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The aim of the present study was to investigate the effects of an
enhanced CO, concentration alone or in combination with drought
stress on antioxidative systems of a deciduous (oak; Quercus robur)
and an evergreen (pine; Pinus pinaster) tree species. The seedlings
were grown for one season in a greenhouse in tunnels supplied with
350 or 700 uL L~' CO,. The experiment was repeated in a second
year. Antioxidants, protective enzymes, soluble protein, and pig-
ments showed considerable fluctuations in different years. Elevated
CO, caused significant reductions in the activities of superoxide
dismutases in both oak and pine. The activities of ascorbate perox-
idase and catalase were also reduced in most cases. The activities of
dehydroascorbate reductase, monodehydroascorbate radical reduc-
tase, glutathione reductase, and guaiaco! peroxidase were affected
little or not at all by elevated CO,. When the trees were subjected
to drought stress by withholding water, the activities of antioxida-
tive enzymes decreased in leaves of pine and oak grown at ambient
CO, and increased in plants grown at elevated CO, concentrations.
The present results suggest that growth in elevated CO, might
reduce oxidative stress to which leaf tissues are normally exposed
and enhance metabolic flexibility to encounter increased stress by
increases in antioxidative capacity.

Most predictions suggest that the current mean ambient
CO, concentration of 355 uL L™ will approximately dou-
ble by the end of the next century (Roeckner, 1992). Increas-
ing concentrations of CO, and of other greenhouse gases
will result in an increase in mean temperature and cause
changes in precipitation patterns (Roeckner, 1992). Climate
models predict large-scale drought periods during summer
for northern mid-latitudes (Roeckner, 1992). The availabil-
ity of water is one of the most important factors determin-
ing vegetation diversity and plant productivity (Rochefort
and Woodward, 1992). The effects of water deficits on plant
performance and growth are mediated through decreases
in stomatal conductance and photosynthesis and depend
on the severity and duration of the drought period, the
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presence of further environmental constraints, and species-
inherent characteristics (Chaves and Pereira, 1992). In C,
plants, elevated atmospheric CO, concentrations can par-
tially compensate for the negative effects of drought by
increasing water use efficiency and by sustaining larger net
CO, assimilation rates at reduced stomatal conductance in
leaves of stressed plants (Chaves and Pereira, 1992).

The photosynthetic apparatus per se appears to be highly
resistant to injury resulting from water deficits (Kaiser,
1987; Cornic et al., 1989; Quick et al., 1992). Conditions of
limited water supply that result in stomatal closure and
restricted CO, fixation rates require that plants dissipate
excess light energy to avoid photooxidative destruction.
Several mechanisms acting either to reduce the photochem-
ical efficiency of photosystems, such as the xanthophyll
cycle (Pfiindel and Bilger, 1994), or to maintain a substan-
tial electron flow despite a low CO, availability in the
chloroplasts, such as photorespiration and the Mehler per-
oxidase reaction, have been implicated in providing pro-
tection of the photosynthetic apparatus from photooxida-
tive damage (Foyer and Harbinson, 1994). It has also been
proposed that molecular O,, which normally serves as an
electron acceptor at PSI at a low rate (Mehler reaction),
might provide a valve for excess reductant (Elstner and
Osswald, 1994). Both pathways, the Mehler reaction and
photorespiration, implicate an increased production of po-
tentially toxic O, species such as O, and H,0O,.

In the chloroplasts, the primary product of the Mehler
reaction, O, ~, is rapidly scavenged by superoxide dis-
mutases, yielding H,O,. Photorespiration also yields H,O,,
namely when the primary product of the oxidative degra-
dation of ribulose-1,5-bisP, glycolate, is oxidized to glyoxy-
late in the peroxisomes. To prevent oxidative damage,
plants possess antioxidative systems composed of low mo-
lecular weight antioxidants such as ascorbate and glutathi-
one and protective enzymes such as superoxide dismuta-
ses, catalases, and peroxidases (Alscher et al., 1991). Other
components of this system, monodehydroascorbate radical
reductase, dehydroascorbate reductase, and glutathione re-
ductase, serve to maintain the antioxidants in their reduced
functional state (Alscher et al., 1991). In several herbaceous
plant species, antioxidative systems were induced in re-
sponse to drought stress, suggesting that water deficits
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imposed an increased oxidative stress (Smirnoff, 1993). In
leaves subjected to severe dehydration, the compensation
of oxidative stress was apparently insufficient because in-
creased concentrations of superoxide radicals and lipid
peroxidation were observed in injured tissues (Price and
Hendry, 1991; Quartacci and Navari-Izzo, 1992; Smirnoff,
1993). Field studies conducted in a natural stand of oak
(Quercus robur and Quercus petrea) trees showed that oak
was a drought-tolerant species because full photosynthetic
capacity was maintained even after periods of severe de-
hydration, resulting in predawn leaf water potentials of
less than —2.0 MPa (Epron and Dreyer, 1993a, 1993b).
Therefore, it was concluded that oak leaves possess effi-
cient protection mechanisms from photooxidative injury
(Epron and Dreyer, 1993a). The nature of these protective
systems was not investigated.

Pendunculate oak (Q. robur) and maritime pine (Pinus
pinaster) cover large-scale forest areas in France. In a chang-
ing environment, the performance of these economically
and ecologically important tree species is of particular
interest, since the seedlings used in forest plantations to
date are likely to experience the projected changes in en-
vironmental conditions within their lifetime. It has been
observed that growth and biomass accumulation of pen-
dunculate oak and maritime pine seedlings benefit signif-
icantly from elevated atmospheric CO, concentrations
(Guehl et al., 1994; Seegmiiller and Rennenberg, 1994; Pi-
con et al., 1995). It is unknown to what extent the poten-
tially damaging effects of drought-induced oxidative stress
might be alleviated in an environment with elevated CO,.
Therefore, the goal of the present study was to investigate
the response of photosynthesis and antioxidative systems
in oak and pine seedlings subjected to drought stress under
current and elevated atmospheric CO, concentrations.

MATERIALS AND METHODS
Growth of Plants, Drought Treatment, and Harvest

Acorns (Quercus robur, L. provenance Manoncourt) were
collected in November 1992 in a parent stand close to
Nancy in Lorraine (France). The acorns were washed for 3
h in well-aerated water, surface sterilized with Rhodiasan
(Rhéne-Poulenc, Paris, France), and stored at 4°C. On April
15, 1993, the acorns were peeled, soaked in water, and
germinated in a peat:sand mixture (1:1, v/v, 5 L) inocu-
lated with mycorrhizal fungi (Telephora terrestris). At the
same time, a complete fertilization (5 kg m™ slow-release
fertilizer, N:P:K, 13:13:13 plus oligoelements; Nutricote
100, Chisso-Asahi Fertilizer Co., Tokyo, Japan) was applied
to give optimum nutrition during the experimental period.

The oak seedlings were cultivated for one season in a
greenhouse under two plastic tunnels (5 X 3 X 2.3 m) in the
presence of ambient or elevated atmospheric CO, (350 + 30
and 700 + 50 pL L™1). The CO, concentration in the tun-
nels, air temperature, PPFD, and RH were monitored con-
tinuously (Picon et al., 1995). The experiment was repeated
in 1994. From May 1 to July 20, mean air temperatures were
18.8 = 1.6 and 19.4 = 1.7°C in 1993 and 1994, respectively.
In this period, global radiation determined outdoors was
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1754 = 70 J em™2 d7! (1993) and 1776 += 73 J ecm 2 d !
(1994). Inside the greenhouse, irradiation was approxi-
mately 25% lower. In each year, leaves of the seedlings
were collected from the oldest whorl in the 2nd week of
July. Sampling took place at approximately noon. In 1993,
the plants were subjected to a drought period by withhold-
ing water for 6 weeks beginning July 13. Rapid drying of
the soil was avoided by covering the top of the pots with
waxed paper. The foliage of drought-stressed and watered
plants was investigated on August 25, 1993. On each sam-
pling date in 1993, leaves were collected from five individ-
ual plants per treatment. In 1994, five independent repli-
cates were investigated per treatment. Each replicate
consisted of leaves from four plants. Each of these individ-
ual samples was analyzed in triplicate.

One-year-old, container-grown pine (Pinus pinaster Ait,
provenance Les Landes) seedlings were obtained in 1991
from a nursery near Bordeaux (France), transferred into 5-L
pots containing the same soil mixture used for oak, and
grown under ambient and elevated CO, concentrations as
described above. On May 11, 1993, two needle ages (1991
and 1992) were harvested from five individual trees before
the emergence of the new flush. In another experiment
with pine, 1-year-old pine seedlings were cultivated in the
above soil mixture and exposed to ambient and 700 uL L™
CO, from April 1994. The plants were subjected to drought
stress from June 16 to July 26 in the presence and absence
of elevated CO,. Ten plants were investigated per treat-
ment. Each of the individual samples was analyzed in
triplicate.

Analytical Procedures
Extraction of Enzymes

Fresh oak leaves were ground to a fine powder in liquid
nitrogen. Aliquots of 200 mg of frozen leaf powder were
transferred into 10 mL of extraction buffer containing 100
mMm KH,PO,/K,HPO,, pH 7.8, 2% Triton X-100, 5 mm
ascorbate, and 400 mg of insoluble polyvinylpolypyrroli-
done, mixed for 1 min (Vibrofix; Janke and Kunkel, IKA
Labortechnik, Staufen, Germany), and incubated on ice for
30 min. The homogenate was centrifuged for 30 min
(48,400g, 4°C). Pine needles were frozen in liquid nitrogen,
transported on dry ice, and stored frozen at -80°C. The
needles were extracted in the same manner as the oak
leaves but in a buffer containing 1% Triton X-100. The
concentration of detergent was varied because the highest
enzymatic activities were obtained from oak and pine fo-
liage in the presence of 2 and 1% Triton, respectively.
Under these conditions, optimum extraction of soluble pro-
tein from oak leaves was also achieved, whereas only 70%
of the maximum extractable protein was obtained from
pine needles.

Glutathione reductase, ascorbate peroxidase, monodehy-
droascorbate radical reductase, and dehydroascorbate re-
ductase activities were determined in extracts prepared
from fresh leaves. The supernatant was gel filtered over
Sephadex G-25 columns (PD-10, Pharmacia) that had been
equilibrated with 100 mm KH,PO,/K,HPO,, pH 7.0 (con-
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taining 1 mm ascorbate for the determination of ascorbate
peroxidase). Extracts for the determination of catalase, guai-
acol peroxidase, and superoxide dismutase activities and
the soluble protein content were gel filtered over Sephadex
G-25 (PD-10 columns, Pharmacia) with 20 mm KH,PO,/
K,HPO,, pH 7.8, 0.5% Triton and stored at —20°C for
analysis. Residual leaf material was frozen in liquid nitro-
gen and stored at —80°C until analyses of antioxidants and
reference parameters.

Determination of Enzymatic Activities

Standard enzymatic assays were performed in a total
volume of 1 mL and at 25°C according to the following
methods: ascorbate peroxidase (EC 1.11.1.11) (Nakano and
Asada, 1987), monodehydroascorbate radical reductase
(EC 1.1.5.4) (Borraccino et al., 1989), dehydroascorbate re-
ductase (EC 1.8.5.1) (Dalton et al., 1986), glutathione reduc-
tase (EC 1.6.4.2) (Foyer and Halliwell, 1976), catalase (EC
1.11.1.6) (Aebi, 1983), and guaiacol peroxidase (EC 1.11.1.7)
(Polle et al,, 1990). Blank rates were determined in the
absence of either substrate or enzymatic extracts and were
subtracted if necessary. The enzymatic activities were cal-
culated with the following extinction coefficients: 2.8, 6.12,
14, 6.12, 39.4, and 25.5 mM for ascorbate peroxidase, mo-
nodehydroascorbate radical reductase, dehydroascorbate
reductase, glutathione reductase, catalase, and guaiacol
peroxidase, respectively. Superoxide dismutase activity
(EC 1.15.1.1) was determined by the inhibition of the for-
mation of epinephrine at pH 10.4 and 30°C (Kroniger et al.,
1995). One unit of superoxide dismutase activity was de-
fined as the amount of enzyme that inhibited the epineph-
rine formation by 50%.

Extraction and Determination of Antioxidants

For the extraction of antioxidants, the frozen foliage was
ground to a fine powder in liquid nitrogen. The powder
(100 mg) was transferred into 5 mL of 0.1 n HCI, 200 mg of
polyvinylpolypyrrolidone, 5 um EDTA, stirred slowly until
the mixture was homogeneous, and centrifuged for 45 min
(48,400¢, 4°C). The supernatant was directly used for the
determination of reduced ascorbate by HPLC and UV de-
tection at 268 nm (Polle et al., 1992). For the quantification
of total ascorbate, additional aliquots of the supernatant
were oxidized, derivatized with o-phenylenediamine, and
determined by fluorescence after HPLC separation (Polle et
al., 1990) or alternatively reduced with 60 mm DTT in 200
mM 2-(N-cyclohexylamino)ethanesulfonic acid buffer, pH
9.3, for 1 h at room temperature and determined after
HPLC separation at 268 nm (Anderson et al., 1992). Total
glutathione, y-glutamylcysteine, and Cys were determined
after reduction, derivatization with monobromobimanes,
HPLC separation, and fluorescence detection (Schupp and
Rennenberg, 1988). GSSG was determined in the same
manner after removal of GSH by alkylation with N-ethyl-
maleimide (Gorin et al., 1966). Aliquots of each sample
were spiked with known concentrations of ascorbate and
thiols. The recoveries of these compounds were 88 + 17%
(ascorbate), 98 = 11% (ascorbate plus dehydroascorbate),

87 = 11% (glutathione), 84 * 14% (Cys), and 95 = 10%
(y-glutamylcysteine) in oak leaves and 74 = 9% (ascorbate),
93 + 7% (ascorbate plus dehydroascorbate), 85 + 11%
(glutathione), 79 + 17% (Cys), and 97 *+ 13% (y-glutamyl-
cysteine) in pine needles.

Leaf Gas Exchange and Water Potential

CO, assimilation rates and conductance for water vapor
of oak leaves were measured in situ in the plastic tunnels
with a portable photosynthesis chamber (model 6200; Li-
Cor, Lincoln, NE) under natural illumination. Only mea-
surements taken at saturating light intensities (>500 pmol
quantam™? s~ ') were used to calculate the means shown in
tables and figures. The measurements were performed a
few days before the collection of the leaves. Gas exchange
of pine needles was determined in chambers under con-
trolled conditions. In 1993, measurements were performed
in an open system on individual plants using needle age
class 1992 as described by Picon et al. (1996). CO, was
supplied at the same concentrations as under growth con-
ditions. Temperature and PAR were 23°C and 400 pmol
quanta m~? s~! (SONT 400-W lamp; Phillips, Eindhoven,
The Netherlands). Nine replicates were analyzed per treat-
ment. In 1994, gas exchange of eight pine trees placed in
one chamber was recorded together (cf. Vivin et al., 1995)
under the following conditions: air temperature 23°C, PAR
500 wmol quanta m~> s~ ", and CO, concentrations accord-
ing to growth conditions, i.e. 350 or 700 L L~ Predawn
water potential was measured on single needles or leaves
with a Scholander pressure chamber (Soil Moisture, Santa
Barbara, CA).

Basic Parameters

The dry matter of leaves was determined after drying for
72 h at 80°C. The difference between fresh and dry weight
was used to calculate the water content of leaves. Pigments
were extracted in 80% acetone, and their concentrations
were calculated with the extinction coefficients given by
Lichtenthaler and Wellburn (1983). Soluble protein was
determined with the bicinchoninic acid reagent (Pierce).
BSA served as the standard. Leaf area was determined with
an area meter (Delta T Device, Cambridge, UK). Statistical
analysis was performed with the software STATGRAPH-
ICs (STN, St. Louis, MO) using multiple analysis of vari-
ance, followed by an LsD test to evalute significant treat-
ment effects.

RESULTS

The Response of Antioxidative Systems, Soluble Protein,
and Pigments in Oak and Pine Foliage to an Elevated
Atmospheric CO, Concentration

In leaves of oak seedlings raised from acorns under
elevated CO,, the contents of pigments and soluble pro-
tein as well as the water content (given in percentage of
fresh mass) were similar to those obtained from seed-
lings grown at an ambient CO, concentration (Table T).
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Table I. Photosynthesis, pigments, soluble protein, antioxidants, and activities of antioxidative enzymes in leaves of oak seedlings (Q. robur
L.) grown for 5 months at ambient (350 ul L") and elevated CQO, concentrations (700 ! L™") under greenhouse conditions in two different

years

The leaves were harvested on July 13, 1993 and 1994. Results are means of five individual samples per treatment (=sp) and are related to the
dry mass of leaves. ND, Not determined. Photosynthesis was determined in situ under natural light at a PAR of 972 = 58 pmol quanta m™2s™".

Experiment 1993

Experiment 1994

Measurement
Ambient CO, 700 ul L' CO, Ambient CO, 700 ! L7 CO,

Basic parameters

Photosynthesis (umol m™2 s™7) ND ND 15.7 = 3.9° 20.9 + 6.4

Stomatal conductance (umol m=2 s77) ND ND 163 = 51° 120 = 502

Water content (%) 63.8 7.6 63.4 * 4.6° 63.4 = 3.2° 63.1 £ 4.5

Protein (mg g™") 106.6 = 14,52 93.8 + 6.3° 64.4 = 31.0° 59.1 + 7.7°

Chl (mg g™") 415 = 0.21% 3.96 + 0.89° 6.07 = 0.75° 5.36 = 0.96*°

Carotenoids (mg g™") 0.79 + 0.312 0.81 = 0.21° 1.24 = 0.15° 0.97 + 0.23%P
Enzymes activities

Superoxide dismutase (units g ") 3519 * 611° 1844 = 308" 2224 * 758 604 = 150°

Ascorbate peroxidase (nkat g=") 2032 + 1181° 1225 + 585° 966 *+ 3767 530 + 388°

Monodehydroascorbate radical reduc- ND ND 560 = 772 518 = 972

tase (nkat g~")

Dehydroascorbate reductase (nkat g™') ND ND not detected not detected

Glutathione reductase (nkat g™") 88 = 252 77 * 34° 107 + 312 92 + 112

Catalase (ukat g=") 203 *+ 462 196 *+ 262 169 + 292F 120 = 70b

Guaiacol peroxidase (ukat g=") 9.45 + 1.76%P 10.04 £ 1.51° 7.69 = 2.092 7.70 = 1.342
Antioxidants

Total ascorbate (umol g~") 48.2 = 13.7° 26.0 £ 29 29.3 £5.1° 36.2 £ 4.6

Ascorbate (umol g7") 16.2 = 4.0° ND 8.7 + 4.42 6.6 £ 4.0°

Total glutathione (nmol g™") 1970 £ 11152 1325 = 3902b 1660 + 7402P 890 + 240P

GSSG (nmol g™") ND ND 68.1 £ 46.2° 60.6 = 14.3*

Cys (nmol g™") 152.5 = 83.0° 69.5 £ 6.3° 729 = 41.6% 52.5 £ 16.4%

y-Glutamylcysteine (nmol g=") 56.0 + 26.5° 40.0 = 15.5b¢ 20.8 = 17.1*b 17.6 + 8.8°

2 b, < Different letters in rows indicate significant differences at P = 0.05.

When the same experiment was repeated in a second
year, these parameters were also unaffected by the CO,
concentration, but the absolute content of pigments was
significantly higher and the protein content was signifi-
cantly lower than in the previous year. The magnitude of
the enzymatic activities investigated also showed signif-
icant differences in both years (Table I). Despite these
significant variations in different years, elevated CO,
always caused significant reductions in the activities of
some of the antioxidative enzymes (Table I). For in-
stance, the activities of superoxide dismutases were 2- to
3-fold lower in leaves from oak seedlings grown at 700
pL L™! CO, compared to those found in leaves from
seedlings cultivated at ambient CO, concentrations. The
reduction in ascorbate peroxidase activities was less pro-
nounced but nonetheless also significant (Table I). There
was also a tendency toward lower activities of other
antioxidative enzymes such as monodehydroascorbate
radical reductase, glutathione reductase, and catalase in
leaves from oak seedling grown at elevated CO, concen-
tration, although the effect was not statistically signifi-
cant on the basis of the five replicates analyzed (Table I).

The total ascorbate content of the leaves (sum of ascor-
bate plus dehydroascorbate) showed no clear response to
CO, (Table I). The redox state of the foliar ascorbate pool
was low, since 60 to 80% of the total ascorbate in leaves
was found to be dehydroascorbate (Table I). Recovery
analysis showed that this high degree of oxidation was

not caused by unspecific reactions during the extraction
procedure, since normal recoveries of reduced ascorbate
were observed (see “Materials and Methods”). A low
redox state of the ascorbate/dehydroascorbate system is
typically found in shade-adapted leaves (A. Polle, un-
published data). Growth at an elevated CO, concentra-
tion resulted in a significant reduction in the glutathione
content of the leaves compared with foliage grown at
ambient CO, concentrations (Table I). The content of the
precursors of glutathione, i.e. Cys and y-glutamylcys-
teine, was also diminished. Only 4 to 6% of the total
amount of glutathione was present in its oxidized state,
suggesting that the plants did not suffer from oxidative
stress (Table I).

The effect of elevated CO, on basic parameters and key
components of the antioxidative system was also analyzed
in two needle age classes of maritime pine seedlings (Table
II). We observed that the water content and soluble protein
content of the leaves were not affected by elevated CO,.
The low protein content in pine needles compared with oak
leaves was partially due to incomplete extraction (see “Ma-
terials and Methods”) and also partially caused by species-
specific differences. Maximum protein contents extracted
from oak and pine foliage were 40 and 10.5 mg g~ fresh
mass, respectively. Other basic parameters such as Chl and
carotenoid contents were also lower in pine needles than in
oak leaves (cf. Tables I and II). Both 1- and 2-year-old
needles from pine seedlings grown at elevated CO, con-
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Table l. Photosynthesis, pigments, soluble protein, antioxidants, and activities of antioxidative enzymes in needles of maritime pine seed-
lings (P. pinaster L.) grown for 24 months at ambient and elevated CO, (700 ul L™7) under greenhouse conditions

The needles were harvested in May 1993. Results are means of five individual plants (=sp) and are related to the dry mass of needles. ND,
Not determined. Photosynthesis was determined under controlled conditions at a PAR of 400 umol quanta m™2 57",

Needle Age Class 1991

Needle Age Class 1992

Measurement
Ambient 700 pl L7 Ambient 700 pl L7

Basic parameters

Photosynthesis (umol m™2 s~ ND ND 3.9 +0.9 6.2+1.8

Stomatal conductance (mmol m™2 s~ ND ND 40 * 14 32 +11

Water content (%) 66.5 + 1.0 65.6 + 2.8° 70.8 = 3.2° 71.4 + 3.4°

Protein (mg g™ ") 8.9 x 0.7° 9.3 * 3.9° 5.7 +0.8° 4.7 *1.4°

Chl (mg g™ 3.75 £ 0.342 3.46 + 0.98>P 3.54 = 0.95° 2.71 + 0.41°

Carotenoids (mg g™") 0.72 * 0.06° 0.59 % 0.05*° 0.72 = 0.172 0.49 = 0.18°
Enzymes activities

Superoxide dismutase (units g~’) 1382 + 93° 865 % 3212 2632 *+ 654° 1300 + 1932P

Catalase {ukat g™") 32.5 * 4.4° 28.7 £ 7.0° 28.7 + 6.2° 26.2 + 3.7°

Guaiacol peroxidase (ukat g=") 15.67 * 2.47* 10.9 = 2.49° 0.17 = 0.16° 0.06 * 0.02¢
Antioxidants

Total ascorbate (umol g™") 53.8 = 9.6° 46.7 = 10.3*P 40.1 *+ 6.2° 38.6 +7.2°

Ascorbate (umol g™") 49.6 + 6.7° 44.5 + 9.2b< 36.1 + 4.72P 33.0 = 6.0°

Total glutathione (nmol g™") 804 + 341° 1059 = 76*P 1070 + 7493 1525 + 570°

GSSG (nmol g™") 16 * 72 27 =112 33 + 23° 24 + 13°

Cys (nmol g7") 109 =+ 45° 138 + 89° 52 * 28° 67 + 22°

v-Glutamylcysteine (nmol g™") 59 + 332 31 +132° 15 + 3b 17 = 26°

a b, < Different letters in rows indicate significant differences at P < 0.05.

centrations contained significantly less Chl and carotenoids
than did needles from plants grown at ambient CO,, but
photosynthesis was still higher in shoots of seedlings
grown at elevated CO, compared with those grown at
ambient CO, concentrations (Table II).

In both needle age classes, the activity of superoxide
dismutase was decreased in response to elevated CO,.
However, the effect was more pronounced in 1- than in
2-year-old pine needles (Table II). The activities of catalase
and “nonspecific” peroxidases and the content of ascorbate
also tended to decrease, although this effect was not always
significant (Table II). Unlike in oak leaves, in needles of
pine seedlings grown at elevated CO, concentrations the
content of glutathione increased (Table II).

The Response of Photosynthesis, Pigments, and
Antioxidants to Drought Stress in Combination with
Elevated CO,

In leaves of the young oak trees, the effect of water
shortage was analyzed after a drought period of about 6

weeks. Severe drought stress had not developed, since the
predawn water potentials were still similar to those of the
watered plants (Table III). In contrast, pine needles already
suffered from severe drought stress with water potentials
of less than —2 MPa after 4 weeks of water shortage (Table
IV). The faster development of drought stress in pine was
presumably related to an approximately 1.7-fold greater
leaf surface compared to that of oak (0.14 and 0.20 m? pine
plant™' grown at ambient and elevated CO,, respectively
[P. Vivin, unpublished results] and 0.08 and 0.11 m” oak
plant™" grown at ambient and elevated CO,, respectively
[Picon et al., 1995]). Water content and soluble protein
content of leaves from drought-treated plants were similar
to those of well-watered plants (Tables III and IV). In oak,
the Chl and carotenoid content per gram of dry mass was
increased in stressed leaves as compared with leaves from
watered plants (Table III). A similar trend was observed in
drought-treated pine needles. However, the difference be-
tween stressed and unstressed leaves disappeared if the
pigment content was related to the leaf area (Table III).

Table 111. Basic parameters in leaves of pendunculate oak (Q. robur L.) grown for 5 months with ambient and elevated CO, (700 ul L™7) in
a greenhouse and subjected to drought stress from July 13 to August 26, 1993

Results are means of five individual plants (£sD) and are related to the dry mass of leaves. CO, concentrations: A, ambient; E, elevated (700

wl L™Y. Water supply: W, watered regularly; D, not watered.

Parameter A-W A-D E-W E-D
Water content (%) 58.6 = 1.8° 61.0 = 3.7° 61.6 = 5.4° 59.6 = 2.4
Predawn water potential (MPa) —-0.64 * 0.15° —0.79 + 0.24*b -0.69 * 0.20° —0.91 = 0.26°
Leaf mass area ratio (g m™?) 84.0 + 8.7° 74.7 = 5.3? 743 *12.8° 68.5 + 5.7°¢
Chl (mg g™ 3.39 * 0.32° 3.45 * 0.96° 4.17 * 0.840 4.96 = 0.93°
Carotenoids (mg g™") 0.75 = 0.09° 0.81 = 0.21° 0.87 = 0.15%° 0.93 = 0.19°
Soluble protein (mg g~ ") 101.5 = 15.9° 89.9 = 23.1° 93.3 + 21.5° 99.5 = 20.2°

b Different letters in rows indicate significant differences at P = 0.05.
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Table 1V. Basic parameters determined in needle age class 1994 of maritime pine seedlings (P. pinaster L.) grown for 6 months with ambient
and elevated CO, (700 ul L~7) under greenhouse conditions and subjected to drought stress from June 16 to July 26, 1994

Results are means of 10 individual plants (=sp) and are expressed on the basis of dry matter. CO, concentrations: A, ambient; E, elevated (700

I LY. Water supply: W, watered regularly; D, not watered.
I 8

Parameter A-W A-D E-wW E-D
Water content (%) 69.9 = 4.5° 69.7 = 3.4° 66.7 * 5.0™° 63.6 + 6.6°
Predawn water potential (MPa) —0.56 = 0.412 —2.59 + 0.83° —0.83 £ 0.232 —2.40 * 0.23°
Leaf mass area ratio (g m™?) 236 = 10* 226 = 10° 215 =102 252 + 82
Chl (mg g™") 1.84 = 0.222 1.99 + 0.54° 1.57 * 0.67° 1.92 + 0.252
Carotenoids (mg g™ ") 0.48 + 0.02° 0.46 * 0.07*° 0.39 + 0.072 0.39 = 0.10%
Soluble protein (mg g™ ") 10.0 = 2.4¢ 8.34 + 1.64°¢ 6.06 + 3.142 6.45 = 1.81>b
Weight (g plant™) 25.7 £2.92 27.4 *3.1° 36.4 = 6.2° 38.7 = 2.8°

2 b < Different letters in rows indicate significant differences at P = 0.05.

In oak, the effect of withholding water was apparent
from reduced stomatal conductivities for water vapor (Ta-
ble III) and a significant reduction in the actual rate of net
CO, assimilation in stressed compared with unstressed
leaves (Fig. 1A). In unstressed leaves measured in August
the rate of photosynthesis was similar at both CO, concen-
trations (Fig. 1A), whereas earlier in the season a significant
enhancement of photosynthesis in leaves of oak seedlings
grown at 700 puL L™" CO, was observed (Table I, experi-
ment 1994).

Leaves from young oak trees grown at ambient CO, and
subjected to drought stress contained significantly de-
creased superoxide dismutase and catalase activities and a
decreased total content of ascorbate, whereas the amount
of reduced ascorbate increased compared with well-wa-
tered plants (Fig. 1, B and C). Other components of the
antioxidative system such as ascorbate peroxidase, gluta-
thione reductase, glutathione, and guaiacol peroxidase
were not affected by mild drought stress (Fig. 1, D-G). In
leaves from oak seedlings grown at an elevated CO, con-
centration, in which the activities of superoxide dismutase
and ascorbate peroxidase were low in unstressed plants,
significant enhancements of these enzymatic activities
were observed in response to drought (Fig. 1, B and G). The
content of reduced ascorbate increased as well (Fig. 1H).
Catalase, guaiacol peroxidase, and glutathione reductase
activities and the total content of glutathione were not
affected (Fig. 1, C-F). The content of GS5G was not deter-
mined in this experiment, but in pine needles, which were
subjected to more pronounced drought stress than oak
leaves, the content of GSSG was not significantly affected
in needles from drought-treated plants (Fig. 2F).

Pine seedlings grown at elevated CO, concentrations
showed a stimulation of photosynthesis (Fig. 2A). Because of
stomatal closure (cf. Table IV), net CO, assimilation was not
observed in severely drought-stressed pine seedlings (Fig.
2A). In needles of pine seedlings grown at ambient CO,
concentration and subjected to drought stress, the activity of
superoxide dismutase was decreased compared to that of
needles from well-watered trees (Fig. 2B). By contrast, super-
oxide dismutase activity in needles of pine grown at an ele-
vated CO, concentration increased in needles of trees addi-
tionally subjected to drought stress (Fig. 2B). Drought stress
caused significant decreases in catalase activity both in pine

trees grown with ambient CO, concentrations and in those
grown at elevated CO, concentrations.

In contrast to the situation in oak, the activities of guai-
acol peroxidases showed significant changes in pine nee-
dles in response to drought stress in combination with
elevated CO, concentration. The content of total glutathi-
one increased in response to drought stress in needles of
plants grown at ambient CO, (Fig. 2F). In pine needles of
trees cultivated with elevated CO, concentration, the glu-
tathione content was not affected by drought stress and the
size of the glutathione pool was similar in plants cultivated
with ambient and elevated CO, concentrations.

DISCUSSION
Responses to Elevated CO, in Unstressed Leaves

In the present study, the effect of elevated atmospheric
CO, on photosynthesis and antioxidative systems was ad-
dressed in oak and pine seedlings as representatives of
deciduous and evergreen tree species. Replications of the
experiments showed that basic parameters such as Chl,
carotenoids, and soluble protein contents as well as activ-
ities of antioxidative enzymes in plants grown at ambient
CO, concentrations showed considerable differences in dif-
ferent years and in samples collected at different dates in
the same year (cf. Table I for oak and Table II and Fig. 2 for
pine). Reasons for the observed variations might have been
differences in ambient climatic conditions in the green-
house or differences in the developmental stage of leaves.
Leaf age has a profound effect on the antioxidative capacity
(Polle and Morawe, 1995; Polle, 1995). Oak leaves collected
in July 1993 contained higher antioxidant levels than leaves
collected in August 1993 (cf. Table I and Fig. 2). An age-
dependent decrease in the activity of superoxide dismutase
was observed in pine needles (Table II) and is similar to
that found in spruce (Polle et al.,, 1989). Relatively large
fluctuations in the activities of antioxidative enzymes have
been reported in mature leaves from field-grown beech
trees during several seasons (Polle and Morawe, 1995) and
in bean leaves measured at different times of the day
(Badiani et al., 1993).

In the presence of elevated CO,, pine seedlings showed
a stimulation of photosynthesis, which persisted even after
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Figure 1. Interactive effects of drought stress and elevated CO, on
photosynthesis and on antioxidative enzymes and their substrates in
leaves of oak seedlings (Q. robur, L.). Photosynthesis was measured
in situ under natural illumination of 1125 = 56 umol m~2s™". Bars
indicate means (=sp, n = 5). Circles in H refer to reduced ascorbate.
Other conditions are as in Table lll. Different lowercase letters
indicate significant differences at P = 0.05. CO, concentrations: A,
ambient; E, elevated (700 pL L™7). Water supply: W, watered regu-
larly; D, not watered.

2 years (Table II; cf. Guehl et al.,, 1994). Initially, a stimu-
lation of photosynthesis due to CO, enhancement was also
observed in oak (Table I), but at a later sampling date this
increase was no longer apparent (Fig. 2A). An “acclima-
tion” of photosynthesis has frequently been observed un-
der the influence of elevated CO, concentrations and was
generally associated with a loss in Rubisco protein (Webber
et al,, 1994). However, in the present study detailed mea-
surements of photosynthesis of oak leaves showed consid-
erable fluctuations of the increment in photosynthesis in
plants grown at 700 uL. L™ CO, compared to plants grown

at ambient CO, during the course of the experiment (Picon
et al., 1995).

Despite these fluctuations, the present results clearly
show that elevated CO, caused significant reductions in
superoxide dismutase activity regardless of whether pine
needles or oak leaves were analyzed, regardless of leaf age,
and regardless of whether photosynthesis was enhanced.
The responses of the other components of the antioxidative
system to elevated CO, were less clear. Increases in anti-
oxidants in plants grown at 700 uL L™! CO, were observed
only once (i.e. an increase in glutathione in pine needles;
Table II) and once an increase in the redox state of the
ascorbate pool in oak leaves was observed (Fig. 2). In most
cases analyzed, ascorbate and glutathione and the enzymes
responsible for the reduction of these antioxidants were not
affected by elevated CO,, whereas catalase and ascorbate
peroxidase activities were decreased. Apparently, elevated
CO, resulted in a reduction in antioxidative defenses rather
than in increases as one might have assumed because of the
better supply of plants with photosynthetate.
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Figure 2. Interactive effects of drought stress and elevated CO, on
photosynthesis and on antioxidative enzymes and their substrates in
leaves of pine seedlings (P. pinaster, L.). Photosynthesis (A) was
measured at a PAR of 500 gmol quanta m™2 s™' under controlled
conditions in a chamber on eight trees together. Bars in B to F
indicate means (xsp, n = 10). Circles in E and H refer to reduced
ascorbate and GSSG, respectively. Other conditions are as in Table
lIl. Different lowercase letters indicate significant differences at P =
0.05. nd, Not detected; CO, concentrations: A, ambient; E, elevated
(700 uL L™%). Water supply: W, watered regularly; D, not watered.
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Reductions in superoxide dismutase and catalase activi-
ties have also been observed in spruce needles grown at
750 uL L™' CO, (Polle et al., 1993). Some recent data
suggest that the reduction in antioxidative enzymes might
depend on the degree of CO, enhancement and the nutri-
tional stage of the plants (Schwanz et al., 1996). A reduction
in catalase but not in superoxide dismutase activity has
been found in tobacco leaves exposed for 2 d to an elevated
CO, concentration (Havir and McHale, 1989). It has been
suggested that less catalase activity might be required for
H,0, detoxification because of suppression of photorespi-
ration when Rubisco activity is shifted toward carboxyla-
tion under an elevated CO, concentration (Polle et al.,
1993). Furthermore, one might argue that an enhanced use
of reductant for carboxylation might enhance the availabil-
ity of NADP™ as electron acceptor at PSI and, thereby, limit
the flux of electron to molecular O,. If the Mehler reaction
were suppressed, less detoxification of O, via superoxide
dismutase and the ascorbate-glutathione-system might be
required to maintain the concentration of O, at a low
level. This hypothesis is tempting because it would explain
the observed reduction in ascorbate peroxidase and super-
oxide dismutase activities (Tables I and II; Figs. 2 and 3).
Further studies will be required to determine which factors
regulate the flux of electrons to molecular O,, but the
present results suggest a link to carboxylation efficiency.
Based on the assumption that the concentration of O, in
healthy tissues is maintained at a low but constant level,
the present results strongly suggest that plants grown with
elevated CO, suffer less oxidative stress than plants grown
at ambient atmospheric CO, concentrations.

The molecular mechanisms causing down-regulation of su-
peroxide dismutase activity at an elevated CO, concentration
are currently unknown. Reduced glutathione and other sulf-
hydryl reagents have been shown to serve as signals for the
regulation of superoxide dismutase activity (Hérouart et al.,
1993). However, the present results show no connection be-
tween the glutathione content or the redox state of the gluta-
thione pool and the activity of superoxide dismutase, since
the glutathione content was enhanced in pine and reduced in
oak leaves but both species showed significant reductions in
superoxide dismutase activity (Tables I and II).

Responses to Drought Stress at Elevated CO,

Plants with low antioxidative capacity were found to
confer lower stress tolerance than plants with high antioxi-
dative capacity (Shaaltiel et al., 1988). For example, trans-
genic tobacco plants with decreased activity of glutathione
reductase were more susceptible to paraquat-induced oxi-
dative stress than the wild type (Aono et al., 1995). There-
fore, a reduced antioxidative capacity in plants grown with
elevated CO, concentrations may be alarming with respect
to future climatic scenarios. To test whether plants grown
at elevated CO, concentrations with low superoxide dis-
mutase activity might be more susceptible to oxidative
stress than plants grown at ambient CO, concentrations,
oak and pine seedlings were subjected to drought stress.
Drought stress can result in an increased production of
reactive O, species and, therefore, appears to require ele-
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vated levels of antioxidants for stress compensation
(Smirnoff, 1993). A drought-tolerant maize strain re-
sponded with significant increases in antioxidants to water
deficits, whereas a susceptible strain maintained a lower
protection from oxidants (Pastori and Trippi, 1992). In
drying acorns of Q. robur, a loss in viability was found to be
associated with a significant reduction in antioxidative de-
fenses and the appearance of free radicals (Hendry et al.,
1992). The present results show that drought caused reduc-
tions in both superoxide dismutase and catalase activities
in oak leaves and pine needles grown at ambient CO, (Figs.
2 and 3). This response was unexpected because oak is
known as an extremely drought-resistant species whose
leaves maintain photosynthetic capacity even during ex-
tended periods of water deficits leading to predawn water
potentials of less than —2.0 MPa (Epron and Dreyer,
1993b). In the present study a mild drought stress was
applied that did not affect the predawn water potential of
oak (Table IIT) and, thus, was unlikely to have caused tissue
injury. Although pine needles suffered from greater
drought stress (Table IV) than oak leaves, there was also no
evidence for tissue injury because pigment and protein
contents were not affected (Table IV), lipid peroxidation
was not increased (P. Schwanz, unpublished data), and the
redox state of antioxidants remained unchanged compared
with well-watered plants (Fig. 2). The observed reduction
in antioxidants is clearly at variance with results obtained
with herbaceous plants. For instance, Mittler and Zilinskas
(1994) showed an increased production of mRNA for ascor-
bate peroxidase and superoxide dismutase and enhanced
enzymatic activity of these proteins in drought-stressed
pea plants. Catalase activity was also increased (Mittler
and Zilinskas, 1994). These observations support the idea
that both the Mehler reaction and photorespiration are
important metabolic pathways for dissipation of light en-
ergy when the flux of CO, into the leaves of herbaceous
plants is limited under drought conditions (Foyer and Har-
binson, 1994). Apparently, leaves of tree species respond to
drought in a different way. One reason might be that
responses to water deficits develop slowly over 4 to 6
weeks in the sclerophyllous foliage of pine and oak but
within only a few days in tender leaves of peas; therefore,
in one case plants might gradually adjust to changing
conditions, whereas in the other case the change is rela-
tively abrupt and might exceed the metabolic capacity of
plants to acclimate.

Recently, it has been shown by combined measurements
of fluorescence and CO, assimilation that drought resulted
in a decrease in total photosynthetic electron flux and
photorespiration in turkey oak under field conditions (Val-
entini et al., 1995). The ratio of oxygenase to carboxylase
activity of Rubisco was shifted toward oxygenation (Val-
entini et al., 1995). It is conceivable that the reductions in
superoxide dismutase and catalase activities observed in
the present study (Figs. 2 and 3) reflect an acclimation to
such a down-regulation of total electron flux under
drought conditions. Our results together with those of
Valentini et al. (1995) suggest that the overall necessity for
scavenging of reactive O, species from the Mehler reaction
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or photorespiration might be diminished in drought-
stressed oak leaves and that the relative importance of
down-regulation of PSII efficiency, photorespiration, or
other protective mechanisms for energy dissipation is
greater than that of the Mehler reaction. Given the de-
creased protection from O, ~ and H,0,, it is apparent that
increasing drought, which may eventually cause a release
of Fenton metals such Fe or Cu and result in oxidative
stress and membrane deterioration (Price and Hendry,
1991; Moran et al., 1994), puts leaves of tree species at a
severe risk for unspecific oxidation.

In contrast to drought applied under ambient CO,,
drought stress applied under an elevated CO, concentra-
tion resulted not in decreases but in increases in superoxide
dismutase and ascorbate peroxidase activities up to the
levels observed in unstressed plants grown at ambient CO,
concentrations (Figs. 2 and 3). It is possible that intrinsic,
developmentally determined factors set a ceiling to the
magnitude of the response of the antioxidative systems,
since antioxidant levels found in unstressed leaves under
ambient conditions were not exceeded. Based on the as-
sumption that superoxide dismutase activity reflects the
need for detoxification of O, ~, one must conclude that the
rate of O, production was increased in plants grown with
elevated CO, and subjected to drought stress. Perhaps
plants grown at an elevated CO, concentration contain
increased metabolic reserves and, thus, might have an en-
hanced metabolic flexibility to respond to oxidative stress
compared with plants grown at ambient CO, concentra-
tions. If elevated CO, renders plants more flexible to cope
with environmental stresses such as drought, this will have
important economic and ecological benefits. On the other
hand, it will be important to study whether the responsive-
ness of the protective systems in plants grown at elevated
CO, concentrations is also sufficient to cope with oxidative
stresses that fluctuate more rapidly, such as ozone.
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