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Abstract Nitrogen deficiency diminishes consumption of
photosynthates in anabolic metabolism. We studied
adjustments of the photosynthetic machinery in nitrogendeficient bean plants and found four phenomena. First, the
number of chloroplasts per cell decreased. Chloroplasts of
nitrogen starved leaves contained less pigments than those
of control leaves, but the in vitro activities of light reactions did not change when measured on chlorophyll basis.
Second, nitrogen deficiency induced cyclic electron transfer. The amounts of Rubisco and ferredoxin-NADP?
reductase decreased in nitrogen starved plants. Low
activities of these enzymes are expected to lead to increase
in reduction of oxygen by photosystem I. However, diaminobenzidine staining did not reveal hydrogen peroxide
production in nitrogen starved plants. Measurements of farred-light-induced redox changes of the primary donor of
photosystem I suggested that instead of producing oxygen
radicals, nitrogen starved plants develop a high activity of
cyclic electron transport that competes with oxygen for
electrons. Nitrogen starvation led to decrease in photochemical quenching and increase in non-photochemical
quenching, indicating that cyclic electron transport reduces
the plastoquinone pool and acidifies the lumen. A third
effect is redistribution of excitation energy between the
photosystems in favor of photosystem I. Thus, thylakoids
of nitrogen starved plants appeared to be locked in state 2,
which further protects photosystem II by decreasing its
absorption cross-section. As a fourth response, the proportion of non-QB-reducing photosystem II reaction centers
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increased and the redox potential of the QB/QB pair
decreased by 25 mV in a fraction of photosystem II centers
of nitrogen starved plants.
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Abbreviations
N
Nitrogen
LN
Low nitrogen
HN
High nitrogen
Chl
Chlorophyll
PQ
Plastoquinone
Rubisco Ribulose-1,5-bisphosphate
carboxylase/oxygenase
FNR
Ferredoxin-NADP? reductase
OEC
Oxygen evolving complex
CET
Cyclic electron flow around photosystem I
PPFD
Photosynthetic photon flux density
TL
Thermoluminescence
DCMU 3-(3,4-Dichlorophenyl)-1,1-dimethylurea
DCBQ
2,6-Dichlorobenzoquinone
DCIP
Dichlorophenol-indophenol
DAB
3,3-Diaminobenzidine

Introduction
Nitrogen (N) is a mineral element that plants require in
greatest amount and it is often the growth limiting nutrient.
Chlorophyll (Chl) concentration, photosynthesis rate and
growth have been observed to decrease with N deficiency
(Evans and Terashima 1987; Marschner 1995). Both the
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light-saturated rate (Sage and Pearcy 1987; Terashima and
Evans 1988) and the quantum yield of photosynthesis
(Lawlor et al. 1987) are low in N starved plants. The rate of
CO2 assimilation per Chl unit declines due to decrease in
the expression of several key enzymes of the Calvin–
Benson cycle (Evans and Terashima 1987; Sage and
Pearcy 1987; Terashima and Evans 1988; Sugiharto et al.
1990). Moreover, N deficiency induces accumulation of
starch (Kutik et al. 1995; Bondada and Syvertsen 2003),
apparently because N deficiency limits the consumption of
carbohydrates in anabolic reactions.
While N deficiency decreases CO2 fixation, photosynthetic electron transport usually remains active (Evans and
Terashima 1987). The imbalance between production and
consumption of ATP and NADPH may result in overreduction of the photosynthetic electron transport chain in
the light, potentially promoting harmful side reactions generating reactive oxygen species. Superoxide, O2-, is produced at the acceptor side of PS I (reviewed by Asada 2006),
while over-reduction of electron carriers of PS II promote
charge recombination reactions that have been suggested to
lead to production of singlet oxygen (Keren et al. 1997).
Non-photochemical quenching of excitation energy in
PS II and down-regulation of electron transport via the
cytochrome b6/f complex are feed-back mechanisms that
adjust the rate of photosynthetic electron transport to match
the rate of consumption of NAD(P)H and ATP. These
mechanisms are activated under different stress conditions
and their activities depend on the pH gradient across the
thylakoid membrane (Pascal et al. 2005; Laisk et al. 2005).
Furthermore, high NAD(P)H/NAD(P)? ratio may also
down-regulate photosynthetic electron transport when the
Calvin–Benson cycle runs slowly (Hald et al. 2008).
In this work, we have investigated how N deficiency
affects the composition of thylakoids and activities of the
light reactions in bean plants. Particular attention has been
paid to the acceptor side of PS II. We have further examined the regulatory mechanisms allowing N starved plants
to avoid oxidative stress and to prevent over-accumulation
of reducing equivalents in chloroplasts. Switching from
linear to cyclic electron flow, redistribution of excitation
energy between PS II and PS I in favor of PS I, and downregulation of chloroplast division are proposed to participate in acclimation to N deficiency.
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hydroponic nutrient medium (Hoagland and Arnon 1950).
Control plants (designated as HN for high nitrogen) were
grown in standard medium containing 12 mM NO3- and
1 mM NH4? whereas the medium for low nitrogen (LN)
plants contained only 1% of nitrate and ammonia of the
standard medium. The solutions were buffered with 2 mM
Mes-KOH, pH 5.5, and continuously aerated. Cl- was used
to compensate for NO3-, and concentrations of all other
ions were within the range of 91–100% of the concentration of the control solution. Nine plants were placed in each
container with 5 l of nutrient solution, and the solution was
changed twice a week. The plants were grown at 22C in a
16-h light/8-h dark rhythm for 10 days. The photosynthetic
photon flux density (PPFD) of the growth light was
120–140 lmol m-2 s-1. Nodule formation did not occur in
the roots.
Confocal microscopy
Images were obtained with an inverted confocal laser
scanning microscope (Zeiss LSM510 META; http://
www.zeiss.com) with a 209/0.50 water objective. Chloroplasts were imaged by Chl autofluorescence excited at
488 nm with an argon diode laser and detected through
a 650 nm emission filter. Maximal projections of the
sequential confocal images of the uppermost mesophyll
cell layer were created with Zeiss LSM Image Browser.
Isolation of thylakoids and preparation of crude extracts
Thylakoids were isolated according to Hakala et al. (2005)
and stored at -70C until use. For measurements, thylakoids were thawed in the dark on ice. The excess of starch
was removed by a series of short (4–6 s) centrifugations at
1500g. Thereafter, thylakoids were suspended either in PS
II buffer (40 mM Hepes–KOH, pH 7.6; 0.33 M sorbitol,
5 mM MgCl2, 5 mM NaCl, 1 M glycine betaine, 1 mM
KH2PO4, and 5 mM NH2Cl) or storage buffer (40 mM
Hepes–KOH, pH 7.6; 0.33 M sorbitol, 5 mM MgCl2,
5 mM NaCl) as indicated. Crude extracts were prepared by
grinding the leaves on liquid nitrogen followed by suspension to storage buffer and filtration through Miracloth
(Calbiochem, San Diego, USA).
O2 evolution and electron transport measurements

Materials and methods
Plant material and growth conditions
Bean (Phaseolus vulgaris L. cv Saxa, obtained from
Bröderna Nelsons Frö, Tingsryd, Sweden) seeds were sown
in vermiculite. After 1 week, the plantlets were moved to a
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Thylakoids were diluted to 10 lg Chl ml-1 in PS II buffer.
The light-saturated rate of oxygen evolution was measured
with a Hansatech (King’s Lynn, UK) oxygen electrode by
using 0.125 mM 2,6-dichlorobenzoquinone (DCBQ) as
electron acceptor. The rate of electron flow from reduced
dichlorophenol-indophenol (DCPIP•H2) to methyl viologen (MV) was assayed as O2 uptake (Curtis et al. 1975)
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with a Hansatech oxygen electrode in saturating light. The
light-saturated rate of reduction of 80 lM DCPIP was
measured spectrophotometrically at 590 nm; the reaction
rate was stable for approximately 5 min.
Determination of pigment and protein content
The xanthophyll composition of thylakoids was measured
with high pressure liquid chromatography using Agilent
1100 chromatograph equipped with a reverse phase C8
column (Zorbax Eclipse XDB-C8, Agilent). The Chl content of thylakoids and crude extracts was determined
according to Porra et al. (1989). The Chl concentrations of
leaves were determined by using N,N-dimethylformamide
as a solvent (Inskeep and Bloom 1985). Protein concentrations of HN and LN leaves were measured from leaf
extract with the DC protein assay kit (Biorad, Hercules,
CA, USA) using bovine serum albumin as a standard.
Chl fluorescence measurements
For measurements of Chl fluorescence quenching, leaves
were dark adapted for 2 h. Fluorescence was measured with a
PAM-101 fluorometer (Heinz Walz GmbH, Effeltrich,
Germany). First, minimum fluorescence in dark adapted state
(F0) was measured with weak measuring light alone. A saturating light pulse (1 s, PPFD 5,000 lmol m-2 s-1) was
used to obtain maximum fluorescence (FM). Actinic white
light (PPFD 300 lmol m-2 s-1) was then switched on for
20 min and the maximum fluorescence yield during continuous illumination (FM0 ) was measured with saturating flashes. To determine the minimum fluorescence yield in light
adapted state (F00 ) actinic light was switched off and the leaf
was given 2 s of far-red light ([700 nm) to oxidize QA, followed by a series of 0.1-s pulses of measuring light with 0.5-s
darkness between these pulses. F00 was obtained by interpolating the fluorescence values to the time when the actinic
light was switched off. The FIP fluorescence software
(Tyystjärvi and Karunen 1990) was used to drive the fluorometer and to analyze the results. We used the parameter
NPQ =

0
FM FM
0
FM

(Bilger and Björkman 1990) to measure non-

photochemical quenching of excitation energy and
qP =

0
FM
FS
0 F 0
FM
0

(Schreiber et al. 1986) to describe photochemical

quenching. The fluorescence intensity under continuous
illumination (FS) was measured before the saturating pulse.
Flash-induced increase and the subsequent relaxation of
fluorescence yield were measured with a double-modulation
fluorometer (PSI, Brno, Czech Republic) as described in
Allahverdiyeva et al. (2004). Thylakoids (10 lg Chl ml-1)
were suspended in PS II buffer.
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77 K Chl fluorescence emission spectra of crude
extracts were measured with a diode array fiber-optic
spectrophotometer (USB4000, Ocean Optics, Eerbeek, The
Netherlands). Samples were excited with a slide projector
through a 500 nm short-pass Corion cutoff filter (Newport
Corp., Franklin, MA, USA). The sample (20 ll,
10 lg Chl ml-1 in storage buffer) was placed in a microcentrifuge tube and frozen in liquid N2 with a fiber-optic
probe fixed close to the surface.
Rapid light response curves were measured with a
PAM-2000 fluorometer (Walz). For each measurement, a
leaf was dark incubated for 30 min and then brought under
the probe of the fluorometer. The F0 and FM levels were
first measured using the measuring beam alone and a saturating flash (0.8 s, PPFD 5,000 lmol m-2 s-1), and then
the leaf was illuminated with a series of PPFD values,
starting from 10 lmol m-2 s-1. Illumination at each PPFD
value was continued for 2 min, and a saturating pulse was
0
then fired to measure
 0 FM . ETR was calculated as 0:84 
0
0:5  FM  FS =FM ; where FS is the steady-state level of
fluorescence measured before the flash. The results were
fitted to the non-rectangular hyperbolic model of photosynthetic light response (Jassby and Platt 1976), omitting
dark respiration.
Thermoluminescence
Thermoluminescence bands were recorded with a homemade luminometer as described earlier (Tyystjärvi et al.
2009). The bands were analyzed using the Eyring theory of
reaction rates (Glasstone et al. 1941) and numerically fitted
with the ModelMaker 4 software (ModelKinetics,
Oxfordshire, UK).
P700 redox transitions
Spectroscopic measurements were performed on intact
leaves with a Joliot type spectrometer (JTS-10; Bio-Logic
SAS, Grenoble) as described in (Joliot and Joliot 2005).
P700 redox transitions were assessed at 705 nm. Before
measurement, the leaves were dark adapted for 2 h, then
pre-illuminated for 20 s with far-red light to switch
electron flow into the linear mode (Joliot and Joliot
2005), and finally kept in the dark for 20 s before the
measurement. P700 oxidation was then induced by a
strong pulse of far-red illumination (2,500 lmol m-2 s-1)
peaking at 720 nm and filtered through a 700 nm longpass cutoff filter. After the FR-pulse, reduction of P700?
in the dark was also followed. A low signal associated
with Chl fluorescence emission was subtracted from the
kinetics.
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Immunoblotting
Proteins from crude extracts and thylakoid samples were
separated by using 10% NEXT GEL SDS–PAGE
according to the manufacturer’s instructions (Amresco
Inc., Solon, OH, USA). Samples were solubilized for
5 min at 70C using the NEXT GELTM sample solubilization buffer (Amresco). After electrophoresis, proteins
were transferred to Immobilon-P membranes (Millipore
Corp., Billerica, MA, USA). For D1 protein detection,
thylakoid samples containing 2 lg Chl were loaded in
each well, and a commercial D1 protein antibody (AS06
124A, Agrisera AB, Vännäs, Sweden) was used. For
detection of Rubisco, crude extract samples containing
0.3 lg Chl were loaded in each well. The Rubisco
antibody (AS01 017S, Agrisera) recognized the large
subunit of Rubisco. For detection of ferredoxin-NADP?
reductase (FNR) crude extract samples containing 1.5 lg
Chl were loaded in each well. The FNR antibody was
a generous gift from Dr. Paula Mulo. The Goat AntiRabbit IgG (H ? L) alkaline phosphatase conjugate
(Zymed, San Fransisco, CA, USA) and the CDP
star chemiluminescence kit (New England Biolabs,
Ipswich, MA, USA) were used for detection in western
blotting.
DAB staining
The accumulation of H2O2 in leaves was studied with the
3,3-diaminobenzidine (DAB) method as described by Ren
et al. (2002).

Results
Number of chloroplasts and thylakoid membranes
decreases under nitrogen deficiency
The total Chl content per leaf area of LN plants was about
50% lower than in HN plants (Table 1). Confocal microscope images showed that in HN plants chloroplasts form
dense aggregations along the anticlinal cell walls (Fig. 1a).
In LN leaves, the large majority of cells contained only a
few single chloroplasts or did not contain chloroplasts at all
(Fig. 1b). Some cells contained groups or aggregates of
chloroplasts on the anticlinal walls. Furthermore, the
fluorescence intensity of individual chloroplasts also
appeared to be lower in LN leaves. These data suggest that
N deficiency inhibits chloroplast division and leads to
decrease in the amount of thylakoid membranes per
chloroplast.
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N deficiency causes inhibition of photosynthetic
reactions in stroma and increases PS I antenna size
The photosynthetic machinery of LN beans was further
characterized by quantifying the D1 protein of PS II, the
large subunit of Rubisco and FNR in the leaves. N deficiency did not affect D1 content, whereas the amounts of
Rubisco and FNR were lower in LN than in HN plants,
when measured on Chl basis (Fig. 2). Protein content per
leaf area was only 10% lower in LN plants than in HN
plants (Table 1), and therefore the low concentrations of
FNR and Rubisco indicate specific down-regulation of
these enzymes in LN plants. Only small differences in the
Chl a/b and carotenoid/Chl ratio between LN and HN
plants were detected, although the total Chl content per leaf
area of LN plants was low (Table 1). PS II electron
transport activities, measured from isolated thylakoids,
were similar in HN and LN plants (Table 1). However, the
maximal efficiency of PS II photochemistry (FM - F0)/
FM, was lower in LN plants than in HN plants (Table 1).
PS I activity, measured with MV as electron acceptor, was
fairly similar in LN and HN beans (Table 1).
The effect of N starvation on the distribution of excitation energy between PS II and PS I was studied with
77 K emission spectra recorded from crude extracts of HN
and LN leaves (Fig. 3). The PS I peak at 733 nm and PS II
peak at 685 nm give a F733nm/F685nm ratio of 1.0 in the HN
leaves and 1.3 in LN leaves (Fig. 3a). The finding that
light-saturated electron transport activities were similar in
HN and LN plants (Table 1) suggests that the higher
fluorescence emission of PS I of LN plants is due to a
larger PS I antenna rather than a larger number of PS I units
in LN plants. This hypothesis is supported by the finding
that HN beans switched from state 1 to state 2 under illumination with moderate red light (Fig. 3b) but no adjustment of excitation energy distribution occurred in LN
plants under the same light treatment (Fig. 3c).
N deficiency slows down electron transfer from QA
to plastoquinone pool in some PS II centers
The decay of Chl fluorescence yield after a single turnover
flash was considerably slower in LN than in HN beans
during the first 10 ms after an actinic single turnover flash,
while the rest of kinetics did not show any difference
(Fig. 4). In general, the kinetics of fluorescence relaxation
shows a fast component (about 0.5 ms) related to the reoxidation of QA by QB, a middle component (about 3 ms)
coupled to re-oxidation of QA by QB in centers that have an
empty QB site, and a slow phase (about 8 s) reflecting
recombination between QA and the S2 state of the oxygen

Each value is an average of eight measurements

Fig. 1 Confocal microscopy images of Chl autofluorescence from
mesophyll cells on the adaxial side of a high nitrogen (HN, a) and a
low nitrogen (LN, b) bean plant. 1 and 2, cells with chloroplast
aggregations; 3, cell containing several single chloroplasts

a

305 ± 8

V ? A ? Z ? N ? L is the sum of violaxanthin, antheraxanthin, zeaxanthin, neoxanthin and lutein. The PPFD of the saturating flash used for the measurement of FV/FM was
5,000 lmol m-2 s-1 and the PPFD used to measure the activities of the partial reactions was approximately 3,000 lmol m-2 s-1. Each value represents the mean ± SD of three independent
experiments

284 ± 6

137 ± 11
288 ± 8

129 ± 16
260 ± 11

0.71 ± 0.035a
161
0.76 ± 0.07
11.3 ± 1.9
LN

3.1 ± 0.5

22.6 ± 2.3
HN

3.3 ± 0.3

0.86 ± 0.05

148

0.80 ± 0.016a

O2 consumption (DCIPH2 ? MV),
lmol O2 (mg Chl)-1 h-1
O2 evolution,
lmol O2 (mg Chl)-1 h-1

DCIP photo-reduction,
lmol DCIP (mg Chl)-1 h-1
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FV/FM
(V ? A ? Z ? N ? L)/
Chl a, mmol mol-1
Total protein,
mg cm-2
Chl a/b,
lg lg-1
Chl (a ? b),
lg cm-2

Table 1 Pigment and protein contents of leaves and light-saturated activities of partial reactions of photosynthesis in thylakoids isolated from leaves of HN and LN beans, and capacity of PS II
photochemistry (FV/FM), measured from dark adapted leaves
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evolving complex (OEC) in centers incapable of transferring an electron from QA to QB. For bean thylakoids, good
fits were only obtained if the middle phase was split to two
components, referred to as middle phases I and II. The
nature of middle phase II remains to be resolved but both
lifetime and amplitude of this component were similar in
HN and LN samples. The lifetime of the fast component
was 2.5-fold and that of the middle component I was 3.0fold longer in LN than in HN thylakoids, indicating significantly slower electron flow from QA to QB in LN thylakoids. In LN thylakoids the amplitude of the fast phase
was 17% lower and that of the middle phase I was 7%
larger than in HN thylakoids. These differences can be
explained by assuming that the affinity of PQ to the
QB-binding site is lower in LN than in HN plants, and
therefore the distribution of PS II centers with and without
a PQ molecule in the QB niche is different in LN and HN
plants. The behavior of the slow phase is in agreement with
this hypothesis, as the slow phase had two times as high
amplitude in LN than in HN plants, indicating that the
relative amount of QB-non-reducing centers was higher in
LN than in HN plants. Alternatively, increase in the slow
phases of oxidation of QA at the expense of the fast phase
might suggest that N deficiency lowers the PQ:PS II ratio.
When electron flow between QA and QB is inhibited, e.g.
by 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), the
re-oxidation of QA proceeds only via charge recombination
with donor side components. When the measurements were
carried out in the presence of DCMU, the kinetics could be
fitted with one hyperbolic decay component with lifetime
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Fig. 2 The D1 protein, Rubisco and FNR contents of HN and LN
samples. One-week-old plantlets were transferred to hydroponic
cultures with either the standard growth medium (HN) or low nitrogen
medium containing only 1% of the standard N concentration (LN).
Crude extracts and thylakoid samples were isolated after 10 days in
the final growth media. Proteins of thylakoid samples (2 lg Chl, used
for determination of D1 protein) and crude extracts (0.3 lg Chl for
Rubisco and 1.5 lg Chl for FNR) were separated by using NEXT
GEL SDS–PAGE and electroblotted to Immobilon-P membranes. The
contents of D1 protein, Rubisco and FNR were detected by western
blotting using specific antibodies

of about 5 s in both HN and LN samples (see inset of
Fig. 4). This indicates that charge recombination between
OEC and QA was not altered by N limitation.
Electron transfer between QA and QB was further studied using TL measurements. In our TL measurements, we
first lowered the temperature of the thylakoid sample to
-10C and then fired a short flash to create the state S2QA
(in the presence of DCMU) or S2QB (in the absence of
DCMU). Subsequent warming of the sample allowed the
charge pair to recombine, producing luminescence.
Recombination of the S2 or the S3 state of OEC with QB
yields the B band with maximum emission at 30–40C
while in the presence of DCMU the recombination between
the S2 and QA yields the Q band which peaks at 10–20C
(Vass and Inoue 1992; Tyystjärvi and Vass 2004). The
form and peak position of a TL curve show how the rate
constant of the respective charge recombination reaction
depends on temperature, and TL can therefore be used to
calculate the thermodynamic parameters of the recombination reaction.
In thylakoids isolated from HN plants, the B band
peaked at 40C and the Q band at 15C (Fig. 5). In LN
samples, the Q band was found at the same temperature as
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Fig. 3 77 K fluorescence emission spectra of crude extracts from HN
and LN beans. a Extracts prepared from dark adapted LN and HN
leaves. b Extracts prepared from leaves of HN beans. c Extracts from
leaves of LN beans. Before the preparation of the extracts, the leaves
were illuminated with light favoring excitation of PS I (solid line, farred light, 5 min) or PS II (dotted line, red light, 20 min, PPFD
100 lmol m-2 s-1). The fluorescence spectra were normalized by
dividing by the value at 683 nm. All samples were diluted to
10 lg Chl ml-1. A typical result of at least three measurements is
shown

Fig. 4 Dark relaxation Chl fluorescence after a single turnover flash
in thylakoid membranes from HN and LN bean plants. The inset
shows measurements performed in the presence of 10 lM DCMU.
Each curve is an average of six measurements

in the HN sample but the B band was shifted by 7C toward
lower temperature. Model calculations (Table 3; dashed
lines in Fig. 5) indicated that the activation free energy of
the S2QB ? S1QB recombination was 852 meV for the B
band and 787 meV (at 298 K) for the Q band of HN thylakoids, indicating a 65 mV redox potential difference
between the QA/QA and QB/QB pairs. The high-temperature side of the B band of the LN thylakoids was wider than
found in HN thylakoids, and a good fit could be obtained
by assuming that the B band of LN thylakoids consists of a
33% component with the same redox potential of the
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Fig. 5 Thermoluminescence signals measured from thylakoids isolated from HN (solid line) and LN (dotted line) bean plants in the
absence and presence of 20 lM DCMU, as indicated. Each curve is
an average of three measurements. The dashed lines show the best fit
to the model used to calculate the activation parameters of the
recombination reactions

QB/QB pair as in the HN thylakoids and a 67% component
with a 25 mV more reducing QB/QB pair, corresponding
with free energy of activation of 827 meV, see Table 3).
The best fit was obtained using an activation entropy (dSl)
of 0 for both components of the B band and the value
dSl = -0.3 meV/K for the Q band (Table 3).
N deficiency enhances reduction of the PQ pool
by stromal reductants
The PQ pool functions as an electron carrier for both
photosynthetic and chlororespiratory electron transport in
the chloroplast (Nixon 2000). To measure reduction of PQ
by stromal reductants, we illuminated leaves with a weak
pulsed measuring beam and measured the minimum fluorescence yield (F0). In very dim light, the redox state of QA
is in equilibrium with the redox state of the PQ pool, and
reduction of the PQ pool can be detected as an increase in
Chl fluorescence yield (Corneille et al. 1998). When dark
adapted LN and HN leaves were kept for 1 h under the
measuring beam in aerobic conditions, the fluorescence
level did not change (data not shown) indicating that the
reduction state of the PQ pool remained stable and the pool
was mainly oxidized.
The experiment was repeated under pure nitrogen
atmosphere where re-oxidation of PQ by the chloroplast
terminal oxidase does not function (Corneille et al. 1998;
Joët et al. 2002). LN leaves showed rise of the Chl
fluorescence yield under nitrogen atmosphere already
within the first 15 min of very dim light illumination,
while the F0 level of HN leaf remained fairly stable
(Fig. 6). Switching from nitrogen back to air also
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Fig. 6 Changes in Chl fluorescence yield in leaves of HN and LN
beans in the dark under anoxic conditions measured with the PAM
101 fluorometer. The arrow indicates the time when anaerobic
conditions were established by flushing the sample vial with nitrogen.
Before measurements the leaves were dark adapted for 2 h

reversed the F0 increase (data not shown). As PS II
electron transfer activity is similar in LN and HN plants
(Table 1), the result suggests that the rate of reduction of
the PQ pool by ferredoxin or NAD(P)H is faster in LN
than in HN plants.
N deficiency induces cyclic electron flow
In green algae, nitrogen deficiency induces a transition of
photosynthetic membranes from state 1 to state 2, which
triggers cyclic electron transfer (CET) around PS I
(Wykoff et al. 1998; Finazzi et al. 2002). We measured farred-light-induced redox transitions of P700 to see possible
changes in electron transfer mode (Fig. 7). If the cyclic
mode is dominant, P700 oxidation proceeds more slowly
than if the linear mode dominates, because CET re-reduces
P700? by electrons transferred to PQ from Fd or NAD(P)H.
In our experiments, dark adapted leaves from HN and LN
beans were pre-illuminated by far-red light shortly before
measurement in order to induce linear electron transport
which operates in light adapted leaves but not in those kept
in the dark (Joliot and Joliot 2005). In HN leaves, P700
oxidation showed rapid monophasic rise, reaching saturation after about 2 s of illumination (Fig. 7). In LN leaves,
rise in P700? was much slower and saturation was not
reached within 6 s of far-red illumination. This result
suggests that in HN leaves, photosynthetic electron flow
functions mainly in the linear mode but CET becomes
significant in N deficient plants. In agreement with this
hypothesis, re-reduction of P700? in the dark after far-red
illumination was slightly faster in the LN sample (Fig. 7),
indicating that the PQ pool was more reduced in LN
thylakoids.
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P700 oxidation showed biphasic kinetics in LN leaves,
suggesting the presence of two different populations of
chloroplasts. In chloroplasts contributing to the fast phase,
PS I centers are involved in linear electron transfer and in
chloroplasts showing slow oxidation of P700, PS I centers
are mainly involved in CET. Similar biphasic behavior was
earlier reported for dark adapted leaves showing elevated
CET (Joliot and Joliot 2005). The choice between linear
and cyclic mode is done when reduced ferredoxin or
NADPH is oxidized, which occurs either in the stroma
(linear mode) or at the enzyme(s) mediating oxidation of
these compounds by plastoquinone (cyclic mode). Therefore biphasic oxidation of P700 rather suggests the presence
of two populations of chloroplasts than two populations of
PS I centers.
N deficiency causes increase in NPQ
We measured photochemical quenching (qP) and nonphotochemical quenching (NPQ) in leaves of HN and LN
beans during illumination with white light, PPFD
300 lmol m-2 s-1. After 20 min of illumination, the qP
values of HN and LN leaves were 0.78 and 0.66, respectively, indicating that a smaller fraction of PS II reaction
centers were open in LN than in HN plants. Since the
proportion of reduced QA depends on the balance between
excitation of PS II reaction centers and removal of electrons from the electron transport chain, this result testifies
for lower capacity to transfer electrons from QA to the PQ
pool in LN plants, which is in line with the larger proportion of QB-non-reducing centers in thylakoids of LN
than in HN plants (Table 2). Active CET in chloroplasts of
LN plants functions in the same direction, as CET
decreases the availability of oxidized PQ.
The light-induced kinetics of NPQ measured from LN
and HN beans is shown in Fig. 8. In both types of leaves,
NPQ increased to 1.7 during first 1.5 min of illumination.
Thereafter, the NPQ value of HN leaves attained a plateau
whereas in LN leaves, NPQ continued to increase, reaching
a steady state of 2.5 after 5 min of illumination. The
increase in NPQ during a few minutes of illumination can
be attributed to generation of a transmembrane pH gradient
which induces thermal energy dissipation in PS II (Bilger
and Björkman 1990). The slope of the initial rise of NPQ
was similar in LN and HN leaves, indicating that the lightinduced development of thermal dissipation in PS II
antenna was not affected by N starvation. The higher final
level of NPQ in LN plants reflects stronger acidification of
the lumen, probably due to CET operating in N deficient
plants (see Fig. 7).
In order to test the effect of the changes in PS II on
photosynthesis during N limitation, we measured rapid
light response curves with a pulse amplitude modulation
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Fig. 7 Kinetics of P700 redox transitions measured in leaves of HN
and LN beans with a Joliot type spectrometer (JTS-10). Prior to the
measurement, the leaves were dark adapted for 2 h, and subsequently
exposed to 20 s of far-red pre-illumination and 20 s of darkness.
Oxidation of P700 was induced with a 6 s pulse of strong far-red light
(700 \ k \ 800 nm, 2,500 lmol photons m-2 s-1, followed by a
12 s dark relaxation period. Curves were normalized to the maximal
amplitude of the signal. A typical result of at least three measurements is shown

fluorometer (Fig. 9). These measurements indicated a
lower maximum electron transport rate and larger curvature of the light response but did not reveal differences in
the quantum yield (Table 4).

Discussion
We found that N deficiency causes four classes of effects in
the photosynthetic machinery of bean: properties of PS II
are modified, changes on stromal enzymes adjust the ratio
of cyclic to linear electron flow, excitation energy distribution between the photosystems is altered, and the number
of chloroplasts per leaf cell decreases. These effects are
partly independent of each other and partly deeply linked.
N deficiency caused slight lowering of the maximal
efficiency of PS II photochemistry in bean plants, in
accordance with earlier results obtained with maize and
wheat (Lu and Zhang 2000; Lu et al. 2001). LN beans have
slower electron transport from QA to QB, lower redox
potential of the QB/QB couple and lower affinity of PQ to
the QB-binding site than HN beans (Figs. 4, 5; Table 2). In
two-thirds of the reaction centers, QB is less stable than in
HN plants, and in one-third, the redox potential of the
QB/QB pair remains normal (Table 3). Destabilization of
Qmay
lower the yield of PS II electron transport under
B
low light intensities where the S2QB ? S1QB recombination reaction has a high quantum yield. These data agree
with the finding that the slow phase of the decay of flashinduced Chl a fluorescence assigned to the reaction
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Table 2 Analysis of the decay of Chl a fluorescence yield after a single turnover flash in thylakoids isolated from leaves of HN and LN beans
Fast phase
s, ms

Middle phase (I)
A, %

s, ms

A, %

Middle phase (II)

Slow phase

s, ms

s, s

A, %

A, %

HN

0.45 ± 0.12

70 ± 15

3.1 ± 0.5

16 ± 2

77 ± 11

6±1

8.3 ± 0.8

8.0 ± 0.1

LN

1.02 ± 0.13

53 ± 5

10.4 ± 1.5

23 ± 1

96 ± 29

9±1

9.2 ± 0.9

15 ± 0.6

The numbers represent the lifetime (s) and amplitude (A) ± SE of the estimation

Fig. 8 Light-induced changes of NPQ in leaves of HN and LN beans
measured with PAM 101 fluorometer. The PPFD of actinic light was
300 lmol m-2 s-1. Before the measurement, the leaves were dark
adapted for 2 h

S2QB ? S1QB showed twice as high amplitude in LN than
in HN thylakoids (Table 2). These differences between LN
and HN beans show that N deficiency specifically affects
the QB-binding niche of PS II. The finding that the changes
in the QB niche do not affect the maximal rate of O2
evolution or the rate of photochemical reduction of DCPIP
(Table 1) is logical because the free energy change of the
reaction QA QB ? QAQB remains strongly negative in LN
plants, and therefore the S2QB ? S1QB recombination has
a negligible quantum yield under saturating light intensity.
The probability of charge recombination actually becomes
significant only under very low light, and therefore measurements of the light response of photosynthetic electron
transport (Fig. 9; Table 4) did not reveal differences in the
quantum yield of PS II electron transport. The data do not
allow us to judge whether the changes in the QB niche are
acclimation or whether they are symptoms of damage.
Slower rate of reoxidation of QA in LN than in HN
thylakoids (Table 2) might additionally suggest that N
deficiency lowers the PQ:PS II ratio. However, low amount
of PQ would not cause destabilization of QB (Table 3) or
the lowering of the rate of the fast phase of the reoxidation
of QA (Table 2).
The finding that N deficiency lowers Rubisco content
and CO2 fixation but does not affect activities of

photosynthetic electron transport reactions expressed per
Chl unit (Fig. 2; Table 1) are in agreement with earlier
studies from higher plants (Evans and Terashima 1987;
Terashima and Evans, 1988; Seemann et al. 1987). A
greatly diminished maximum rate and large curvature of
the light response of photosynthetic electron transport of
LN beans, compared to HN beans (Fig. 9) confirm that the
carbon cycle limits the rate of photosynthesis in LN beans
and suggest that the PQ pool of LN plants is reduced
already at moderate light intensities. Our data show that in
bean, the effect of N limitation goes beyond lowering the
Rubisco content, as the amount of FNR, the enzyme
responsible for oxidation of ferredoxin and production of
NADPH, was also significantly down-regulated upon N
starvation. In the absence of alternative electron acceptors,
decrease in FNR would lead to increase in reactive oxygen
species produced due to reduction of oxygen by PS I
(Smirnoff 1993; Asada 2006). This expectation was
recently confirmed by showing that transgenic tobacco
with reduced level of FNR had visible signs of oxidative
stress (Hald et al. 2008).
Prolonged incubation of N deficient beans in the light in
the presence of DAB did not reveal accumulation of H2O2
(data not shown), suggesting that in LN beans, the decrease
in FNR and Rubisco content is compensated by activation
of CET. Activation of CET due to low activity of these
enzymes is in agreement with data showing that accumulation of stromal reductants during the induction of photosynthesis can activate CET in spinach (Breyton et al.
2006). However, only one of the cyclic electron transfer
pathways oxidizes ferredoxin by plastoquinone without
involvement of NADP?/NADPH, whereas the other pathway oxidizes NADPH by plastoquinone (Breyton et al.
2006; Rumeau et al. 2007). The low FNR content of LN
plants (Fig. 2) suggests that activation of CET in LN beans
is mainly activation of the NADPH-independent pathway.
CET contributes to acidification of the lumen (Heber
and Walker 1992), which in turn promotes quenching of
excitation energy in PS II. Higher NPQ in LN than in HN
plants is in agreement with the hypothesis that LN plants
have more active CET than HN plants. Moreover, CET
does not produce net NADPH for which there is little need
when the Calvin–Benson cycle runs slowly. These acclimation responses are summarized in Fig. 10.
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LN beans suggests that the movable LHCII complexes
either do not exist in LN beans or are permanently attached
to PS I. In both cases, the excitation energy density in PS II
would be lowered both due to decrease in absorption crosssection of PS II and due to NPQ which is enhanced by CET
around PS I. The lack of state transitions may be related to
the finding that formation of grana stacks is disturbed in
chloroplasts of N deficient bean plants (Whatley 1971).
Unlike higher plants, microalgae deprived of macronutrients, such as nitrogen, sulfur or phosphorus, appear to
have severe damage of the photosynthetic apparatus,
especially PS II, although nutrient limitation triggers
redistribution of excitation in favor of PS I and switching
of electron flow to CET (Kolber et al. 1988; Wykoff et al.
1998). But how do plants avoid harmful reactions during N
deficiency? The results of the present study show that the
number of chloroplasts per cell was lower in LN beans than
in HN beans, indicating down-regulation of chloroplast
multiplication during leaf growth. Moreover, in agreement
with a previous ultrastructural study (Whatley 1971), we
found that the amount of thylakoid membranes per chloroplast was also reduced. This mechanism apparently
adjusts balance between photosynthetic electron transport,
Calvin–Benson cycle, and reduced anabolic metabolism.
The capacity of N starved plants to tune photosynthetic
performance by regulating division of photosynthetic
organelles may contribute to protection of the cells from
the production of reactive oxygen species.
Increase in F0 during dark anaerobic incubation (Fig. 6)
suggests that the PQ pool was reduced by electron flow
from the stromal reductants ferredoxin and NADPH, and
the reduction occurred faster in LN than in HN beans. This
increase in reduced compounds in the stroma may be
caused by electron transport supported by the dim

Fig. 9 Light response curve of photosynthetic electron transport of
HN (open symbols) and LN beans (solid symbols). The light response
curves were measured with a pulse amplitude modulation
fluorometer, and a leaf was kept for 2 min at each PPFD. Each data
point is an average of 5–6 independent measurements from different
leaves, and the biaxial error bars, drawn if larger than the symbol,
show SD. The lines show the best fit to the nonrectangular hyperbolic
model of the photosynthetic light response curve

Multiple FNR isoforms of plants may have different
tasks. Nitrogen supply and leaf development have been
shown to affect the distribution of FNR isoforms in wheat
leaves (Gummadova et al. 2007), and in Arabidopsis, one
isoform is active in CET (Lintala et al. 2007). Changes in
the distribution of FNR isoforms, not distinguished by our
measurements, may also affect the activity of CET in bean
leaves during N starvation.
The third major effect of N deficiency is re-adjustment
of the relative antenna cross-sections in favor of PS I,
resembling a permanent shift to state 2 (Fig. 3). The finding that light quality failed to cause regular state changes in

Table 3 Values of activation entropy (DSl), activation enthalpy (DHl) and free energy of activation (DGl, calculated at 298 K) of PS II
recombination reactions calculated from TL curves
Reaction

HN thylakoids
l

LN thylakoids

DS , meV/K DH , meV DG , meV Amplitude, % DSl, meV/K DHl, meV DGl, meV Amplitude, %
S2QA ? S1QA
S2QB ? S1QB, component 1

l

l

-0.3

698

787

100

-0.3

698

787

0

852

852

100

0

852

852

33

0

827

852

67

S2QB ? S1QB, component 2

100

Table 4 Analysis of rapid light response curves from HN and LN beans
Quantum yield, e-/photon

Maximum rate, lmol e- m-2 s-1

Curvature

HN beans

0.34 ± 0.04

154 ± 6.7

0.20 ± 0.27

LN beans

0.34 ± 0.05

30.0 ± 1.0

0.59 ± 0.20

PS II electron transport rate was measured with the PAM fluorometer. The values represent the best fit of the light response curves to the
nonrectangular hyperbolic model, omitting dark respiration. The values represent the parameters of the best fit and the SE of the estimation using
curves averaged from 5–6 independent experiments
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Fig. 10 Summary of acclimation to N deficiency at the chloroplast
level. Grey color and continuous line shows electron transfer
reactions in chloroplasts of HN plants, red color and dashed lines
show electron transfer reactions in LN plants. Dotted lines show other
effects than electron transfer. Low Rubisco content and low FNR
content switch electron transfer from linear to cyclic mode, which
increases the PQH2/PQ ratio and acidifies the stroma. Higher PQH2/
PQ ratio decreases qP and acidification of the stroma increases NPQ
of LN plants. LN beans are permanently in state 2. The high ratio
NAD(P)H/NAD(P)? promotes non-photochemical reduction of the
PQ pool

measuring beam of the fluorometer. In LN plants, the pool
of the stromal electron acceptors is rapidly exhausted by
the slow electron transport, which leads to activation of
CET and reduction of the PQ pool. A high NADPH/
NADP? ratio might also result from the breakdown of
starch accumulated upon N starvation; in this case the
combination of CET and chlororespiration would explain
why the FV/FM ratio is only slightly lower in LN than in
HN bean plants (Table 1), indicating that the plastoquinone
pool does not become reduced in LN plants under aerobic
conditions in the dark.
In conclusion, N deficiency induces a complex response,
in which the plant down-regulates its photosynthetic
capacity. First, the number of chloroplasts and the amount
of thylakoids in them decrease. Second, reduction of consumption of photosynthates induces decrease in Rubisco
and FNR content, which leads to reduction of CO2 fixation
but not to production of oxygen radicals because CET
increases, competing with oxygen for electrons. CET also
lowers photochemical quenching and increases non-photochemical quenching in PS II, thus contributing to protection of PS II against photodamage.
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