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Response of photosynthetic apparatus
of spring barley (Hordeum vulgare L.) to combined effect
of elevated CO, concentration and different growth irradiance
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Abstract

The response of barley (Hordeum vulgare L. cv. Akcent) to various photosynthetic photon flux densities (PPFDs) and
elevated [CO,] [700 pmol(CO,) mol™; EC] was studied by gas exchange, chlorophyll (Chl) « fluorescence, and pigment
analysis. In comparison with barley grown under ambient [CO,] [350 pmol(CO,) mol™'; AC] the EC acclimation resulted
in a decrease in photosynthetic capacity, reduced stomatal conductance, and decreased total Chl content. The extent of
acclimation depression of photosynthesis, the most pronounced for the plants grown at 730 pmol m™? s™ (PPFD;5), may
be related to the degree of sink-limitation. The increased non-radiative dissipation of absorbed photon energy for all EC
plants corresponded to the higher de-epoxidation state of xanthophylls only for PPFD; barley. Further, a pronounced
decrease in photosystem 2 (PS2) photochemical efficiency (given as Fy/Fy) for EC plants grown at 730 and 1 200 pmol
m~” s in comparison with AC barley was related to the reduced epoxidation of antheraxanthin and zeaxanthin back to
violaxanthin in darkness. Thus the EC conditions sensitise the photosynthetic apparatus of high-irradiance acclimated
barley plants (particularly PPFD;) to the photoinactivation of PS2.
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Introduction

The impact of elevated [CO,] on the photosynthetic appa-
ratus of various plant species is one of the relevant topics
in contemporary ecophysiology. The short-term elevation
of [CO,] stimulates net photosynthesis rate (Py) in C;
plants due to insufficient ambient [CO,] [about 360
pumol(CO,) mol'] to saturate ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBPCO) activity and to inhibit
photorespiration (Bowes 1991, Stitt 1991, Makino and
Mae 1999). However, the stimulation of CO, assimilation

[CO,] (Sage et al. 1989, Stitt 1991, Sicher et al. 1994,
Osborne et al. 1998, Makino and Mae 1999). Effects of
long-term (weeks to years) CO, elevation on photosyn-
thesis are variable and mechanisms of down-regulation of
the photosynthetic activity are still under debate. One
hypothesis suggests the sink-limitation, when increased
saccharide production associated with elevated [CO;]
exceeds the capacity to use and store saccharides (sink)
(Stitt 1991, Sicher et al. 1994, Paul and Foyer 2001).

may disappear after several days of exposure to elevated Such loss of photosynthetic activity (so called
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Abbreviations: A — antheraxanthin; AC and EC — ambient and elevated CO, concentration [350 and 700 pmol(CO,) mol™']; p-car —
B-carotene; Car — carotenoid; Chl — chlorophyll; [CO,] — CO, concentration; DEPS — de-epoxidation state of xanthophyll cycle pig-
ments; FACE — free-air carbon enrichment; Fy, Fy, Fy — maximal, minimal, and variable fluorescence in dark-adapted state
(Fy = Fum — Fy); Fy/Fy — maximal photochemical efficiency of photosystem 2; gs — stomatal conductance; L — lutein; LHCs — the light-
harvesting complexes; N — neoxanthin; NPQ — non-photochemical fluorescence quenching; NRD — non-radiative dissipation of ab-
sorbed excitation energy; PPFD(s) — photosynthetic photon flux density(ies); Py — the steady-state rate of CO, assimilation; PS1 and
PS2 — photosystems 1 and 2; RuBPCO - ribulose-1,5-bisphosphate carboxylase/oxygenase; SV, — non-photochemical fluorescence
quenching originating in light-harvesting complexes; V — violaxanthin; VAZ — xanthophyll cycle pool — violaxanthint+antheraxan-
thint+zeaxanthin; Z — zeaxanthin.
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a cclimation depression of photosynthesis) has been asso-
ciated with decreased activity and/or content of RuBPCO
(Sage et al. 1989, Webber et al. 1994, Osborne et al.
1998), redistribution of nitrogen (Makino and Mae 1999),
inhibition of photosynthetic genes (Stitt 1991, Osborne
et al. 1998), etc.

Rather contradictory results of prolonged exposure to
elevated [CO,] were reported partially due to different
experimental devices for cultivation (cabinets with con-
trolled environment, branch bags, open-top chambers,
and free-air carbon enrichment — FACE), various micro-
climatic conditions, or different growth stages of plants
(Garcia et al. 1998, Hymus et al. 1999). The up-regula-
tion of photosynthetic activity accompanied with in-
creased photochemical energy usage mitigating photo-
inhibition of PS2 have been shown in a study on winter
wheat grown for six weeks in elevated [CO,] in con-
trolled environment (Habash et al. 1995). The field study
using FACE also confirmed prolonged stimulation of
photosynthetic activity of spring wheat grown under 550
umol(CO,) mol™ during two month (Garcia et al. 1998).
On the other hand, in other field studies on cereals a
marked acclimation depression of photosynthesis was
reported (Tuba et al. 1994, Sicher and Bunce 1997).
Sicher and Bunce (1997) observed a loss in photosyn-
thetic activity in barley and winter wheat grown in open-
top chambers at 700 pmol(CO,) mol™ within a two-year
study. The acclimation depression of photosynthesis
under elevated [CO,] has been associated with decreased
PS2 photochemical efficiency (Peterson 1991, Van
Oosten and Besford 1995, Marek and Kalina 1996,
Kalina et al. 2000) and enhanced PS2 sensitivity to high
irradiance (Spunda ef al. 1998, Hymus et al. 1999). These
results are in agreement with findings of Hymus et al.
(2001) that elevated [CO,] can either increase or decrease
the sensitivity of PS2 photochemical activity to photo-
inhibition depending on whether up- or down-regulation
of CO, assimilation occurs. The opposite response of sun
and shade acclimated plants to elevated [CO,] regarding
the depression or stimulation of photosynthetic activity

Materials and methods

Plants: The seeds of spring barley (Hordeum vulgare L.
cv. Akcent) were planted in 4 500 cm® pots (100 seeds
per pot) in soil substrate (AGRO CS, Czech Republic)
with defined mineral nutrition (each pot contained 1.2 g
of ammonia and nitrate nitrogen, 1.1 g P,Os, and 1.9 g
K,0). Plants were grown under controlled environment
inside commercially delivered growth chamber (HB 1014
Bioline-Heraeus, Germany) at constant temperature of
20 °C, constant 65 % relative humidity, and 16/8 h
day/night regime. They were daily watered with de-ion-
ised water. The measurements were carried out on barley
grown under a low (100 pmol m? s™), high (730 pmol
m? s™), and extremely high (1 200 pmol m? s™') PPFD,
i.e. PPFD,oy, PPFD730, PPFD 50, respectively. PPFD was
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was shown for Norway spruce (Kalina et al. 2001). The
utilisation of photon energy within PS2 and PS1 occurs in
the dynamic balance with ATP and NADPH uptake in
Calvin cycle. Therefore, the acclimation of photosyn-
thetic apparatus to elevated [CO,] may strongly depend
on irradiation. The plant acclimation to high PPFD itself
lies in increased amount of components of electron trans-
port chain and/or Calvin cycle enzymes resulting in
higher photosynthetic activity and in reduction of light-
harvesting function (Anderson 1986, Gray et al. 1996,
Logan et al. 1996, Melis 1998). The additional response
to high PPFD is the increased ability to harmlessly dissi-
pate absorbed excitation energy within the light-harvest-
ing complexes (LHCs) in a process involving the xantho-
phyll cycle. The increased capacity of non-radiative
dissipation (NRD) of absorbed excitation energy is asso-
ciated with higher amount of xanthophyll cycle pigments
and enhanced convertibility of violaxanthin to zeaxanthin
and antheraxanthin (Thayer and Bjorkman 1990,
Demmig-Adams and Adams 1996, Adams et al. 1999).

Despite the extensive literature on the response of
plants either to elevated [CO,] or different PPFDs alone,
little is known about the concurrent effect of CO, enrich-
ment and various PPFDs on plants under controlled envi-
ronment (growth chamber). Hence, in the present study
we focused on response of barley photosynthetic appara-
tus to elevated and ambient [CO,] together with different
growth PPFDs. The main aims of our study were as fol-
lows. (/) To establish if the acclimation depression of
photosynthesis will occur for barley after a week of culti-
vation under elevated [CO,] inside the growth chamber.
(2) To explain the expected different responses to ele-
vated [CO,] for the barley grown under the different
PPFDs. (3) To characterise effect of elevated [CO,] on
pigment content, non-radiative dissipation of absorbed
excitation energy, and its relationship with the xantho-
phyll cycle. (4) Finally, to support or refute the hypothe-
sis that a direct synergetic effect of high PPFD and ele-
vated [CO,] enhances PS2 susceptibility to photoinacti-
vation.

estimated at pot height. The required irradiance with the
same shape of spectra for low, high, and extremely high
PPFD was achieved by combination of xenon (Powerstar
HOQI-T 400 W/D daylight, Osram, Germany) and krypton
(Krypton 100 W LO; Hungary) lamps mounted inside
growth chamber. Each PPFD treatment was applied on
barley plants divided into seven pots placed in the cham-
ber for 9 d from seed sowing. The ambient [350
umol(CO,) mol™'; AC] or elevated [700 pmol(CO,) mol™;
EC] CO, concentration inside the growth chamber during
the plant cultivation was controlled by infrared CO,/H,O
analyser (LI-6262, LI-COR, USA). The primary leaves of
8-9 d old plants were used for all measurements. The
plants were randomly selected for measurements of gas
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exchange, chlorophyll (Chl) a fluorescence, and pigment
analysis. By the end of the experiment the roots had not
fully explored the entire soil volume, and thus influence
of root restriction was not considered in this study.

Gas exchange: The measurements of CO, assimilation
were carried out with an open portable photosynthetic
system (CIRAS-1, PP Systems, UK) with infrared gas
analyser. The steady-state values of Py [umol(CO,) m™
s'] were determined on barley leaf segments (3 cm?) at
PPFD and [CO,] used for plant growth. The irradiance-
saturated rates of CO, assimilation (Pymax) Were estab-
lished at PPFD of 1 500 umol m™ s and given growth
[CO,]. The maximal CO, assimilation capacity (Pysa)
was measured at both saturating [CO,] [1 300 umol(CO,)
mol'] and saturating PPFD [1 500 pmol m™ s™']. The
ability of this PPFD and [CO,] to saturate CO, assimila-
tion capacity was tested in a previous experiment (values
not shown). The steady-state CO, assimilation rates were
recorded at maximal stomatal conductivity approximately
after 8-10 min of exposure to a given PPFD. Corre-
sponding stomatal conductances [gs, Zsmax, and gssas
mmol(CO,) m™ s'] were calculated from leaf transpira-
tion estimated as the rate of water vapour changes. The
microclimatic conditions inside the assimilation chamber
were kept constant during all the measurements
(temperature of leaves 23+2.2 °C, relative air humidity
5543 %).

Chlorophyll (Chl) fluorescence at room temperature
was measured using a PAM 101, 103 fluorometer
(H. Walz, Effeltrich, Germany) on barley leaf segment
(1.5 cm?®). The estimation of steady-state fluorescence
parameters was performed under AC as well as saturating
[CO,], both at growth PPFD and high PPFD (1 900 pmol
m? s™). The initial (F,) and maximal (Fy;) fluorescence
levels were measured on the dark-adapted (1-8 h) leaf
segments and the PS2 photochemical efficiency was
calculated as Fy/Fy = (Fy — Fo)/Fu. Then, the given ac-
tinic PPFD was applied for 10 min. The saturation pulses

Results

Chl and Car contents: The decline of Chl a+b and
Car x+c amounts estimated per dry matter was observed
with increasing growth PPFD in AC conditions (Table 1).
The AC barley plants grown under 1 200 PPFD exhibited
reduced Chl a+b content by 62 % as compared with
plants grown under 100 PPFD, and similar reduction
(57 %) was observed for EC barley. Some studies con-
cerning pigment analysis under EC have shown a de-
crease of the total Chl content (DeLucia ef al. 1985, Sage
et al. 1989, Spunda et al. 1998, Kalina et al. 2001). In
agreement, the barley acclimation to EC conditions re-
sulted in reduction of total Chls and Cars expressed both
per dry matter (Table 1) and leaf area (values not shown)

of 1 s duration and incident PPFD approx. 5 000 umol
m? s™ were optimal to induce the Fy' level. To estimate
the value of Fy' the actinic PPFD was switched off for 3 s
and the lowest fluorescence level during this period was
regarded as Fy. The following Chl a fluorescence
parameters were calculated from Fy' and F,, values
measured in steady state at given PPFD (8—10 min): non-
photochemical quenching of Fy (NPQ = Fy/Fy/' — 1) and
Fo (SV, =Fy/Fy' — 1) (Bilger and Bjorkman 1990).

Pigment analysis: Plant pigments from frozen (at liquid
nitrogen) dark-adapted (1-h) barley leaf segments (3 cm?)
were extracted with 80 % acetone and a small amount of
MgCOs. The spectrophotometric (UV/VIS 550, Unicam,
England) estimation of the pigment contents (Chl g,
Chl b, and total carotenoids, Cars) according to
Lichtenthaler (1987) and isocratic reversed-phase HPLC
quantification of individual Cars were described previ-
ously (Kurasova et al. 2002). The de-epoxidation state of
xanthophyll cycle pigments was estimated on 1-h dark-
adapted leaf segments (DEPSg.), on segments exposed
for 10 min to actual growth PPFD (DEPS,;), and on
segments exposed for 10 min to high PPFD of 1900
pmol m? s (DEPS,,), respectively. The de-epoxidation
state at mentioned experimental conditions was calcu-
lated according to Adams et al. (1999) as DEPS =
[Z+A]/[V+A+Z], where Z, A, and V indicate zeaxanthin,
antheraxanthin, and violaxanthin, respectively.

Statistical analysis: To test the effect of growth AC and
EC on pigment content, Chl a fluorescence, and gas ex-
change parameters a two-sample F-test for variances
followed by a #-test were used. Based on the result of the
F-test a t-test was performed assuming either equal vari-
ances or unequal variances. A sample size of 8-10 per
treatment was used for statistical analyses. The levels of
significance 0.05, 0.01, and 0.001 were indicated as T
and *. All statistical tests were performed using analysis
tools from Microsoft® Excel 97 SR-2.

as compared with AC plants under corresponding PPFDs.
The mentioned reduction of Chl a+b content per dry
matter amounted 21 % (PPFD;q), 50 % (PPFD3), and
12 % (PPFDyy). In addition, if compared with AC, the
EC barley exhibited also lower Chl a+b to Car x+c ratio
at all growth PPFDs (Table 1). The extent of Chl a/b
increase observed both under AC and EC conditions
corresponded with typical acclimation response of barley
to increasing irradiances (Cajanek er al. 1999, Kurasova
et al. 2000, 2002).

Car composition: No effect of EC conditions on contents
of neoxanthin (N) and xanthophyll cycle pigments (VAZ)
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was observed for PPFD,q, plants, whereas content of
lutein (L) was slightly increased and content of B-caro-
tene was 68 % higher in comparison with AC plants
(Table 2). The acclimation of AC barley to increasing
growth PPFD evoked no pronounced differences in N and
L (Kurasova et al. 2002). On the contrary, EC cultivation
led to slight decline of N in plants with increasing growth
PPFD, whereas L significantly increased and its content
was by 6, 11, and 33 % higher if compared with AC
plants grown under 100, 730, and 1200 PPFD, respec-

Table 1. The pigment contents in barley plants grown under
[350 pumol(CO,) mol™'; AC] or elevated [700 pmol(CO,) mol™;

tively (Table 2). We observed more than threefold in-
crease in VAZ pool for AC plants grown under 1200
PPFD in comparison with those cultivated under 100
PPFD, and the same quantitative change was also obser-
ved for EC plants (Table 2). Thus, HPLC analysis con-
firmed that increased relative content of Cars to Chls for
EC barley plants (Table 1) was related particularly to the
accumulation of B-carotene (at low PPFD) and L (at high
PPFD).

different PPFDs (100, 730, and 1200 pmol m? s™') and ambient
EC] CO, concentration. The total chlorophyll (Chl a+b) and carote-

noid (Car x+c) contents per dry matter, Chl a/b, and Chl a+b/Car x+c ratios were estimated on dark-adapted plants. The mean values
(n) from ten measurements + standard deviations (SD) are given. The statistical differences between conditions of AC and EC at

sk ok

corresponding growth PPFD are presented by symbols 57T and ns (in upper index) which indicate differences at 0.05, 0.01, 0.001
levels of significance and non-significant difference, respectively.

Growth PPFD [pmol m? s'l]
100 730

1200

*

Chla+b[gkg'] AC  1725+0.93" 11.14+0.88"
EC  13.65+1.55 5.59 +0.44
Carxt+c[gkg'] AC 3.14+0.29" 241+0.17"
EC 2.76 +0.32 1.51+0.58
Chl a+b/Car x+¢  AC 5520277 4.63+038"
EC 4.96+0.11 3.69 £ 0.09
Chl a/b AC 3.14+£0.03™  3.43+0.06"
EC 3.17+0.04 3.40 = 0.07

s

*

6.58+0.29"
581+1.11
1.98 +0.12"
1.86+0.32
3.33+023"
3.12£0.13
3.97+0.10°
3.72+0.21

Table 2. The composition of carotenoids in barley plants grown
under different PPEDs (100, 730, and 1200 pmol m™ s) and
ambient (AC) or elevated (EC) CO, concentration. The carote-
noid contents [mmol mol™(Chl)] expressed on total chlorophyll
(Chl a+b) basis were estimated by HPLC analysis on dark-
adapted plants. N — neoxanthin, L — lutein, B-car — B-carotene,
and VAZ — sum of violaxanthin (V), antheraxanthin (A), and
zeaxanthin (Z). The statistical differences are presented by the
same way as in Table 1. n =10 + SD.

Growth PPFD [pmol m™ 5]
100 730 1200

N AC 475+13"  483+26™ 39.0+53™
EC 463+1.0 39.6+2.8 379+1.7
L AC  176.8+2.8" 189.5+517 181.4+9.1""
EC  1873+29 211.9+12.7 240.8+12.9
B-car AC 783+ 13.777 1493 £ 12.8" 139.5 £33.8"™
EC 1313+94 1432+11.0 170.7+6.6
VAZ AC 599425  97.1+73" 183.7+18.0%
EC 603+46 116.6+11.8 188.5+17.1

De-epoxidation of the xanthophyll cycle pigments: A
characteristic enhancement of de-epoxidation of xantho-
phylls (estimated on barley leaf segments 10 min exposed
to actual growth PPFD — DEPS,.), with increasing
growth PPFD is shown in Fig. 14. The lowest extent of V
de-epoxidation (only 25 %) was established for AC plants
grown under 100 PPFD, whereas 730 and 1200 PPFD
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induced almost 2.5 and 3 times higher DEPS, .. The EC
plants revealed a quantitatively similar increase of
DEPS,,,, but extent of de-epoxidation was slightly higher
in comparison with AC treatment at corresponding
PPFDs (Fig. 14). The maximal convertibility of V was
estimated on plants shortly (10 min) exposed to PPFD of
1900 pmol m™ s (DEPS,,; Fig. 1B) that was sufficient
to saturate V de-epoxidation (values not shown). Under
both EC and AC conditions the lowest DEPS,; values
were observed for the PPFD¢, plants, whereas the high-
est V convertibility (DEPS,; = 0.80 and 0.83) was
achieved in PPFD,,y plants. A significantly increased
DEPS,,; under EC conditions was established only for
PPFDg; plants (Fig. 1B), in agreement with the fact that
the EC cultivation induced an enlargement of VAZ pool
in comparison with AC plants only at this growth PPFD
(Table 2). If the plants grow under optimal PPFD almost
all Z+A is readily epoxidised back to V under the follow-
ing period of darkness. However, high-irradiance stress
may considerably slow-down the epoxidation to hours or
even days (Jahns and Miehe 1996, Demmig-Adams et al.
1998). As shown in Fig. 1C, an enhancement of Z+A
amount remaining after 1-h of darkness (DEPSg,) upon
increasing growth PPFD was observed both under AC
and EC conditions. The PPFD ¢, barley was characterised
by only negligible residual Z+A amount in darkness
(DEPS4uk = 0.02 under AC, and 0.04 under EC). On the
contrary, extremely high DEPSg4 (0.59) was obtained
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for EC barley grown under 1 200 PPFD (Fig. 1C). Fur-
ther, the strikingly slowed-down epoxidation of Z+A
during the dark period was observed mainly for EC bar-
ley. The most pronounced enhancement of DEPSy,
occurred again for PPFD73 plants, when a 3.5-fold higher
de-epoxidation state was evoked by EC compared to AC
conditions (Fig. 1C).
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Fig. 1. The de-epoxidation state of the xanthophylls (DEPS)
expressed as [Z+A]/[V+A+Z] for barley grown under different
PPFDs (100, 730, and 1200 pmol m™ s) and ambient [350
umol(CO,) mol'; empty bars] or elevated [700 pmol(CO,)
mol™; full bars] CO, concentration. The DEPS was estimated
on barley plants exposed for 10 min to actual growth PPFD
(DEPS,;; 4), for 10 min to high PPFD of 1 900 pmol m?” s
(DEPSq,; B), and on dark-adapted (1-h) barley (DEPSy,; C).
The statistical differences between conditions of ambient and
elevated [CO,] at corresponding growth PPFD are marked *, ™,
™ and ns for 0.05, 0.01, 0.001 levels of significance and non-
significant difference, respectively. n =10 £ SD.

The CO, assimilation and stomatal conductance: The
net CO, assimilation per leaf area (Py) was determined at
actual growth PPFD and actual growth [CO;] (Fig. 24).
Under AC the highest Py value was observed at 730
PPFD, whereas it was reduced by 32 % at 1 200 PPFD as
a result of photoinhibition (Kurasova et al. 2002). Py
values were slightly lower in EC plants grown under low
(by 14 %) and extremely high (by 9 %) PPFD compared
to AC plants. On the contrary, elevation of growth [CO,]
caused Py suppression by 58 % in comparison with the
AC conditions for cultivation at 730 PPFD. Similarly to

the results of Py, 50 % reduction of irradiance-saturated
rate of CO, assimilation (Pnmax) Occurred at 730 PPFD
(Fig. 2B). The PPFD73y and PPFD 559 AC plants revealed
assimilation capacity (Pnsy) higher by 77 or 65 % com-
pared to those grown under 100 PPFD (Fig. 2C) as a typi-
cal acclimation response to high PPFD. On the contrary,
the EC plants lost the ability to significantly enhance
assimilation capacity at high growth PPFDs (Fig. 2C).
Moreover, the EC conditions induced pronounced depres-
sion of Pygy as compared with AC plants at all PPFDs,
but the most pronounced effect of long-term EC charac-
terised by almost three-time lower Py, values was ob-
served again in PPFD; barley.
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Fig. 2. The rates of CO, assimilation (Py) expressed per leaf
area on barley grown under 100, 730, and 1200 PPFD and
ambient (empty bars) or elevated (full bars) CO, concentration.
A: The actual Py at corresponding growth PPFD and growth
[CO,]. B: The rates of irradiance-saturated photosynthesis,
Prmax (1500 pmol m? s'l) and actual growth [CO,]. C: The
capacity of photosynthesis at saturating irradiance and satu-
rating [CO,] [1 300 pmol(CO,) mol‘l], Py The statistical dif-
ferences are presented by the same way as in Fig. 1. n =8 + SD.

The different extent of reduction of photosynthesis
under EC (Fig. 2) is supported by gs measurements
(Fig. 3). A typical response of g5 to growth PPFDs was
observed under AC cultivation, where the highest g5 was
observed at 730 PPFD (Fig. 34). Significantly lower gs
by 65 and 45 % at 100 and 1 200 PPFD corresponded to
low growth irradiance and to photoinhibition, respec-
tively, in agreement with the Py changes (Fig. 24). The
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saturating PPFD evoked very similar values of gg,, for
AC plants grown under 100 and 730 PPFD (Fig. 3B). By
contrast, markedly lower gsm.x was estimated for the
highest growth PPFD. The EC treatment pronouncedly
reduced gg at all growth PPFDs, but the most pronounced
reduction was again observed under 730 PPFD (Fig. 3).
The reduction of g5 and gsm.x (Fig. 3B,C) for EC plants
was 86 % compared to the AC barley grown under 730
PPFD. The AC plants sensed the exposure to saturating
irradiance and [CO,] reducing gs by 48 % (PPFDy,
PPFD730) and 43 % (PPFD;yy) if we compare ggg,; and
gsmax values (Fig. 3B,C). Under EC the response of
stomata to saturating [CO,] was not considerably changed
at PPFDjqy in comparison with AC conditions (gss, Was
by 51 % lower than ggn.x). On the contrary, for PPFD;
plants the ggs, was only by 16 % lower than ggn., that
indicated the most pronounced reduction of stomata
reactivity.
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Fig. 3. The stomatal conductance for barley grown under 100,
730, and 1 200 PPFD and ambient (empty bars) or elevated (full
bars) CO, concentration. 4: The actual stomatal conductance
(gs) at corresponding growth PPFD and growth [CO;]. B: gsmax
was estimated under saturating PPFD (1 500 pmol m? s) and
actual growth [CO;]. C: Stomatal conductance at saturating
irradiance and saturating [CO,], gss. The differences between
stomatal conductances at ambient and elevated [CO,] at corre-
sponding growth PPFD were significant at level of 0.001 in all
cases. n =8 £ SD.
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Photochemical efficiency of PS2 and non-radiative
energy dissipation: The concurrent effect of high PPFDs
(730 or 1200 pmol m? s') and EC treatment caused
pronounced decrease of PS2 photochemical efficiency
measured on dark-adapted plants (Fv/Fy; Fig. 4). As
shown, non-significant difference between Fy/F); values
was observed for barley grown under AC and EC at 100
PPFD. In addition, these values of Fy/Fy; (0.818 for AC
and 0.816 for EC) were close to optimum (0.831+0.004)
that was estimated for many healthy plant species
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Fig. 4. The dependence of the photochemical efficiency of PS2
(Fy/Fy) of dark-adapted barley on growth PPFD. The barley
plants were grown under ambient (empty bars) and elevated
(full bars) CO, concentration. The statistical differences are
presented by the same way as in Fig. 1. n =20+ SD.
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Fig. 5. The non-photochemical quenching of maximal (Fy)
chlorophyll @ fluorescence characterising extent of non-radia-
tive dissipation of absorbed excitation energy in photosynthetic
apparatus of barley grown under ambient (empty bars) or ele-
vated (full bars) CO, concentration. 4: NPQ, was estimated on
barley leaves shortly (10 min) exposed to actual growth PPFD.
B: NPQg, estimated after 10-min exposure to high PPFD (1 900
pumol m? s). The statistical differences are presented by the
same way as in Fig. 1. n =9 £+ SD.
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growing under physiological conditions (Bjorkman and
Demmig 1987). The plants grown under high PPFD were
characterised by gradual suppression of their photo-
chemical efficiency. However, in EC plants the Fy/Fy
was significantly lowered in comparison with AC plants,
particularly at 730 PPFD (Fig. 4). Due to fact that stable
Fy/Fy values were estimated during 1-8 h of dark
adaptation, the observed Fy/Fy decrease under EC and
730 or 1200 PPFD was associated with mostly
irreversible PS2 photoinactivation. Thus, the acclimation
to EC sensitises photosynthetic apparatus of barley plants
grown at high PPFD to PS2 photoinactivation.
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Fig. 6. The non-photochemical quenching of minimal (Fy)
chlorophyll a fluorescence characterising extent of non-radia-
tive dissipation of absorbed excitation energy originating in
light-harvesting complexes and measured in barley grown under
ambient (empty bars) or elevated (full bars) CO, concentration.
A: SV*" was estimated on barley leaves shortly (10 min) ex-
posed to actual growth PPFD. B: SV,™ was estimated after
10-min exposure to high PPFD (1900 pmol m? s'). The
statistical differences are presented by the same way as in
Fig. 1.n =9+ SD.

The decreased utilisation of absorbed photons in PS2
photochemical reactions (Fig. 4) associated with accli-
mation depression of photosynthesis detected for EC
plants (Fig. 2) induced enhancement of total non-radia-
tive dissipation (NRD) of absorbed energy (determined as
NPQ; Fig. 5) and that originating within LHCs (SV;
Fig. 6). If NRD was estimated at actual growth PPFDs

Discussion

The extent of acclimation depression of photosynthesis
under EC: A suppression of photosynthetic activity often
occurs after initial stimulation by CO, enrichment if there
is long-term exposure of plants to elevated [CO,] (Bowes
1991, Stitt 1991, Sicher et al. 1994, Osborne et al. 1998,
Makino and Mae 1999). The comparative studies have
shown that down-regulation of photosynthesis varies with
plant species as well as environmental aspects (Sage et al.
1989, Luo et al. 1994). Recently, we found that sun ex-
posed needles of Norway spruce showed a slight accli-

(NPQ,; Fig. 54) a typical NPQ increase in dependence
on growth PPFD was observed for AC and EC plants,
too. These growth conditions already caused significantly
greater extent of NRD in EC barley compared with AC
plants. To invoke a maximal NRD the plants were shortly
exposed to PPFD of 1 900 pmol m™ s™ (NPQ,; Fig. 5B).
The high PPFD induced again a larger NRD in EC than
AC plants, but now only for 730 and 1 200 PPFDs. As
presented at Fig. 5B, the decline of NPQ, was observed
with increasing growth PPFD in both AC and EC plants.
Thus in plants acclimated to low PPFD the fluorescence
quenching induced within LHCs (SV,) contributes only
restrictively to total NRD (compare Figs. 5B and 6B),
whereas the growth under high PPFDs is accompanied
with significant increase of SV, (Fig. 64).
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Fig. 7. The correlation between photochemical efficiency of
PS2 of dark-adapted barley leaf segments (Fy/Fy) and conver-
sion-state of xanthophylls estimated after 1-h of darkness
(DEPSga)- Values were obtained from Figs. 4 and 1C for bar-
ley grown under 100 (circles), 730 (squares), and 1 200 (trian-
gles) PPFD together with ambient (empty symbols) or elevated
(full symbols) CO, concentration. The linear regression of mean
values is presented.

The higher extent of NRD originating within LHCs
for EC plants was estimated from increased F, quenching
both under actual growth PPFDs (SV,*'; Fig. 64) and
high PPFD (SV,*™; Fig. 6B) for all barley plants. The
most pronounced difference was observed for EC barley
grown under 730 PPFD for which SV and SV, were
higher by 69 and 120 % than for AC plants.

mation depression of photosynthesis after three seasons
of cultivation under EC, whereas shade needles in the
lower crown layer maintained stimulation of CO, as-
similation (Kalina et al. 2001). The qualitatively same
results were obtained in continuing experiments during
the next vegetation season (Marek et al. 2002). We sup-
pose that the acclimation depression of sun type assimil-
atory apparatus may be caused either by direct syner-
getic effect of high PPFD and EC or by different degree
of sink-limitation. In the present paper, the stimulation of
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CO, assimilation did not occur for barley even under low
growth PPFD (100 pmol m™ s™) and EC. These plants
showed significantly lower Py (Fig. 24) and CO, assimi-
lation capacity lowered by 31 % (Pnsa; Fig. 2C) in com-
parison with AC plants. A similar effect of EC cultivation
on Pyg: Was found at 1 200 PPFD, but Py, was almost
twice reduced in comparison with AC plants. Surpris-
ingly, the most pronounced acclimation depression of
photosynthesis was observed for the EC barley cultivated
under 730 PPFD, wherein Py was almost three times
lower compared with AC plants. Thus the extent of ac-
climation depression of photosynthesis for EC barley is
not directly connected with synergetic effect of high
PPFD and EC, but is rather proportional to the degree of
sink-limitation. Acclimation pattern of assimilation/
intercellular CO, response curves (Py/Cj; values not
shown) supported strictly sink-limited photosynthesis
(Webber et al. 1994) for all growth PPFDs and EC. The
highest decrease of RuBPCO activity and ribulose-1,5-
bisphosphate regeneration under EC cultivation occurred
at PPFD73 as judged from suppressed maximal rates of
carboxylation and electron transport (calculated accord-
ing to Farquhar ef al. 1980; values not shown).

Based on these results, we can formulate the follow-
ing hypothesis for strictly sink-limited species: The
strongest down-regulation of photosynthesis develops in
plants characterised by maximal assimilate production
under AC conditions. For these plants the exposure to EC
quickly depletes the sink capacity. In present study, the
AC plants grown under 730 PPFD exhibited the highest
PN, Pamax, and Pygy values if compared with PPFD, gy or
PPFDyq plants (Fig. 2). Thus, a suggested dependence
of sink-limitation on the CO, assimilation activity of
plants grown under AC explains a significantly more
pronounced depression of photosynthesis under CO,
enrichment for the plants grown at PPFD;3, than
PPFD)500.

Whereas short-term CO, elevation results in a prompt
reversible reduction of gs (Jarvis et al. 1999), the long-
term excess of CO, supply over that used in Calvin cycle
may induce changes in stomata number and/or size asso-
ciated with permanent gg reduction (Morison 1998,
Bunce 2000). The observed gs decline was much more
pronounced than corresponds to short-term elevation of
[CO,] (Fig. 3). Further, the reduction of ggy.x and gsg
was the most marked for PPFD;, less pronounced for
PPFDjyqy plants with the least effect under the lowest
PPFD. That is in direct relation to degree of acclimation
depression of photosynthetic capacity (Pysa; Fig. 2C) and
supports the different degree of missing sink for inter-
cellular carbon for the plants cultivated under EC and
different PPFDs.

In agreement with the fact that the extent of acclima-
tion depression of photosynthesis is dependent on the
plant ability to use additional saccharides (Arp 1991, Luo
et al. 1994), some plant species, e.g. spring barley, bean
(Sage et al. 1989), or cotton (DeLucia et al. 1985), accu-
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mulate a great deal of saccharides in the leaves and in-
cline to down-regulation of photosynthesis. The sug-
gested reason of acclimation depression of photosynthesis
is in agreement with results of Hibberd et al. (1996) who
reported a greater accumulation of saccharides in barley
leaves grown under elevated than ambient [CO,] accom-
panied with decline of the carboxylation efficiency. In
our experiment the greater accumulation of assimilates
for EC plants was indirectly confirmed from reduction of
total Chl content per dry matter in comparison with AC
plants (Table 1) that was the strongest under 730 PPFD.
This decrease of Chl content was not due to diminution of
LHC size as judged from the same Chl a/b ratio for EC
and AC plants at corresponding growth PPFDs (Table 1).
Therefore, the reduction of Chl content confirmed that the
amount of excessive accumulation of assimilates in EC
barley leaves was related to sink depletion rate. The per-
formed growth analysis also proved earlier growth and
expansion of second and third barley leaf under EC and
high PPFD treatment relative to AC plants. The ex-
tremely rapid appearance of the third leaf for EC barley
grown under 730 PPFD already 6-7 d after sowing may
be related to maintaining sink strength to use photosyn-
thates. CO, enrichment (Makino and Mae 1999) and thus
saccharide accumulation (Paul and Foyer 2001) in leaves
can lead to accelerated leaf senescence. Hence, both the
reduced Chl content and increased relative amount of
Cars (Table 1), particularly of B-carotene and L (Table 2),
seem to be in accordance with earlier ageing of primary
leaves under EC conditions.

The response of barley to EC revealed more pro-
nounced manifestation of acclimation depression of pho-
tosynthesis in our study than in field studies on cereals
(Sicher and Bunce 1997) and Norway spruce (Marek and
Kalina 1996, Kalina et al. 2000) or in a FACE study with
wheat (Garcia et al. 1998). This fact can be explained by
a higher daily dose of photosynthetically active radiation
for barley plants inside growth chamber, where a given
PPFD is applied for the duration of 16 h. By contrast, in
field conditions with diurnal PPFD changes the exposure
of plants to high incident PPFD occurs maximally during
a few hours at noon.

The feedback induced alteration of PS2 function un-
der EC: The utilisation of PPFD in photochemical proc-
esses occurs in a dynamic equilibrium with consumption
of products of the primary photochemical reactions in
Calvin cycle (Melis 1998). Hence, the decline of photo-
synthetic activity reduces utilisation of PPFD in photo-
chemical reactions and enhances demand on the other de-
excitation processes, particularly on non-radiative dissi-
pation of absorbed radiant energy (NRD). The increased
NRD capacity is one of the general features of acclima-
tion to high PPFD and close relationship between NRD
and de-epoxidation of the xanthophylls and/or VAZ pool
is wusually observed (Thayer and Bjorkman 1990,
Demmig-Adams and Adams 1996, Logan et al. 1996,
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Melis 1998, Adams et al. 1999). Accordingly, the in-
crease of growth PPFD evoked a typical enhancement of
de-epoxidation state of the xanthophylls and corres-
ponding enlargement of NRD within PS2 estimated as
NPQ, and SV,*' (compare Figs. 14, 54, and 64). The
enhanced demand on NRD for EC barley at all growth
PPFDs in comparison with AC grown plants (Figs. 54
and 64) is in qualitative agreement with decreased CO,
assimilation (Fig. 24) and enhanced de-epoxidation of
xanthophylls (Fig. 14). The significantly higher extent of
the irradiance-saturated de-epoxidation of V (V converti-
bility) for EC barley in comparison with AC plants ob-
served only at 730 PPFD (Fig. 1B) corresponds to signifi-
cant enlargement of VAZ pool under EC conditions again
only for 730 PPFD (Table 2). As mentioned, the greatest
acclimation depression of photosynthesis under EC con-
ditions occurred under this growth PPFD (Fig. 2). The
strongly decreased photochemical utilisation of photon
energy in this case resulted in selective photoprotective
response of xanthophylls closely connected with signifi-
cantly enhanced capacity of NRD within LHCs (Fig. 6B).

The AC and EC barley responded to high growth
PPFD with threefold higher VAZ pool (Table 2) and
significantly increased amount of convertible V from
55 % (at 100 PPFD) to the 80 % at the highest growth
PPFD (Fig. 1B). However, the positive correlation be-
tween V convertibility (Fig. 1B) and NPQy, (Fig. 5B) was
not observed. According to Kurasova et al. (2002) the
high NPQ for barley acclimated to low PPFD is related to
the domination of Z+A-independent NRD originating in
photoinactivated PS2 reaction centres. On the contrary,
the increased capacity of NRD within LHCs (SV,™) for
both AC and EC plants grown under high PPFD (Fig. 6B)
corresponds partially to the V convertibility (Fig. 1B).
Therefore, for barley and those plant species, which are
susceptible to rapid PS2 inactivation upon short-term
exposure to PPFD saturating V de-epoxidation, NPQ is
not a suitable probe for the Z+A-dependent NRD within
LHCs, but rather SV, should be used.

In agreement with Jahns and Mieche (1996) and
Demmig-Adams ef al. (1998) the markedly slowed ep-
oxidation of Z and A during the dark period was observed
upon increased growth PPFD (Fig. 1C). However, a con-
siderably higher DEPSy,x was estimated under high
growth PPFDs and EC conditions. For EC plants grown
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