative determination ofthe pigments was obtained after
external calibration of the DPU multichannel integrator and
detector with available standards. The extinction coefficients
used were as described previously.

RESULTS

Plants grown at 0.8 mm NO3- had similar growth charac-
teristics, reduced nitrogen and Chl contents as plants grown
with higher nitrate concentrations in the nutrient solution
(Table I). The free amino acid contents were slightly lowered
with the exception of alanine and aspartate which were in-
creased, as a result of the restriction in NO3- availability in
the plants grown at 0.8 mM NO3- when the N03- content of
the shoot was almost zero (Table II). When the nitrate avail-
able to the plants was lowered to 0.2 and 0.05 mm, a large
decrease in shoot growth was observed (Table I) which was
accompanied by lower Chl and reduced N contents and by a
greatly altered amino acid composition (Table II). Due to the
large decrease in Chl content accompanying N limitation the
rate of photosynthesis expressed on a Chl basis was double
that of the control in the plants grown with 0.05 mM NO3-
(Table I). However, the light-saturated rates ofphotosynthesis
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Figure 2. Relationship between the quantum efficiency of CO2 assim-
ilation (OC02) and the quantum efficiency of PSII (OPSII) in maize
leaves grown with 0.8 (A) and 0.05 (0) mM nitrogen.
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Figure 3. Effect of nitrogen supply on the qQ
(0), qNP (A), Fv/Fm (0), and qPSII (A) during
the induction phase of photosynthesis at low
irradiance (160 ,gmol m-2 s-1) with a subsequent
transition to high (1000 Amol m-2 s-1) irradiance.
The experiment was carred out on plants grown
on either 0.8 (A) or 0.05 (B) mm nitrogen. Num-
bers in brackets in the figure represent values of
the rates of CO2 assimilation (Mmol h-1 g-1 fresh
weight). Arrows indicate the point of transition in
irradiance.
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on a leaf area or mass basis were decreased significantly by
nitrogen limitation (Fig. 1). The quantum yield ofCO2 assim-
ilation was only slightly diminished in the 0.05 mM N03--
grown plants compared to those grown at 0.8 mm NO3-. The
relationship between the quantum efficiency of CO2 assimi-
lation and the quantum efficiency of PSII electron transport
(OPSII = Fv/Fm * qQ) was linear in all cases (Fig. 2).
The relative contributions of photochemical (qQ) and non-

photochemical (qNP) quenching in determining qPSII during
the induction of photosynthesis are given in Figure 3. At low
irradiances, the steady-state values of qQ and qNP attained
at the end of the induction period were similar in nitrogen
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sufficient and deficient plants and, hence, values of OPSII
were comparable even though the rate of photosynthesis was
lower in the nitrogen-deficient plants (Fig. 3). At high irradi-
ance, OPSII values were much lower than those measured at
low irradiances (Fig. 3). It is clear that the relative contribution
ofqQ and qNP to the ultimate value of OPSII were distinctly
altered as a result of severe nitrogen limitation. At high
irradiance, qNP remained high in steady-state compared with
that obtained at low irradiance but qNP values were higher
in the 0.05 mm N03--grown plants than in plants grown at
0.8 mM NO3-. The values ofqQ were larger in leaves suffering
nitrogen deprivation compared to those of leaves grown with

qNP

0PSI;1 Figure 4. Light response curves of qQ, qNP,
Fv/Fm, and 4PSII in maize leaves grown at either
0.8 (A), 0.2 (-), or 0.05 (0) mm nitrogen.
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adequate nitrogen, indicating that the primary electron accep-
tor of PSII, QA, is more oxidized in the former case than in
the latter. Thus, a small change in qNP can facilitate a large
change in qQ.
The change in the relative contributions ofqQ and qNP to

kPSII is clearly seen in the light response curves of those
parameters (Fig. 4). During steady-state photosynthesis, the
values ofqQ (Fig. 4A) decreased with increasing irradiance in
all types of plants. This is the normal observation of the
response of qQ to increasing irradiances. The values of qQ
obtained for plants grown at 0.2 mm NO3- were similar to
those of plants grown at 0.8 mm NO3-. With plants grown at
0.05 mM NO3-, qQ initially decreased in the same way over
the lowest light intensities to 160 uE m-2 s-' (slightly below
the growth irradiance). However, above this irradiance qQ
remained higher in plants grown at 0.05 mM NO3- than in
plants grown either at 0.2 or 0.8 mM N03-. This suggests that
the acceptor of PSII remained more oxidized at high irradi-
ance in nitrogen-deficient plants despite the much lower rates
of photosynthesis of these plants.

In the plants grown at 0.05 mM NO3, qNP rose more
quickly with respect to irradiance and attained higher maxi-
mum values than those observed in plants grown at 0.2 and
0.8 mM NO3- (Fig. 4B). The relative decrease in the Fv/Fm
ratio, i.e. in the quantum efficiency of open centers, with
increasing irradiance, was much greater in plants grown at
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Table IlIl. Steady-State Xanthophyll Contents of Illuminated Maize
Leaves

Plants were grown under 200 ,umol m-2 s-', PAR with 0.8 mm,
0.2 mm, and 0.05 mm N03- and measurements were made 4 h into
the photoperiod after 10 min under 1000 ,mol m-2 s-1.

Zeaxanthina Chlb Chib
Treatments Zantn Violaxanthina Cl cl

+ Antheraxanthin Xanthophyll Carotenoid

mM

0.05 21.6 6.1 4.8 3.7
0.20 15.8 8.0 4.9 4.3
0.80 8.1 (9.2) 16.1 (15.2) 5.6 4.7

a Values expressed as a percentage of the total leaf xanthophyll
content. b Mol/mol. Numbers in parentheses represent values for
plants grown with 12 mm NO3-.

0.05 mM NO3- in comparison to those grown at higher
nitrogen availability. This suggests that the regulation of PSII
photochemistry was modified substantially as a result of se-
vere nitrogen deficiency. 4PSII was only slightly lower in the
plants grown in limiting nitrogen (0.05 and 0.2 mM) than in
those grown with adequate nitrogen (0.8 mM). Differences in
the response ofquenching components could be seen between
the plants grown at 0.2 and 0.8 mM NO3- upon a transition
from low to high irradiance (Fig. 5). The light transition
caused a large, rapid, but transient fall in qQ in the plants

B

Figure 5. Effect of the transition from low (260
,umol m-2 s-1) to high (1400 Amol m-2 S-1) irra-
diances on qQ, Fv/Fm, and qNP values in maize
plants grown with either 0.8 (A) or 0.2 (B) mM
nitrogen. Arrows indicate the point of transition
in irradiance.
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Figure 6. Effect of nitrogen limitation on the
elution pattern of pigments from maize leaves
measured at 437 nm following high pressure
liquid chromatography. Leaves were taken 4 h
after the beginning of the photoperiod (200 imol
m-2 s-) from plants grown with 0.8 mm (A) or
0.05 mm (B) NO3. The peaks are identified as (I)
neoxanthin, (II) violaxanthin, (III) luteoxanthin, (IV)
antheraxanthin, (V) lutein, (Z) zeaxanthin, (VI)
cis-lutein, (VII) Chi b, (Vil) Chl a, (IX) pheophytin
a, and (X) 3-carotene.

Elution time (min)

grown with 0.2 mM NO3- compared to those grown with 0.8
mM NO3-. Subsequently, qQ recovered to a value slightly
higher in the 0.2 mm NO3- grown plants than those with 0.8
mM NO3-. Similarly, the decrease in Fv/Fm ratio following
the light transition was much greater for the 0.2 than the 0.8
mM NO3--plants and values of qNP were slightly higher in
the former than the latter. Thus, QA apparently attained a

relatively oxidized state in the nitrogen deficient plants as a

result of a decrease in Fv/Fm ratio and an increase in qNP.
Similarly, it is clear that when photosynthesis is quickly shifted
from a light-limiting to a light-saturating situation the im-
mediate effect is a decrease in qQ but this can be rapidly
reversed as a result of an increase in qNP and a decrease in
the Fv/Fm ratio.
The xanthophyll composition of the leaves varied consid-

erably with nitrogen availability. Figure 6 shows the changes
in the relative levels of pigments in plants grown at 0.8 and
0.05 mm nitrate and demonstrates the pigment profiles ob-
tained in these experiments. In all circumstances the leaf
contents of violaxanthin plus antheraxanthin plus zeaxanthin
amounted to approximately 24 to 27% of the total xantho-
phyll pool. Zeaxanthin was present in the leaves from plants
ofall types (Fig. 6; Table 1II). However, at the same irradiance,
the leaves from plants grown with limiting nitrogen contained
considerably more zeaxanthin and less violaxanthin than
leaves of control (Table III). Similarly, the ratios of Chl/
xanthophyll and Chl/carotenoid were decreased. The xantho-
phyll contents of plants grown at 12.0 mm NO3- were essen-

tially similar to those of plants grown at 0.8 mM NO3-. There
was no evidence to suggest that zeaxanthin was formed at the

expense of f-carotene, or any carotenoid, other than violax-
anthin (Fig. 6).

DISCUSSION

Maximal biomass production and normal nitrogen status
can occur in maize in the absence of NO3- accumulation in
shoots (16) and in the present work plants were grown with
0.8 mM NO3-. Our results allow a comparison of the photo-
synthetic characteristics of nitrogen-limited plants with those
of control plants which have also very low NO3- levels in the
tissues. It is thus possible to interpret the effects of NO3-
deficiency in terms of N-limitation and to exclude the possi-
bility of internal NO3- perturbation, i.e. N03- considered in
this latter case as an anion and as a major component of the
cell osmolarity. This is important since the leaf NO3- level
per se has been assumed to affect photosynthesis and
the solute balance of the cell which, in turn, affect sugar

accumulation (1).
The decrease in photosynthetic capacity reported here is

consistent with the results of Sugiharto et al. (25) who showed
that nitrogen-deficiency resulted in a selective decrease in the
photosynthetic enzymes of the C4 cycle, as well as ribulose
1,5-bisphosphate carboxylase, in maize. Nitrogen deprivation,
however, did not strongly alter CO2 photoassimilation at low
light intensities and thus the quantum yield of CO2 assimila-
tion was only slightly altered by N-deficiency. In contrast,
nitrogen limitation results in a reduction in the rate of light-
saturated photosynthesis and, at high irradiance, causes mod-
ifications in the photosynthetic apparatus and photochemis-
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try. Thus, limited nitrogen nutrition in maize led to a reduc-
tion in photosynthetic capacity without a reduction in pho-
tosynthetic efficiency when plants were grown at low
irradiance equivalent to deep shade for this species. As ex-
pected, a linear relationship between 4CO2 and kPSII was
found although the slope of the relationship changed with
nitrogen availability. This change may be related to differ-
ences in the PSII antenna resulting from nitrogen limitation,
as described previously (10). The nitrogen-deprived plants
have a much lower Chl content than the plants grown with
an adequate nitrogen supply, resulting in increased rates of
photosynthesis when Chl is used as the basis for expression.
Thus the nitrogen-limited plants are much more efficient in
terms of CO2 assimilated per photosynthetic unit. Nitrogen
deficiency resulted in a large increase in the zeaxanthin con-
tent of the leaves. Since the formation of zeaxanthin via the
xanthophyll cycle has been consistently shown to correlate
with the appearance of the nonphotochemical quenching
process, qI (4, 5) and to influence the conditions necessary
for qE formation (21), we are drawn to the conclusion that
this change in the xanthophyll composition of the antenna
makes a major contribution to the enhanced qNP observed
in nitrogen-deficient maize leaves. More importantly, the
increased capacity for excitation energy dissipation in PSII
displayed by these shade-grown and nitrogen-regulated plants
affords protection after transfer to potentially photoinhibitory
conditions. Plants acclimate or adapt to the available light
and nutrient environment and as a consequence can display
a range of sensitivities to damage by high irradiances. It has
been clearly demonstrated that shade plants grown with low
nitrogen are more susceptible to photoinhibition than those
that are nitrogen replete (8, 12). However, it is important to
note that it is difficult to distinguish between light-induced
damage to the PSII reaction center and the regulated decreases
in PSII efficiency via the processes that facilitate thermal
dissipation ofexcitation energy (4, 5, 21), using measurements
of Fv/Fm and quantum yield alone. Recent advances in our
understanding of the mechanisms by which the utilisation of
excitation energy is controlled suggest that dissipation is a
major cause of decrease in PSII quantum efficiency in vivo
(9, 21).

It appears from the data presented here that qNP rises more
quickly with increasing irradiance; i.e. thermal dissipation is
higher for a given irradiance, and ultimately attains higher
values in nitrogen-deficient plants compared to those grown
with adequate nitrogen. This again may be linked to the
enhanced zeaxanthin content since a possible dependence of
energy-dependent quenching on xanthophyll composition has
been demonstrated in thylakoids (21). In addition, the Fv/
Fm ratio decreases more rapidly and drops to a lower level as
a result of nitrogen-limitation. The low Fv/Fm ratio decreases
OPSII (the product of Fv/Fm by qQ) to values that are

comparable to those in nitrogen-replete plants despite the
relatively higher qQ value. We conclude that it is the enhanced
level ofqNP that allows PSII to remain more oxidized at high
irradiances in nitrogen-limited plants, even though the rate of
carbon assimilation is greatly reduced compared to controls.
Since values of qQ, qNP, and Fv/Fm are similar at low
irradiance in the presence or the absence of nitrogen defi-
ciency, it appears that the type of qNP which facilitates

oxidation of qQ is initiated only at higher light intensities.
These features can be readily explained in terms of regulation
of PSII function by a reduction in the rate of excitation
transfer to PSII because of the effective competition for exci-
tation energy in the antenna between thermal dissipation
processes and the reaction center. However, direct quenching
of PSII photochemistry in the reactions centers, e.g. via a PSII
cycle is also possible (7). The sustained oxidation of PSII at
high irradiance must be seen as a protective mechanism since
overreduction of PSII is a photoinhibitory condition (9). As a
result of nitrogen limitation, the Chl content per unit leaf
mass is reduced and the zeaxanthin content is increased
suggesting that this relative pigment reorganization is a strat-
egy for protection of PSII function. Thermal dissipation proc-
esses may overcompensate for the lowered CO2 assimilation
capacity at high irradiances leaving PSII much more oxidized
than the normal condition. Loss of quantum efficiency in
PSII is clearly traded for sustained oxidation on the acceptor
side of PSII. This simple mechanism affords adaptation to
the stress imposed by nitrogen-limitation when such plants
are exposed to irradiances above the light-saturation point.
Since the light saturation point is much reduced as a result of
nitrogen deprivation, this is clearly an important protective
strategy. Nitrogen limitation in maize reduces the activities
ofkey photosynthetic enzymes (25) and clearly the photosyn-
thetic light response is a reflection of this limitation. Surpris-
ingly, the nitrogen-limited plants do not appear to suffer
photoinhibitory damage following short-term exposure to
light levels above saturation for photosynthesis and this ap-
pears to be related to zeaxanthin formation. Clearly, enhanced
dissipation of excitation protects the PSII reaction center.
However, we do not know if the nitrogen-limited chloroplast
can conserve its membrane protein turnover under long-term
irradiance stress.

ACKNOWLEDGMENTS

We wish to thank Gerald Zabulon for expert technical assistance
with the HPLC analysis of the pigment composition and Dr. Jean-
Pierre Boutin and Madeleine Provot for amino acids determination.

LITERATURE CITED

1. Ariovich D, Cresswell CF (1983) The effect of nitrogen and
phosphorus on starch accumulation and net photosynthesis in
two variants of Panicum maximum Jacq. Plant Cell Environ
6: 657-664

2. Bradbury M, Baker NR (1981) Analysis of the phase of the in
vivo chlorophyll fluorescence induction curve. Biochim Bio-
phys Acta 635: 542-551

3. Briantais JM, Vernotte C, Picaud M, Krause GH (1979) A
quantitative study of the slow decline of chlorophyll a fluores-
cence in isolated chloroplasts. Biochim Biophys Acta 548: 128-
138

4. Demmig B, Winter K, Kruger A, Czygan FC (1987) Photoinhi-
bition and zeaxanthin formation in intact leaves. A possible
role of the xanthophyll cycle in the dissipation of excess light
energy. Plant Physiol 84: 218-224

5. Demmig-Adams B, Winter K, Kriiger A, Czygan FC (1989) Light
response of CO2 assimilation, dissipation of excess excitation
energy and zeaxanthin content of sun and shade leaves. Plant
Physiol 90: 881-886

6. Evans JR, Terashima 1 (1987) The effects of nitrogen nutrition
on electron transport components and photosynthesis in spin-
ach. Aust J Plant Physiol 14: 59-68

1 442 KHAMIS ET AL.



NITROGEN DEFICIENCY AND CHLOROPHYLL a FLUORESCENCE

7. Falkowski PG, Kolber Z, Fujita Y (1988) Effect of redox state
on the dynamics of photosystem II during steady-state photo-
synthesis in Eukaryotic algae. Biochim Biophys Acta 933: 432-
443

8. Ferrar PJ, Osmond CB (1986) Nitrogen supply as a factor
influencing photoinhibition and photosynthetic acclimation
after transfer of shade-grown Solanum dulcamara to bright
light. Planta 168: 563-570

9. Foyer CH, Furbank RT, Harbinson J, Horton P (1990) The
mechanisms contributing to photosynthetic control of electron
transport by carbon assimilation in leaves. Photosynth Res 25:
83-100

10. Genty B, Briantais JM, Baker NR (1989) The relationship
between the quantum yield of photosynthetic electron trans-
port and quenching of chlorophyll fluorescence. Biochim Bio-
phys Acta 990: 87-92

11. Genty B, Harbinson J, Briantais JM, Baker NR (1990) The
relationship between non-photochemical quenching of chlo-
rophyll a fluorescence and the rate of photosystem II photo-
chemistry in leaves. Photosynth Res 25: 249-257

12. Goodwin TW (1980) The Biochemistry of Carotenoids. Champ-
man Hall publishers, New York

13. Greer DH, Berry JA, Bjorkman (1986) Photoinhibition of pho-
tosynthesis in intact bean leaves: role of light and temperature,
and requirement for chloroplast-protein synthesis during re-
covery. Planta 168: 253-260

14. Horton P, Hague A (1988) Studies on the induction of chloro-
phyll fluorescence in barley protoplasts. IV. Resolution of non-
photochemical quenching. Biochim Biophys Acta 932: 107-
115

15. Hunt ER, Weber JA, Gates DM (1985) Effects of nitrate appli-
cation on Amaranthus pavellis wat. Plant Physiol 79: 609-613

16. Khamis S, Lamaze T (1990) Maximal biomass production can
occur in corn (Zea mays) in the absence ofNO3- accumulation
in either leaves or roots. Physiol Plant 78: 388-394

17. Lawlor DW, Boyle FA, Young AT, Keys AJ, Kendall AC (1987)
Nitrate nutrition and temperature effects on wheat: photosyn-
thesis and photorespiration of leaves. J Exp Bot 38: 393-408

18. Mortain-Bertrand A, Falkowski PG (1989) Mise en evidence
d'une relation entre fluorescence et carotenoides: une possibi-
lite d'ameliorer les modeles de production primaire. CR Acad
Sci Paris 309: 13-18

19. Pumley FG, Douglas SE, Branagan-Switzer A, Schmidt GW

(1989) Nitrogen-dependent biogenesis of chlorophyll-protein
complexes. In WR Briggs, ed, Photosynthesis, Plant Biologiy
series, Vol 8. Alan R Liss, Inc, New York, pp 311-329

20. Quick WP, Horton P (1984) Studies on the induction of chlo-
rophyll fluorescence in barley protoplasts. II. Resolution of
fluorescence quenching by redox state and the transthylakoid
pH gradient. Proc R Soc Lond B Biol Sci 220: 371-382

21. Rees D, Young A, Noctor G, Britton G, Horton P (1989) En-
hancement of the ApH-dependent dissipation of excitation
energy in spinach chloroplasts by light-activation: correlation
with the synthesis of zeaxanthin. FEBS Lett 256: 85-90

22. Sage RF, Pearcy RW (1987) The nitrogen use efficiency of C3
and C4 plants. I. Leaf nitrogen, growth and biomass partition-
ing in Chenopodium album (L.) and Amaranthus retroflexus
(L.). Plant Physiol 84: 954-958

23. Sage RF, Pearcy RW (1987) The nitrogen use efficiency of C3
and C4 plants. II. Leaf nitrogen effects on the gas exchange
characteristics of Chenopodium album (L.) and Amaranthus
retroflexus (L.). Plant Physiol 84: 959-963

24. Schreiber U, Schliwa U, Bilger W (1986) Continuous recording
of photochemical and non-photochemical chlorophyll fluores-
cence quenching with a new type of modulation fluorometer.
Photosynth Res 10: 51-62

25. Seemann JR, Sharkey TO, Wang JL, Osmond CB (1987) Envi-
ronmental effects on photosynthesis, nitrogen-use efficiency,
and metabolite pools in leaves of sun and shade plants. Plant
Physiol 84: 796-802

26. Sugiharto B, Miyata K, Nakamoto H, Sasakawa H, Sugiyama T
(1990) Regulation of expression of carbon-assimilating en-
zymes by nitrogen in maize leaf. Plant Physiol 92: 963-969

27. Terashima I, Evans JR (1988) Effects of light and nitrogen
nutrition on the organisation of the photosynthetic apparatus
in spinach. Plant Cell Physiol 29: 143-155

28. Weis E, Berry J (1987) Quantum efficiency of photosystem II in
relation to energy-dependent quenching of chlorophyll fluores-
cence. Biochim Biophys Acta 894: 198-208

29. Williams WP, Allen JF (1987) State 1/state 2 changes in higher
plants and algae. Photosynth Res 13: 19-45

30. Wong SC, Cowan IR, Farquhar GD (1985) Leaf conductance in
relation to rate of CO2 assimilation. I. Influence of nitrogen
nutrition, phosphorus nutrition, photon flux density, and am-
bient partial pressure of CO2 during ontogeny. Plant Physiol
78: 821-825

1 443


