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Abstract

Wheat plants were grown from sowing to day 18 in 26-dm’ chambers at three different CO» concentrations: 150 (-CO»),
350 (C, control), 800 (+CO) umol mol™. Afterwards, plants of the three variants were grown at the same natural CO,
concentration. Plant characteristics were measured just before the transfer (0 days afier CO, treatment, DAT), and at 5 -
8 DAT on the 19 leaf, and at 12 - 22 DAT on the 4" leal. Decreased or increased CO, concentrations caused
acclimations which persisted after transplantation Lo natural CO» concentration. At 5 - 8 DAT, stomatal density, stomatal
conductance (g;), CO, saturated net photosynthetic rate (Pngc). radiation saturated net photosynthetic rate {Pysa), and
carboxylation efficiency (1} were higher in -CO; plants and Jower in +CO; plants than in C plants. As compared with C
plants, the photochemical efficiency (o) was lower in -CO; and higher in ~CO, plants, however, chlorophyll (Chl) a,
Chl b, Cht a6 and carotenoid contents were lower in both -CO, and +CO, plants. On the 4™ feaf, which emerged on
plant after finishing CO, treatments, at 12 - 22 DAT, no differences in stomatal density and g, between treatments were
observed. In -CO, plants, pigment content and Py, c were higher, o was lower, and Py and t were not different from C
plants. In contrast, in +CO» plants, pigment content, Py and 1 were lower, and P and o were unchanged. Leaf area,
dry mass, and tiller development increased in +CO, plants and decreased in -CO; plants. In the interval between 8 and
22 DAT, lower net assimifation rate in 4 CO, than in -CO, plants was observed.

Additional key words: carboxylation cfficiency, carotenoids, chlorophyll. growth analysis. net photosynthetic rate. photochemical
cfficiency. ribulose |,3-bisphosphate carboxylase/oxypenase. stomatal conductance, Triticum aestivien.

Introduction

The global climate change, cspecially upward trend in the future atmosphere, the research has been mostly
atmospheric CO, concentration, has important implication concentrated on the cffect of increased CO, concentration
for plant photosynthesis. For modelling plant behaviour in on gas exchange, pigment conlent, stomata behaviour,
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Abbreviations: +CO, plants, C plants and -COy plants - plants treated by 800, 350 and 150 wmol(CO,) mol ™' respectively, for 18 d;
¢, - ambient (O, concentration; Car - carotenoids; ¢ - intercellular CO, concentration; DAT - days after CO, treatment: 1M - dry
mass; g, - stomatal conductance for water vapour transter; Chl - chlorophylk | - irradiance; LA - leaf area; LALLM ratio - leal area/leal’
DM ratio: LAR - leal arca ratio; NAR - net assimilation rate; Py - net photosynthetic rate; Py - CO» saturated Py; Pygan - radiation
saturated Pw. Rp - dark respiration rate; Ry - rate of CO, evolution in the light at zero ¢; RuBP - ribulose-1,3-bisphosphate;,
RUBPCO - RuBP carboxylase/oxygenase: S/R ratio - shootroot ratio; T - compensation CO; concentration: T’ - compensation
irradiance. o - photochemical efficiency: T - carboxylation efficiency.
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photosynthate formation and alocation, erc. (for recent
reviews sce, e.g. Murray 1997, Saralabai ¢ of 1997,
Pospisilova and Catsky 1959a.b), Only several papers
have dealt with the effect of decreased CO- concentration
which was characteristic [or the atmosphere in the past
(e.g. in wheat or in other cereals - Polley er af. 1992,
1993a,b, Maveux ¢t ol 1997, in rice - Baker ef a/. 1990,
1992, in bean and soybean - Allen ¢ o/ 1991, Sage and
Reid 1992, Cowling and Sage 1998). Also in present
times, plants arc sometimes exposed to rather low CO,
cencentration. For example, decreased CO, concentration
in dense canopies might contribute to a midday
depression of photosynthesis {e.g. Xu and Shen 19973,
Very low CO, concentration (near compensation
concentration) develeps during light period in the rather
tightly closed vessels of autotrophic or mixotrophic ix
vitro cultures (e.g Fujiwara er of 1987, Solarova et af.
1989, 1996, Santricek e o/ 1991, Niu and Kozai 1997,
Kozal et al 1997, Nguven and Kozai 1998). Similarly,
plants are growing under low CO, concentralion in
unventilated hotbeds or ereenhouses (e.g Mortensen
1987, Kitaya ¢/ al. 1998). Theretore, the photosynthetic
production of plants grown in vitro (Ticha 1996, Solarova
and Pospisilova 1997) and in greenhouses (Critten 1991,
Nederhoff 1994} can be improved by rising €O,
concentration. Plants from hieh aititudes are also exposed
1o lack of CO- caused hy its decreased partial pressare
(eoe Billings or wl. 1961, Korner 1992),

The upward trend in atmospheric CO, concentration
probably has already enhanced the photosynthesis and
growth of many plants. however, one of the central issues
is to elucidate a mechanism why long-term exposure of
plants to clevatcd CO5 concentration often results in a
down-regulation ol photosynthesis. ie., that
photosynthetic rate at clevated CQs is lower than it would
be expected based on  shori-term  assessment  of

Materials and methods

Plants: Seceds of winler wheat (Trivicim aestivien 1.
cv. Zdar line A. breeding station Uhictlice) were sown on
a filter paper moistened with distilled wawer, After 5 d,
seedlings were fixed into glass holders with foam-rubber
and placed into Hoagland nutrient solution  with
microelements (Hewitt 1966). Each 3-dm’ cultivation
vessel contained 80 seedlings. The cultivation vessels
were  placed in  three  plexiglass  chambers
(02203 x0.4m) with low (150 umol mol”, -CO,
plants}, natural atmospheric (350 pmot mol™, C plants)
and  high (800 pmol mol”!,  +CO, plants) €
concentrations (Hak and Natr [990). CO, in the incoming
air was [irstly depleted by soda lime (Natrocatcid,
Spotana, Neratovice, Czech Republic), and then CO, was
added from cylinders through silicon-rubber tubes: CO.
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photosynthelic rates as a function of CO, concentration
(for reviews sce. e.g., Mott 1990, Bowes 1993, Allen
1994, Reining 1994, Sage and Reid 1994, Sharkey 1994),
The down-regulation  of  photosynthesis may be in
conscquence of 7} deercased stomatal density and partial
stomata closure reducing the CO» transport to the sites of
carboxylation, 2} rapid production of photosynthalcs
leading 1o excess amount of starch in the chloroplasts and
feedback inhibition of Py; this inhibition is dependent on
the availability of sinks in the plant and also on the
availability of nitregen to balance enhanced availability of
carbon, 3) reduction in the amount or activity of
RuBPCO, ¢t

On the contrary, in alpine plants adapted to decreased
CO; partial pressure higher carboxylation efficiency in
comparison with lowland plants was found (¢.g. Korner
and Diemer 1994). In primary bean leaves growing under
cnvironment  simulating  /n wvirro  culture (CO»
concentration  decreasing  with  the  development  of
photosynthetic activities from 600 to 150 pmel mol™), net
photosynthetic rates and other photosynthetic activities in
mature leaves were higher than in plants grown under
natural CO, concentration (Catsky ef afl. 1995). These
results suggest that photosynthetic traits in mature leaves
might be aifected by CO, concentration during very early
phases of ontogeny.

The aiin of this research was to confinm or reject the
hypothesis that long-term exposurc of plants to decreased
CO; concentration  might induce up-regulation  of
photosynthesis and il this hypothesis is confirmed to
compare the mechanisms of acclimation of photosynthesis
o clevated and decreased CO, concentration, Similarly
important scems to determine if the changes induced by
elevated or decreased CO- concentrations during carly
phases of plant development persist in the further growth
under natural CO, concentration.,

concentration was regulated by the length of silicon-
rubber tubes and by air-flow (Apel 1966). Air exchange
in growth chambers was 50 em’ s7', day/night temperature
20414 °C, and irradiance of 250 pmol m™?s” during 16-h
photoperiod. Relative air humidity was dependent on the
leal” area and transpiration of cultivated plants and rose
frem 70 to 98 %. Plants were grown for 18 d (before
developing of fourth leaf) and afterwards CO, treatment
finished, and plants of all variants grew for 22 d under
CO, concentration of 350 pmol mol™ and air humidity of
30-60 %, other conditions remamn unchanged. The
experiments finished on the 40" day afler sowing.

The paramcters studicd were measured just before
finishing CO» treatment (0 DA, 15 - 18 d after sowing)

in the first leaves, 5 - 8 DAT (23 - 26 d after sowing) also



in the first leaves, and 12 - 22 DAT (30 - 40d after
sowing) in the fourth leaves. We aimed to determine
characteristics of the 1% leaf which developed in the
different CO» concentrations, and also of the AN Jeaf
which emerged on plant when COs treatment was already
finished.

Leaf area, dry mass and growth analysis: Leaf area
(LA) was computed as a product of leaf length and width,
and coefficient 0.67. Dry masses (DM) of leaves, stems,
and roots were determined after drying at 95 °C two
constant mass (about 8 h). Parameters of growth analysis,
e.l. shoot DM/root DM ratio (S8/R), leaf area/leaf’ mass
ratio (LA/LM), leaf area ratio (LAR), and net assimilation
rate (NAR) were calculated according to Kvét eral
(1971).

Chlorophyll and carotenoid contents were determined
in 80 % acetone extracts using spectrophotometer L/ 3300
{Hitachi, Tokyo, Japan), the content of individual
pigments per leaf area was calculated from measured
absorbances according to Arnon (1949), Lichtenthaler
(1987) and Wellburn (1994).

Stomatal density was determined on imprints from
middle parts of adaxial and abaxial leaf sides according to
Kubinova (1994).

Gas exchange measurements: The open gas exchange
system (Janadek 1996) was used. Leaves of 5 - 7 plants
were closed into the assimilation chamber with the
copper-constantan  thermocouple to  measure  leaf
temperature (air flow rate 6.7 cm’ s, temperature 22 °C).
Leaves were irradiated by the halogen lamp
(Osram 64571, 800 W) through the water filter with
0.15% CuSQ,, to improve light spectral composition.
Differences in CO, concentration between output and
input air was measured by the infra-red gas analyzer
Uras 3G (Hartmann wnd Broun, Frankfurt am Main,
Germany), partial pressures of water vapour was
calculated from dew point measured by the mirror dew
point meter (Walrz, Efteltrich, Germany). Gas mixtures

Results

Growth: At 0 DAT, LA and DM of roots, stems and
leaves were lower in -CO, plants and higher in +CO,
plants than in controls. Similar differences were found
also at 8 and 22 DAT, but differences among variants in
LA rose with time, while in DM declined (Table 1).
LA/LM ratio and LAR were highest in -CQO, plants and
lowest in +CO, plants at 0 DAT, but they were lowest in
-CO, plants and highest in ~CQO, ptants at 22 DAT. In the
interval 8 to 22 DAT NAR was significantly higher in
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with different CO, concentration rate were prepared in
two gas mixing pumps (Wosthoff, Bochum, Germany),
different irradiance was obtained by changing distances
between light source and the assimilation chamber. The
dependence of net photosynthetic rate (Pn) and stomatal
conductance (g.) on intercellular CO» concentration (c)
was measured at irradiance of 500 umolm” s in the
range of ambient CO, concentration (¢,) from 0 to
1000 umol mol”. The dependence of Py and g, on
irradiance (I} was measured at c, of 350 pmol mol™ in the
range of [ from ¢ to 800 pmol m?sh

Mathematical model of gas exchange: Net photo-
synthetic rate (Py), stomatal conductance (g,), and intra-
cellular CO; concentration (c;) were computed from gas
exchange rates. The P.-c, response curves were processed
with the FOTOS computer program (Pirochtova and
Marek 1991) using the convexity equation (Thornley
1976, Kotvalt and Hak 1987):

® P - Py [7 (i - To) + Prgwc] + T Prsme (6 - T} = 0

where @ is the convexity of the curve (saturation rate),
tis the initial slope of the curve (carboxylation
efficiency), I';is CO, compensation concentration and
Pusar s net photosynthetic rate saturated by CO,. The
equation for Py-1 response curve is analogous, where ¢; is
replaced byl and tis replaced by a (photochemical
efficiency of CO, uptake: @ =t"). The values obtained
correspond to the limitation theory. In the processing of
Py/c; response curve (under constant irradiance), the t
expresses limitation of photosynthesis by RuBPC
carboxylation  capacity, and  Puge limitation  of
photosynthesis by RuBP regeneration capacity. In the
processing of Py-I response curve (under constant CO,
concentration), the initial slope of response curve (o)
expresses  limitation of photosynthesis by RuBP
regeneration  capacity and  Puygg  limitation  of
photosynthesis by RuBPC capacity (Marek ef al. 1995,
1997, Urban et af. 1999).

Statistical processing of all results was made by analysis
of variances (4N A4) according to And¢l (1985},

-CO, plants than in +CO, plants. Differences in relative
growth rate was not found (data not shown}. S/R ratio in
~C(, plants was significantly higher than in -CQO; plants
only at 0 DAT, other differences in S/R were not
significant (Table 1), The differcnces were found also in
the development of tillers: +CQ; plants had higher
number of tillers and their LA and DM than C and -CO,
plants at both 8 and 22 DAT (Table 1).
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Table 1. Effects of CO; concentration during early phase of ontogeny on plant growth traits measured at 0, 8, and 22 DAT. LA - lcaf
arca, DM - dry mass, LAR - leaf area ratio, LA/LM ratio - leaf area/mass ratio, NAR - nct assimilation rate, $/R - shoot/root ratio,
DAT - days after CO; treatment. Means + SE, n =0 - 8, different letters denote significant difference between CO, treatments at

P =0.05, asterisks at »=0.01.

]

377.74+ 597 a*
0.214 +0.0063 a
0.203 £ 0.0066 ns
0.264 = 0.0037 a
041300171 a
(.367 £ 0.0155 ns

ILAR [em® mg™']

13

LA/LM ratio [em® mg™'|

5701+ 1493 b
0.179 = 0.0013 c*
0.217 £ 0.0089 ns
0.403 + 0.0212 ¢
0.351 =0.0069¢
0.408 + 0.0181 ns

3304 £2233b
0.202+0.0050 b
0.204 £ 0.0046 ns
0331 =0.006G0
0.395+ 0.0072 b
0.370 = 0.0049 ns

DAT -CO- C +C0,
LA of whole plant [sz] 0 [3.5:= 0,54 a* [7.0=0.47 b* 206 x 1,02 ¢*
8 354+280a 46.7=2.67b 603+2.13c*
22 1997+ 6.23 a* 330.4 = 19.66 b* 459 84 37.96 ¢*
DM of whole plant fmg| 0 632+ 1.20 a* 84.4 £ 2.99 b* 1147 +£5.6] c*
8 1742+ 1246 a 2297+ 1498 b 2784+ 848 ¢
22 756.8 £ 7.89 a¥ 994.0+43.76 b 11325+3342¢
DM of roots [mg] 0 134+049a 178+ 0600 230+ 1.72 c*
8 285+218a 388+2.79b 451+ 1.70b
22 1506 =3254a 176.5 14 16,29 ab 211.7+628b
DM of stems [mg] 0 132058 a* 192 = 1.01 b* 284 = 1.64 ¢*
8 446 +4.00a 608=507b 80.6+256¢c*
22 2248+ 4 18 a* 281.6 £ 1047 b* 3465+ 13.71 ¢*
DM of leaves {mg] 0 32.8 4+ 0.64 a* 43.1 £ 1,37 b* 58.6 £ 2.36c*
8 96.6+621a 1264+762hb 148.5+£564 b
2
¢]
8
2
0
8
22 0.528 £0.0093 a
NAR [mgem™d') 0-8 0.609 + 0.0577 ns
8§-22 0443 £0.0217 a
S/R ratio 0 345+ 0.10a
8 4.98 4 0.15 ns
22 401 =0.13 ns
Number of tillcrs 8 0.67+£0.333a
22 433x0211a
tillers/main shoot 8 0.01 £0.007 a
DM ratio 22 0.69:+0.024 a
tillers/main shoot 8 0.05+0.033a
[.A ratio 22 210+0.201 a

(0621 =0.0117b
0.608 + 0.0498 ns
0378+ 00139b

0.801 + 0.0464 c*
0.349 = 0.0388 ns
0.313 £ 0.0061 ¢

3.50 L 0.07 ab 386+£0.16b
4.86+0.21 ns 3.1 +£0.24 ns
473+031ns 4,33+ 0,04 ns
1.50 0224 ab 1.83+0.167b
5.00+0365a 6.67+0.211 b*
0.08+00l6b 0.13+0.012¢
0.84+0.063 a 1.04+0.051b
0.18£0.047b 0.39+0.063 ¢
275+ 0.188a 4.53 £ 0.383 b*

Chlorophyll and carotenoid contents: In the 1* leaf,
low CQ;, treatment decreased Chl @, Chl &, Chl a+5 and
Car contents at 0 and 5 - 8 DAT in comparison with
control. Also high CO; treatment decreased all pigment
contents (except Chl 5) in the 1% leaf, but less than in the
low CO,. In the 4" leaf at 12 - 22 DAT, pigment contents
were lower +CO, plants than in -CO, plants but the
differences from C plants were not significant (Table 2).
Chl a/b ratio was decreased in ~CO, plants in the |* leaf,
but only a tendency to increase it in -CO, plants was
found (Table 2). Differences in Chl/Car ratio were
insignificant (data not shown).

Stomatal density: Low CO; treatment increased and high
CO, treatment decreased stomatal densities of adaxial and
abaxial epidermes of the 1% leafl This was especially
marked at 0 DAT. In the 4" leaf, stomatal density did not
change (Table 3).-
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Dependence  of stomatal conductance and net
photosynthetic rate on internal CO, concentration: At
0 DAT, g; in -CO; plants was higher than g, in +CO,
plants; differences from C plants were not significant
(Fig. 14). Py in +CO, planis was lower than P\ in C,
especially at high c¢;, other diffecrences in Py were
insignificant (Fig. 1D}, Py was lower in both +CO;, and
-CO- plants in comparisen with C plants, © was
significantly decreased and I'¢ increased only in +CO,
plants (Table 4).

At 5 - 8 DAT, g, and Py in -CQO; plants were higher,
and g, and Py in +CO, plants were lower than g, and Py in
C plants (Figs. 1B,E). Pyue and t increased in -CO,
plants, and decreased in +CO; plants. T increased, and
R, decreased in +CO;, plants; differences in I' and Ry
between -CO, plants and C plants were insignificant
(Table 4).



At 12 - 22 DAT, differences among g, were
insignificant in all the variants (Fig. 1C). At high ¢;, Py in
-CO; plants was higher than Py in C plants and in +CO;
plants; at low ¢;, Py in +CO, plants was lower than Py in
C plants and in -CO,; plants (Fig. 1F). Pruac was

ACCLIMATION OF WHEAT TO CO, CONCENTRATION

increased in -CQO, plants, and 1 was decreased in +CO,
plants. Ry was decreased in —~CO, plants, and T was not
changed in all the variants (Table 4). No differences in @
among the variants were found in all DAT (Table 4).

Table 2. Effects of CO, concentration during carly phase ol ontogeny on contents of photosynthetic pigments [pg em’®]. The 1™ leaf
was measured at 0 and 5 - 8 DAL, the 4" leaf at 12 - 22 DAT. Means & SE, n=6 - 13, dilferent Ictters denote significant difference

between CO5 treatments at # = 0.03, asterisks at P = 0.01.

Pigment contents or ratic DAT -CO, C +C0,
Chlorophyll a content 0 2510+ 059 2970+ 047 0 27.30=0.63¢
5-8 2760+£0.63a 2980049 b 2750+ 047 a
12-22 3120£087a 2750 =138ab 2570+ 1.64 b
Chlorophyll & content 0 6.69+0.15 a* 835:-0.12b 8101 0.15b
5-8 7.36=0.21 a* 848011 b 821+012b
12-22 786+037a 6.79 4+ (.39 ab 640+ 040 b
Chlorophyll a4 content 0 3210 0.71 a* 3810£037h 3540=076¢
5-8 3500 071 a 3820+ 0.56b 35700352
12-22 39.00 £099 a 3430+ 1.73 ab 32.10+2.03 b
Carotenoid content 0 5.96=0.14 a* 7382 0.14b 6.724 0.15 ¢
5-8 6.37x026a 7.46=0.12b 6.90+0.16ab
12-22 7.57+0.25a 7.034 (.32 ab 6.261.034b
Chlorophyll a/b ratio 0 3.61+0.06a 3560040 3370050
5-8 3760 £0.12a 3.51+£0.05ab 336004 Db
12-22 4.04 4 0.23 ns 407+ 0.10 ns 4.02 = 0.08 ns

Table 3. Bffects of CO, concentration during carly phase of ontogeny on stomatal density. The 1* leaf was measured at ¢ and 3 -
§ DAT, the 4% leaf a1 12 - 22 DAT, Means = SE, n= 30 - 150, different letters denote significant difference between CO; treatments

at P =0.05. asterisks at » =0.01.

DAT -CO,
abaxial side [mm~] 0 294 £039a*
5-8 258+060a
12-22 248+ 038 ns

adaxial side |mm?] 0 459 = 0.67 a*
5-8 434 +£0.53 a*
12-22 385+ 0.43 ns

C -C0»

259 £ ).34 b* 237 : 038 c*
246 : 035 ab 23.3=057b
253 =043 ns 2561044 ns
40.1 £ 0.50 b* 371051 ¢t

36.6+0.44¢
381+ 049 ns

39.7+042b
386+ 043 ns

Dependence of stomatal conductance and net
photosynthetic rate on irradiance: In contrast to
previous experimental serics, at 0 DAT, g, in -CO, plants
was lower than that in C plants and i +CO, plants, but g,
in C plants and in +CO, plants did not differ (Fig. 24). Py
in +CO, plants was lower than in C plants and in -CO,
plants, especially at high 1, while differences between Py
in C plants and in -CO, plants were insignificant
(Fig, 200). Preu was decreased in +CO, plants, while Pysu
in C plants and in -CO, plants did not differ (Table 5).

At 3 - 8 DAT, g, and Py in -CO, plants were higher,
and g, and Py, in +CO» plants were lower than g, and Py, in
C plants (Figs. 2B,£). Py was increased in -CO» plants,

and decrcased in +CO; plants; o was decreased in -C(;
plants, and increased in +CO, plants. I, was increased in
+CO, plants, while differences in T} between -CQ» plants
and C plants were insignificant (Table 5).

At 12 - 22 DAT, any difference among g, in all the
variants was not significant (Fig. 2C). At low I, Py in
-CO, plants was higher than in C plants and in +CO;
plants; at high I, Py in +CO, plants was lower than in C
plants and in -CO; plants (Fig. 2F). Py was decreased in
+CO; plants, and o was decreased in -COy plants. Ry, was
increased in -CO, plants, and 'y was not changed in all
the variants {Table 5).
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Discussion

At low CO, and saturating irradiance, Py is limited by the
diffusion of CO, from ambient air to siles of
carboxylation, and by the capacity of RuBPCO to
carboxylate RuBP. The slope of initial response of Py to
¢; (often termed carboxylation efficiency - 1) is dependent
on RuBPC activity. It progressively declines as ¢
increases (usually above 200 pmol mol™). Py is enhanced
by increasing ¢; to a value (about 1 000 pmol mol™) when
the capacity for RuBP regeneration is limiting. Py may be

also limited by consumplion of wriosophosphates. but we
do not suppose this type of limitation in our experimets,
because it occurs only at very high CO, and irradiance
(for reviews see. e.g., Sage 1994, Drake ef o/ 1997). In
addition to directly increasing the rate of carboxylation,
increased CO» concentration increases the rate of CO,
fixation by depressing RuBP oxygenation and thus
photorespiration,
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Since natural CO, concentration is not saturating for
the photosynthesis of C; plants, a short-term enhancement
of CO; concentration increases Py, However, the long-
term exposure to increased CO, concentration did not
always increase P,. On the contrary, increased CO,
concentration often lead to down-regulation of
photosynthesis (for reviews see, ¢.g., Allen 1994, Reining
1994, Sage and Reid 1994, Sharkey 1994). Also in our
experiments Py in +CO» plants was lower than Py of C
and -CO» plants when measured under the same ambient
CO, concentration.
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One of the causes of the down-regulation of
photosynthesis may be decreased stomatal density and/or
partial stomata closure reducing the C(, transport to the
sites of carboxylation. Stomatal density at 0 and 5 - 8
DAT was lower in CG; plants than in C plants. These
results were in agreement with data reported in the
literature for many plant species (for review see, eg.,
Woodward and Kelly 1995, Drake er al 1997,
Pospiilova and Catsky 199%9ab), however, in wheat
Estiarte et of. (1994), Tuba et /. (1994), and Greiner de
Maothes (1996) did not found changes in stomatal density



induced by CO, enrichment. Nevertheless, decreased g, in
wheat plants grown under elevated CO, concentration
was observed by Masle er a/. (1990), Santridek et al.
1994, Tuba et al. 1994, Samarakon et a/. 1995, and
Greiner de Mothes (1996). Similarly in our experiments,
g, was mostiy lower in +CO- plants, The exception was g,
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at 0 DAT in experiment following dependence of g;on I
The reason could be the temporary wilting due to much
lower relative humidity and higher irradiance in the
chamber of gas-exchange system than in the cultivation
chambers.
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Fig. 2. Effects of €O, concentration at early phase of entogeny (-CO. plants - filfed diamonds, short-dashed line, C plants - empty
squares, long-dashed iine, and +CO, plants - filled triangles, solid lineg) on stomatal conductance (4 - € and net photosynthetic rate
(D - 1) in dependence on irradiance (1) measured at natural atmospheric CO; concentration of 350 umol mol™'. 1% leat’ was measured
at O (4.0 and 5 - 8 DAT (5.5, 4% leal at 12 - 22 DAT (C.F). Mcans = SF, » =4 - 5. different letters in little table in cach sub-figure
means significant difference between CO. treatments at P =0.03, asterisks at =0.01. Rows represent intervals of T during

measurement (or ANOIA analysis: {ow - lower than 300 nmol m™ s

The values obtained from FOTOS programme showed
that +CQ, treatment decreased both the RuBPCO
carboxylation capacity and the RuBP regeneration
capacity (Tables 4,5). The depression of Pug as
acclimation to high CO, concentration was observed by,
eg, Santriicek er af. (1994), Pearson and Brooks (1995),
Santrockova er al. (1999), the depression of T was
observed ez by Sage e al {1989) and Tuba er al
(1994). In addition, Chl o and Car contents were
decreased in +CO, plants. The decrease in chlorophyli
content under CO; enrichment was observed, eg, by
Patterson and Fiint (1982) and Tuba e al. {1994), the
other authors did not report any difference (Campbell et
al. 1990, Visser et al 1997). Down-regulation of
photosynthesis was also found to be associated with the
accumulation of large amounts of sugars in wheat leaves
(Ghildiyal et «l. 1998), but this is not probable in our

- high - higher than 300 pmol m™ 57, all - whole range of 1.

experiments, because planls were cullivated at relatively
low iradiance.

In previous experiments focusing on the effects of
subambient CO, concentration on Py, only Py i situ was
usually measured and increase in Py with increasing
growth concentration from subambignt to ambient was
cbserved (eg Baker er al. 1990, Polley er afl. 1992,
19%3a.b, Cowling and Sage 1998). Therefore, a very
important finding is the stimulation of Py in -COs plants
when measured at natural CO; concentration. However,
supplemental observations showed that -CO; plants were
the very sensitive to the sudden decrease in air humidity,
and they lose high amount of water. Therefore stimulation
of Py, in these plants in comparison with controls was not
observed at 0 DAT but only at 5- 8 and 12 - 22 DAT. In
-CO; plants at 5 - 8 DA, the increased Py was connected
with higher stomatal density, higher g, and increased
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RuBPCO carboxylation capacity and RuBP regeneration
capacity, but the pigment contents were increased only at
12 - 22 DAT and decreased at 0 and 8 - 12 DAT. At 12 -
22 DAT. the increased Py was connected with increased
RuBP regeneration capacity. but not with stomatal density
or g, Higher stomatal density and/or g, in plants grown

under subambient CO, concentration were reported, e.g.,
by Woodward and Bazzaz (1988), Polley ef /. (1996),
and Cowling and Sage (1998). On the contrary, only
slight or no changes were reported by Malone e al,
(1993),

Table 4. Effects of CO, concentration during early phase of ontogeny on leaf photosynthesis (model analysis of Py, - ¢; response
curves using FOTOS programme). The 1% leaf was measured at 0 and 5 - 8 DAT, the 4" leaf at 12 - 22 DAT. Puge - CO, saturated
net photosynthetic rate, Ry - rate of CO» evolution in the light at zero ¢, [¢ - compensation CO; concentration, T - carboxylation
cfficicncy. © - saturation rate.. Means + SE. n=4 - 5, different letters denote significant differcnce between CO; treatments at

=005 asterisks at 2 =0.01.

DAT -CO;, C 0,

Pranc [umol m? 571 0 23940852 28 1+£0358b 22=1.062
3-8 209+0.75a 19.8+0.36h 16.8 % 0.33 ¢*
12-22 29,1+ (.48 a 255 083h 28.4 = 0.97 ab

Rg [pmol m2 s ] 280+0.110ns 2.76 + 0.086 ns 2.59=0.189 ns
5-8 246x0.154a 218=0098a 167+ 0.104 b
12-22 37101252 344501204 2.67=0208h

e umol mol™'] 0 343+066a 31.5=078a 39.6 ¢ 1.21 b*
5-8 409+243a 429 21332 529+3.05b
12-22 348+ 068 ns 345098 ns 3594261 ns

7 lmal m? ! 0 0.082 £ 0.0020 a 0.088 = 0.0030 a 0.066 + 0.0035 b*
3-8 0.059 = 0.0035 a 0.051 £0.0007 b 0.031 % 0.0003 ¢*
12-22  0107£0.0038a 0.160 £0.0015a 0.076 = 0.0080 b

© 0 0.671 = 0.0633 ns 0.667 + 0.0761 ns 0.781 + 0.0280 ns
5-8 0.761 .2 0.0348 ns 0737 + 0.0224 ny 0734 £ 0.0512 ns
12-22 (1761 = 0.0302 ns (L780 £ 0.0241 ns 0.752+£0.0776 ns

Table 5. Effects of CO» concentration durning early phase of ontogeny on leat photosynthesis (model analysis of Py - | response
curves using FOTOS programme), The 17 leal was measured at 0 and 5 - 8 DAT, the 47 leaf at 12 - 22 DAT, Py - irradiance
saturated net photosynthetic rate. Ry - rate of dark respiration I'y - compensation irradiance. « - photochemical efficiency ol CO,
uptake, & - saturation rate. Means = SEo 0 4 - 50 different letters denote significant difference between CO; treatments at £ = 0.05,

asterisks at £+ 0.01,

DAT -CO,4 C +CO,
Py [nmol m™ s 0 155£041a 16,2028 a 136046 b
5-8 163+£024a 150+£0.37D 11.7 £ 0.24 ¢*
12-22 202+0.28a 20.8 + 048 a 155+ 0.67b
Ro [umol m™ s 0 1.00 4+ 0.010 ns 1.01 £ 0.012 ns 1.05 + 0.020 ns
5-8 1.28 £ 0.039 ns 1.32+0.031 ns 1.49 + (.086 ns
12-22 1.16 £0.090 a 0.95 = 0,024 ab .95+ 0.0i0b
I Jumol m™s'] 0 182+ 0.83 ns 18.6 =0.76 ns 180+ (.35 ns
5-8 239=1.00a 249 2 1.17a 299=086b
12-22 176 =0.89 ns 173 =1.29ns 18.2 = (1.59 ns
o {mol{pholy mal (COL)] O 18.1 =0.68 ns 183 =067 ns 171 =0.22 ns
5-8 188=047a 193=009b 202004 ¢
12-22 15320472 18.1 =083 b (9.1 x0.48b
@ U (1.673 = 0.0264 ns 0.701 - 0.0929 ns 0.599 = (.0227 ns
5-8 0.697 = 0.0452 ns 0.636 = 0.0563 ns 0.686=0.0172 ns
12-22 0.643 = 0.0182 ns 0.591 = 0.0145 ns 0.751 = 0.0407 ns
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Several results indicate a tendency to an increase or a
decreasc in respiration rate of -CO- and +CO, plants,
respectively, but the differences were significant only in
few measurements, The effect of elevated COs
concentration on respiration was reported, eg, by
Gifford et al. (1985) and Bunce (1994).

Photosynthetic parameters were measured on the 17
leaf which developed under different CO, treatments at 0
DAT and 5 - 8 DAT. As these paramelers (absolute
values as well as the differences among treatments)
showed great similarity in these two sampling dates, we
can suppose that the CO» concentration at the beginning
of leal ontogeny is very important for its further
functioning. This was in agreement with previcus
experiments with bean plants (Catsky e al. 1995). Some
differences in gas exchange induced by different CO;,
treatments were even found in the 4" leaf which emerged
after finishing CO- treaument, e.g. the increased P,
RuBP regeneration capacity, and Chl content in -CO
plants or the decreased Py and RuBPCO carboxylation
capacity in +CO, plants. In the 4" leaf, it was not
demonstrated any change in stomatal conductance and in
stomatal density. Propertics of stomata are probably less
stable than those of photosynthetic apparatus because also
changes in g, induced by growth under high air humidity
disappeared immediately afler transfer to low air humidity
and vice versa (Pospisilova 1996).
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