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Abstract

Tobacco plants (Nicotiana tabacum) were kept in CO; free air for several days to investigate the effect of lack of
electron acceptors on the photosynthetic electron transport chain. CO; starvation resulted in a dramatic decrease
in photosynthetic activity. Measurements of the electron transport activity in thylakoid membranes showed that
a loss of Photosystem II activity was mainly responsible for the observed decrease in photosynthetic activity. In
the absence of CO; the plastoquinone pool and the acceptor side of Photosystem I were highly reduced in the
dark as shown by far-red light effects on chlorophyll fluorescence and P700 absorption measurements. Reduction
of the oxygen content of the CO, free air retarded photoinhibitory loss of photosynthetic activity and pigment
degradation. Electron flow to oxygen seemed not to be able to counteract the stress induced by severe CO;
starvation. The data are discussed in terms of a donation of reducing equivalents from mitochondria to chloroplasts
and a reduction of the plastoquinone pool via the NAD(P)H-plastoquinone oxidoreductase during CO, starvation.

Abbreviations: DCPIP — 2,6-dichlorophenolindophenol; Fy; — maximum fluorescence level; F, — dark level of
fluorescence; ‘F,” — dark level of fluorescence in stressed plants; Fy — maximum variable fluorescence; FR —
far-red; P700 — reaction center of Photosystem I; PQ — plastoquinone; PS — photosystem; Qa — primary electron
acceptor of Photosystem II

Introduction

Photosynthesis and plant growth is often limited by the
availability of CO,. Even under optimal growth condi-
tions, the photosynthetic carbon fixation is limited in
C3 plants by the CO; concentration in the atmosphere.
In nature, severe CO; deficiency occurs frequently
when the water supply to the plant is not sufficient and
the stomata are closed due to drought stress. Under
such conditions, photosynthetic pigments absorb more
light than can be utilized for CO; fixation. An excess
of absorbed light energy leads to photoinhibition fol-

lowed by destruction of the photosynthetic apparatus
(e.g. Prasil et al. 1992; Aro et al. 1993).

In the course of CO; starvation, all endogenous
electron acceptors become reduced and oxygen is the
main available electron acceptor. Oxygen can serve
as electron acceptor in photorespiration (Osmond and
Bjorkman 1972) and in the Mehler reaction (Mehler
1951; Schreiber and Neubauer 1990). The products of
the Mehler reaction such as superoxide, hydroxyl rad-
icals and hydrogen peroxide are toxic, and can cause
the inhibition of photosynthetic processes. Photosys-
tem (PS) II is the most sensitive target to photooxidat-
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ive damage of the photosynthetic electron chain (e.g.
Prasil et al. 1992; Aro et al. 1993).

However, there are several reports in the literature
that the activity of the photosynthetic electron trans-
port chain, especially of PS II is controlled by the
Mehler reaction (Schreiber and Neubauer 1990), cyc-
lic electron flow (Heber and Walker 1992; Heber et
al. 1995) and photorespiration (Osmond et al. 1997).
These reactions result in formation of a proton gradi-
ent, which leads to a down regulation of the activity
of PS II and of the turnover rate of the cytochrome
bef complex, the so called photosynthetic control (e.g.
Genty and Harbinson 1996). The down regulation of
PS II correlates with the proton gradient dependent
formation of zeaxanthin (Demmig 1987). Zeaxanthin
is involved in the dissipation of excess energy as heat.

The mechanisms which control the photosynthetic
electron transport chain in leaves of water stressed
plants were investigated by several groups (Cornic
1994; Loreto et al. 1995). It has been suggested that
the Mehler reaction participates in the dissipation of
excess energy under water stress (Biehler and Fock
1996), that PS I dependent cyclic electron flow is
important in controlling PS II activity (Katona et al.
1992; Heber et al. 1995) and that photorespiration par-
ticipates in the protection of the photosynthetic elec-
tron chain against photoinhibition (Smirnoff 1993).
Additionally, it has been suggested that under condi-
tions of CO, limitation, photosynthetic control might
act to limit the extent of the Mehler reaction and
thereby limit the production of reactive oxygen species
(Polle 1996; Ott et al. 1999). Despite these protection
reactions, photoinhibition is enhanced when the CO;
concentration in the air is lowered as has been shown
in Phaseolus vulgaris (Daniel 1997).

Here we describe the effects of CO, starvation
on the photosynthetic electron transport chain of to-
bacco plants. Plants were grown for several days in
CO; free but water saturated air. Tobacco plants,
starving for several days in carbon dioxide free air,
have served previously as a model system to simu-
late CO; deficiency (giffel and Vécha 1998; Siffel
and Braunova 1999; Viacha and Durchan 1995). In
this study we investigated the effect of CO, starva-
tion on the capacity of CO, fixation by measuring
gas exchange rates. Chlorophyll fluorescence and ab-
sorption measurements at 8§16 nm were measured to
follow the reduction state of the intersystem electron
acceptors. Furthermore, we studied the role of oxy-
gen under photoinhibitory conditions. By varying the
oxygen content of the CO; free air, the importance of

photorespiration (Wu et al. 1991; Heber et al. 1996;
Kozaki and Takeba 1996) in counteracting ongoing
photoinhibition was studied under conditions of CO;
starvation. In addition, pigment decomposition was
analyzed.

Materials and methods

Plant cultivation

Tobacco (Nicotiana tabacum L. cv. White Burley)
plants were grown on agar medium according to
Murashige and Skoog (1962). The micropropagation
technique was used to obtain plant material with the
same genome. The stalk of one plant was divided
in pieces with at least two leaves and rooted on the
same medium until new roots appeared. From this
source material, particular plants were carefully selec-
ted for each experiment. Additional leaves were cut to
achieve the same number of leaves for each plant, and
afterwards, plants were transferred in the 3-liter glass
vessels which could be closed. The plants were grown
hydroponically (Heldt and Sauer 1971) for 1-2 weeks
in well defined conditions in plant growth chamber
(SGC170.PHX.J, Sanyo Gallenkamp, 16/24 °C, 8/16
hours dark/light of 400 mol quantam~2 s™1).

CO, starvation

To remove carbon dioxide from the air, a solid ab-
sorber of CO; (based on sodium hydroxide, Natro-
calcid, Spolana, Velvary, Czech Republic) was added
before the vessels were closed. The final concentra-
tion of carbon dioxide in the growing vessels was
well under the compensation point as checked by a
gas exchange system (20-30 umol (COz) mol~!, see
Santricek et al. 1991). Every day at the beginning of
the light period, the vessels were purged with either
CO, free air or a mixture of CO; free air: nitrogen =
1:1 (v/v), both water saturated, for 20 min to adjust
21% or 10.5% (v/v) of oxygen, respectively. The at-
mosphere in the vessel was water saturated during the
stress experiments. Day/night temperatures and light
conditions were the same as in the course of plant
cultivation.

Exchange of CO>

Photosynthetic activity was measured as CO; ex-
change rate using a portable photosynthetic system
(LI-6200, LI-COR, Lincoln, USA). Plants, starving



for 2 days in CO, deficiency, were kept in normal
CO, laden air (380 pmol (CO;) mol~!) at moderate
light (70 wmol quanta m~2 s~!) for 1 hour before the
light curves were measured. Light saturation curves
were measured under an irradiance of 0-2000 pmol
quantam~2 s~!, at a CO, concentration of 380 pmol
(CO») mol~ !, a leaf temperature of 25-27 °C, and air
humidity of 75-80%.

In vivo measurements of oxygen evolution

Oxygen evolution in vivo was measured by a leaf disc
electrode (Hansatech, Kings Lynn, UK) at the nor-
mal, atmospheric concentration of oxygen (21%) in
the presence of carbon dioxide (saturated solution of
NaHCOj3 at 20 °C, i.e. high, saturating concentration
of CO») in the measuring atmosphere.

Chlorophyll fluorescence in vivo and P700™
measurements

Chlorophyll fluorescence in vivo was measured with a
pulse-amplitude modulation fluorometer (PAM 101-3,
Walz, Effeltrich; KL 1500, Schott, Cologne, Ger-
many) as described by Schreiber et al. (1986). The
fluorescence ratio, Fy/Fy, was measured prior to
the oxygen evolution measurement on the leaf disc
kept for 10 min in darkness in the Hansatech leaf
disc electrode chamber. The effect of far-red light on
chlorophyll fluorescence of intact leaf discs was meas-
ured with far-red (725 £ 15 nm) light intensity of 70
pumol quanta m~2 s~!. The intensity of the red (650
+ 25 nm) actinic light was 150 umol quantam™2 s~
The intensity of the measuring analytic light (stand-
ard PAM 101 set) was low enough (integral intensity
about 10~8 mol quanta m~2 s~!, frequency of mod-
ulated light: 1.6 kHz) to prevent the reduction of PQ
as it was tested by Mini-PAM (Walz, Effeltrich, Ger-
many) in the burst mode (integral intensity about 10~
mol quanta m~2 s~!). The duration of the saturation
pulses was 700 ms. The intensity of the saturation
pulses (KL 1500 lamp, with Calflex X optical filter,
Balzers, Liechtenstein) was tested on every leaf disc to
be able to take the lowest intensity necessary to evoke
the maximum fluorescence response.

The temperature dependence of ‘dark’ recovery of
fluorescence was measured with a special home-made
sample holder in which the temperature of the leaf
disc was changed in approximately 1-2 seconds. The
actinic and measuring light was the same as described
above.
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P700" absorbance changes measurements were
performed in the transmission mode (Schreiber et al.
1988) with the PAM 101-2 accessories (Walz, Effel-
trich; Germany). Far-red light (725 & 15 nm) with an
intensity of 70 wmol quantam~2 s~! was used as it is
preferentially absorbed in PS I (light I). As actinic blue
light (light IT), a halogen lamp and fibre optics (Fibre-
Lite A 3200, Dolan-Jenner, Woburn, USA) with
appropriate optical filter (DT-Cyan, Balzers, Liechten-
stein) were used. Three different blue light intensities
(150, 250, and 500 pwmol quanta m~2 s_l) were
applied.

Isolation of thylakoid membranes, PS I and PS I1
activities

Thylakoid membranes were prepared according to
Leegood and Malkin (1986). The grinding medium
contained 0.4 M sorbitol, 50 mM HEPES, 5 mM
MgCl,, 10 mM KCI, 1 mM MnClp, 2 mM EDTA,
0.1% (w/v) BSA, 0.2% (wl/v) ascorbate, pH 7.6.
The centrifuged chloroplasts were osmotically disrup-
ted by suspension in a medium containing 50 mM
HEPES, 5 mM MgCl,, 20 mM KCI, pH 7.6. After
the second centrifugation, the pellet, which contained
washed thylakoid membranes, was resuspended in a
small volume of medium containing 0.4 M sorbitol,
50 mM HEPES, 15 mM MgCl,, 10 mM KCl, 1 mM
MnCl,, pH 7.6.

Oxygen evolution activity was measured in the
suspension medium with a chlorophyll concentration
of 30 pg/ml using 1 mM ferricyanide and 0.5 mM
phenyl-para-benzoquinone as the electron acceptors
and 1 uM nigericin as uncoupler. The PS I activity
was measured as the rate of oxygen uptake using 30
ng Chl/ml, 10 uM DCMU, 5 mM ascorbate, 30 uM
DCPIP, 0.5 mM methylviologen, 1 mM NaN3, 1 uM
nigericin. The measurements were performed in the
absence of superoxide dismutase which might lead to
an overestimation of the PS T activity.

Pigment extraction and analysis; high light treatment

Leaves were homogenized in 100% acetone in a glass
homogenizer. The homogenate was spun down at
14,000 g; the pellet was reextracted with 80% acet-
one and spun down. Both supernatants were combined
and filtered through a 0.2 um Teflon filter prior to
the injection. The pigment composition was analyzed
by HPLC on the C-18, 15 x 3 mm, 5 um (Tessek,
Czech Republic) reverse phase column using the iso-
cratic elution of a mixture of acetonitrile, methanol
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Figure 1. Light saturation curves of photosynthetic electron trans-
port in leaves of tobacco plants. Photosynthetic activity was meas-
ured as CO, exchange rates. Before measuring the light saturation
curves, the plants, starving for 2 days (400 uwmol quanta m~2 s 1)
and nights in CO; deficiency (marked as ‘stressed’), were relaxing
in normal CO; laden air (380 wmol (CO») molfl) at a moderate
light intensity (70 wmol quanta m~2s~1) for I hour. Open symbols:
control plants. Closed symbols: stressed plants. Circles: young leaf,
squares: mature leaf, triangles: older leaf.

and water = 68:12:6 for the first 5 min followed by
a linear gradient to absolute methanol for 2 min and
isocratic elution with absolute methanol until the §-
carotene was eluted. The flow rate was 2 ml min~!,
pigments were detected at 445 nm.

In order to estimate the capacity of zeaxanthin
formation, leaves were placed on the water surface in
gas chambers under nitrogen atmosphere and subjec-
ted to high light for 15 min. A slide projector with heat
filter was used as a light source; the light intensity was
1200 mol quantam~2 s,

Results

Figure 1 shows the carbon assimilation of leaves as a
function of light intensity in control plants and plants
grown under condition of CO; starvation (stressed
plants). The photosynthetic activity at saturating light
intensity was reduced in stressed plants by 80-90%
compared to the control. In addition in stressed plants
light saturation was reached at much lower light in-
tensities (600 zmol quanta m~2 s~! or lower) than in
the control (1500 mol quanta m2s ).

Table 1. PS II and PS I activities of isolated thylakoid mem-
branes. Washed thylakoid membranes were isolated from control
plants and stressed plants which were kept for 2 days in a CO,
free atmosphere. PS I activity was measured as O,-uptake us-
ing 0.5 mM methylviologen as electron acceptor; PS II activity
was measured as Op-evolution using 1 mM ferricyanide and 0.5
mM phenyl-para-benzoquinone as electron acceptors. The measure-
ments were performed in the presence of 1 «M nigericin

pmol Oy / mg Chl - hour PS II activity PS I activity

Stressed 114 380
Control 362 397

To test whether this effect is caused by inhibition of
the CO», fixation or, as a more primary effect, by inhib-
ition of the photosynthetic electron transport chain, we
isolated thylakoid membranes from leaves of control
and stressed plants and measured PS II and PS I activ-
ities in the presence of an uncoupler (Table 1). PS II
activity was reduced by 70% in thylakoid membranes
obtained from stressed plants while the PS T activity
stayed unchanged in comparison with the control. This
indicates that inhibition of PS II was mainly respons-
ible for the reduction in carbon assimilation seen in
stressed plants (Figure 1).

Figure 2 shows measurements of chlorophyll fluor-
escence obtained from plants stressed for 2 days in
CO, free air. As depicted in Figure 2A, the differ-
ence between the fluorescence in the dark, monitored
with a low intensity pulse-modulated light, and the
maximum fluorescence induced by a saturating pulse
(Fv = Fm — Fy) is very small. This effect can be
caused by either high fluorescence in the dark or by
a low yield of variable fluorescence (quenching of
Fum). In control plants, the ratio Fy/Fp is 0.8 (data
not shown). In stressed plants, far-red (FR) illumina-
tion (A = 725 nm) lowered the dark fluorescence by
50%. After switching off the FR light, the high yield
of dark fluorescence was restored to its initial value in
less than 30 min in complete darkness. This indicates
a high reduction state of the PQ pool in the dark in the
CO; starved plants (Diner 1977; Groom et al. 1993).
Interestingly, F'y was smaller under FR illumination
than in the dark-adapted system. The PS II activity
seems to be partially down-regulated by far-red light.
Down-regulation of PS II might be caused by a pro-
ton gradient formed by cyclic electron flow under FR
illumination. Measurements of 9-aminoacridine fluor-
escence quenching in thylakoid membranes of stressed
plants showed that, after the addition of purified ox-
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Figure 2. Effect of far-red light on the ‘dark’ chlorophyll fluorescence of an intact leaf starved for 2 days in a CO, deficient atmosphere. (A)
Effect of illumination with far-red light. (B) Effect of illumination with actinic and far-red light. The data shown in (B) were obtained with
the same leaf disc as in (A) after almost full relaxation of fluorescence to the dark level (see ‘Time’ axis). Actinic light (AL): red (650 + 25
nm) light; 150 pumol quanta m~2 s~ !, Far-red light (FR): 725 £ 15 nm; 70 umol quanta m~2 s~ 1. For measuring light, and saturation pulse

parameters, see ‘Materials and methods’.

idized ferredoxin, a proton gradient was formed of a
similar size compared to thylakoid membranes from
unstressed plants (data not shown). Figure 2B shows
that a few second illumination with actinic light (150
pumol quanta m~2 s~!) decreased the fluorescence
yield even further than the FR illumination alone. A
combination of FR and actinic light lowered the fluor-
escence only slightly more. Switching off the actinic
light but keeping the FR illumination increased fluor-
escence, indicating that FR alone at the used light
intensity is not sufficient to keep the PQ pool oxidized.

The relaxation of light-induced ‘F,” quenching is
temperature dependent as shown in Figure 3. When

the stressed leaves were kept at 0 °C after the light-
induced quenching, very little recovery to the original
‘F,’-level could be seen. A change of the leaf temper-
ature to 35 °C stimulated the dark recovery drastically
which indicates that enzymatic reactions are respons-
ible for this increase in the fluorescence in the dark.
In control leaves, the ‘F,’-level did not increase at
elevated temperatures.

Figure 4 shows absorption measurements of
P700" in control and stressed leaves. Absorption
changes were measured at 816 nm. Illumination of
a dark-adapted leaf with far-red light (725 nm, 70
pumol quanta m~2 s~!) increased the absorption in-
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Figure 3. Temperature dependent relaxation of ‘Fy’ level of intact
leaves. The stressed plant (solid line) was kept for 2 days under CO,
starvation; broken line: leaf of a control plant. Actinic light (AL):
red (650 £ 25 nm) light; 150 pmol quanta m~2s~!. For measuring
light (ML) parameters, see ‘Materials and methods’.

dicating oxidation and accumulation of P700%". After
the steady state was reached, blue light was switched
on and the P700™" reduction kinetics were measured.
In control leaves (Figure 4A), upon illumination with
blue light, most of amplitude of the P700™ signal dis-
appeared during a transient period. In the following 10
to 30 s a steady state was reached again which indic-
ated a greater proportion of P700" than observed in
the first seconds after starting the blue light illumina-
tion. Depending on the intensity of the blue light, more
(500 pemol quanta m~2 s~ 1) orless (150 wmol quanta
m~2 s~1) P700" was present in the steady state.

In stressed leaves (Figure 4B), the absorption
changes look completely different. Far-red illumina-
tion induced only one third of the absorption change
seen in the leaf of a control plant, showing that most
of the P700 was reduced when plants were grown un-
der CO; deficiency. The small amplitude of the P700™
signal formed under far-red illumination indicates that
cyclic electron flow takes place. Blue light illumina-
tion (500 pmol quanta m~2 s~!) gave rise to a much
larger absorption change, P700" accumulates. This
effect is very different to the blue light effect seen
in control leaves. P700 gets only partially oxidized
by far-red light but fully oxidized to P700" by ac-
tinic light. Lower light intensities of the actinic light
had much less effect but induce in principle the same
effect: oxidation of P700 by actinic light.

In the following we investigated the effect of CO;
deficiency on photosynthetic activity of plants grown
in 21% and 10.5% oxygen (Figure 5). Fy/Fyv and
oxygen evolution were measured every day to mon-

itor photosynthetic activity. Reduction of the oxygen
content in the CO; free air from 21% to 10.5% protec-
ted the plants against damage (photoinhibition). The
rate of photoinhibition depended on the age of the
plants, in young plants maximal photoinhibition was
reached in three days while mature plants could stand
this treatment for ten days.

In addition to the photosynthetic activity the pig-
ment content changed during the starvation of tobacco
plants in COy free air. As shown in Figure 6, the
chlorophyll (Figure 6A) and the B-carotene content
(Figure 6B) decreased by 50% when the plants were
kept in 21% oxygen. In 10.5% oxygen the decrease
in the pigment content was slowed down. The abil-
ity to produce zeaxanthin decreased also drastically
(Figure 7). One day after the plants had been trans-
ferred to the CO; free air, zeaxanthin was 30% of the
total carotenoid content. Zeaxanthin, antheraxanthin
and violaxanthin together contributed to 37% to the
total amount of carotenoids. After 3 days of CO, star-
vation in 21% oxygen the amount of zeaxanthin was
reduced to approximately 5% while the sum of the
three xanthophylls decreased by only 5% or less.

Discussion

Tobacco plants grown under CO; deficiency show a
dramatic decrease in photosynthetic activity (Figure
1) which seems to be mainly caused by the inhibition
of PS 1II activity (Table 1). A similar response of the
photosynthetic electron transport chain was observed
with drought-stressed plants (Stuhlfauth et al. 1990;
Brestic et al. 1995). Phosphorus or sulphur starvation
of Chlamydomonas cells results also in a comparable
decrease of the photosynthetic activity (Wykoff et al.
1998). As shown in Figures 2 and 3, not only the pho-
tosynthetic electron transport activity is inhibited but,
in addition, the reduction state of the plastoquinone
pool is high in these chloroplasts as indicated by high
dark fluorescence. Far-red illumination, which stimu-
lates cyclic electron flow around PS I, causes a partial
oxidation of the plastoquinone pool seen as a decrease
of the high ‘F,’ fluorescence (Figure 2). Cyclic elec-
tron flow leads to the formation of a proton gradient
which is sufficiently high to control the PS II activ-
ity. However, the decrease of the ‘F,” fluorescence
induced by far-red illumination is far from being com-
plete and the extent of P700" accumulation is rather
low compared to unstressed leaves (Figure 4). FR
light alone at the given intensity is not able to oxidize
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Figure 4. Redox state of Photosystem I. Absorption signals recorded at 816 nm after a dark-light transition in tobacco leaves. (A) Control; (B)
stressed leaves starved for 2 days in CO» free air. Light I was far-red (725 £ 15 nm; 70 umol quanta m2s71); light II was blue (Balzers DT

Cyan filter), intensity as shown in inset.

the intersystem electron transport chain completely.
In leaves of CO;-starved plant, additional illumina-
tion with saturating actinic light for both photosystems
(blue light or red light at 650 nm) further decreases
the ‘F,’ fluorescence and leads to an extent of P700T
accumulation which is comparable to the one seen
in unstressed leaves (Figures 2 and 4). Under these
illumination conditions, cyclic electron transport is
favored compared to the reactions which lead to a
reduction of the PQ pool and a fluorescence level is
reached which is close to the F, in control plants.

As can be seen in Figures 2 and 3, the reduc-
tion of the PQ pool starts immediately after switching
off the actinic or far-red light, needs several minutes
to reach the steady state and is temperature depend-
ent. From our data, we can only speculate about its

biochemical nature. In the literature different mech-
anisms are discussed which can be responsible for
a reduction of the PQ pool in the dark. One pos-
sibility is a thermodynamically driven reduction of
the acceptor site of PS II by reverse electron flow,
which can occur in the presence of ATP (Schreiber
and Avron 1977), or DHAP (Mano et al. 1995). An-
other possibility is the reduction of the PQ pool as a
first step in the electron transport chain of chlorores-
piration (Bennoun 1998). It is known that common
metabolites can be exchanged between chloroplasts
and mitochondria (see Hoefnagel et al. 1998). A closer
interaction between these organelles seems to occur
under CO; starvation (M. Simkova, personal commu-
nication); the mitochondrial electron transport chain
may strictly control the redox state of the PQ pool (for
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review see Bennoun 1998; Gardestrom and Lernmark
1995). Reducing equivalents can be exchanged across
the mitochondrial and chloroplastic membrane via the
malate/oxaloacetate and to a minor extent via the
malate/aspartate shuttle (see Hoefnagel et al. 1998).
Via these shuttles reducing equivalents and thereby
indirectly NAD(P)H can be transported from the mi-
tochondria to the chloroplast and the PQ pool could
be reduced in the dark by a chloroplastic NAD(P)H-
plastoquinone-oxidoreductase (ndh). The ndh genes
were shown to be transcribed (Matsubayashi et al.
1987) and the polypeptides of some ndh genes have
been found in thylakoid membranes of higher plants
(e.g. Nixon et al. 1989; Guedeney et al. 1996).
The involvement of a NAD(P)H-PQ-oxidoreductase
in the increase of fluorescence in the dark was re-
cently shown in thylakoid membranes of higher plants
(Corneille et al. 1998).

During illumination with actinic light, electron
flow and dark reduction of the PQ pool by ndh (or
another enzyme) might occur at the same time and
compete with each other. Photosynthetic electron flow
is dominating, because the dark reduction of the PQ
pool is very slow (see Figures 2 and 3). Dark reduction
of the PQ pool might be even inhibited (or down reg-
ulated) when effective electron transport takes place.

In addition to the high reduction state of the
plastoquinone pool, the photosynthetic activity of
stressed plants decreases with the duration of star-
vation. Reduction of the oxygen content from 21%
to 10.5% protects the stressed plants partially against
fast inhibition of the photosynthetic electron trans-
port chain as seen by measurements of Fy/Fy and
oxygen evolution (Figure 5). It is likely that this
fast decrease of activity is caused by photoinhibition
produced by toxic reactive oxygen species because
lowering the oxygen content of the air slows down the
process of inactivation (Figures 5 and 6). The content
of chlorophyll, B-carotene (Figure 6) and zeaxanthin
also decreases with longer starvation time while the
xanthophyll content stays relatively unchanged (Fig-
ure 7). Recombination reactions in PS II and also
in PS T leading to a high yield of chlorophyll triplet
formation can occur under conditions of a completely
reduced acceptor side (van Mieghem et al. 1989; Vass
et al. 1992). Triplet chlorophyll reacts with oxygen
under the formation of singlet oxygen which might
be responsible for the observed decrease of activity
and damage of pigments (see Prasil et al. 1992; Aro
et al. 1993). In addition, active oxygen radicals like
superoxide (and subsequently hydrogen peroxide and
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Figure 5. Decrease of photosynthetic activity in the course of CO,
starvation: Effect of a decreased oxygen concentration. Tobacco
plants were transferred into an atmosphere without CO, with 21%
or 10.5% of oxygen. (A) Photochemical efficiency of PS II assessed
by the chlorophyll fluorescence ratio, Fy/F), in intact leaves and
(B) oxygen evolution of intact leaves measured at saturating CO5 in
a Hansatech leaf-disc electrode.

hydroxyl radicals) will be produced by a direct reduc-
tion of oxygen as the only available electron acceptor
thereby increasing the photooxidative stress.

The presented data show that, in the absence of
CO,, oxygen cannot compete as an efficient electron
acceptor but instead triggers photoinactivation. The
electron acceptors stay partially reduced even under
far-red illumination (Figures 2 and 4) indicating that
neither photorespiration (Kozaki and Takeba 1996;
Osmond et al. 1997) nor cyclic electron flow (Katona
et al. 1992; Bendall and Manasse 1995) nor Mehler
reaction (Schreiber and Neubauer 1990; Biehler and
Fock 1996) are sufficient to keep the electron transport
chain oxidized under the conditions of CO, starvation
although it has been shown that the rate of photorespir-
ation is slightly increased at low CO; concentrations
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Figure 6. Alterations in pigment composition in the course of CO,
starvation with respect to the oxygen concentration in the atmo-
sphere. Tobacco plants were transferred into an atmosphere without
CO; with 21% or 10.5% oxygen. The decrease in chlorophyll (a +
b) (A), and S-carotene (B) content was measured by HPLC. Mean
values and error bars were calculated from 10 measurements.

(Dietz and Heber 1986). Photorespiration can not
serve as an effective pathway for photoprotection un-
der the conditions of severe CO; starvation used here
because carbon hydrate reserves have been already
consumed during the first days of CO; starvation.
Zeaxanthin formation decreases with the duration of
the stress showing that also protection mechanisms
of energy dissipation in PS II cannot counteract the
general process of death. In addition, under prolonged
CO, starvation, the morphological structure changes,
grana stacks are dissolved (M. Simkov4, personal
communication) and, during prolonged starvation, the
plants die.

CO; starvation inducing alterations of the redox
state of the photosynthetic electron transport chain,
of the pigment composition and morphological modi-
fications can be used as a model system to study the
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Figure 7. Content of xanthophylls and capacity of zeaxanthin form-
ation during CO; starvation in an atmosphere with 21% of O,. The
xanthophyll content was measured by HPLC. Mean values and error
bars were calculated from 10 measurements. Zea, z — zeaxanthin, v
— violaxanthin, a — antheraxanthin. Leaves were placed on a water
surface in gas chambers under nitrogen atmosphere and subjected
to high light (1200 pumol quanta m~2 s~ for 15 min prior to
measurements of the xanthophyll content.

capacity of available storage compounds and the meta-
bolic flexibility of the plant to respond to stress. In
general this kind of stress may be of interest as a model
system to study senescence phenomena.
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