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Effect of Elevated CO, and Drought on Proline Metabolism and Growth of Saf-
flower (Carthamus mareoticus L.) Seedlings Without Improving Water Status

Laila, E. Abdel-Nasser and 'Adel, E. Abdel-Aal
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Abstract: Plants subjected to ambient (350umol mol™") and elevated {700pumol mol~') CO, were either well-watered or
droughted. It was found that wsll-watered plants grown either in ambient or elevated CO, had the same water potential (W),
whereas the drought reduced (..} especially in slevated CO,. Leaves of elevated-CO, and well-watered grown plants contained
more total soluble sugars, and starch contents than those of the ambient CO, , whereas sucrose levels wers similar for the well-
watered plants of both elevated and ambient CO, treatments. In contrast, drought reduced the leafl starch and increassd the
total soluble sugars and sucrose contents in both CO, treatments. The activity of leaf sucrose phosphate synthase (SPS, EC:
2.4.1.14) of well-watered plants was not affected by high CO,, whereas that of ambient-CO,-grown plants was reduced 42
% by drought. Most of the amino acids showed an increase with the induction of drought and elevated CO,, but proline only
increased more markedly than did other amino acids, amounting to 37 folds compared to about 2 Told in ambisnt-CO-wesll
watersd grown plants. The activities of three enzymes, »'-pyrroline-5-carboxylase reductase (PBCR, EC: 1.5.1.2) and ornithine
aminotransferase (OAT, EC: 2.6.1.1.3) and proline dehydrogenase (PDH, EC: 1.5.1.2) were measured. The activity of PRCR and
OAT was Tound to increase 6 and 3 Tolds respectively in high-CO, droughted plants. On the othar hand, the activity of PDH
was reduced by 40%. Accordingly, we concluded that proline accumulation in Carthamus mareoticus is caused by both the
activation of its biosynthesis and inhibition of its degradation.
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Introduction

It is well established that all plants have evolved many adaptations
to grow, develop and reproduce in a narrow rangs of
environmental conditions. Environmental  stresses adversely
affect these paramsters in various crop plants. Understanding the
physiological and biochemical mechanisms that make some species
tolerant and others sensitive is fundamental in identifying clearly-
the recognizable traits for use in breeding programs aimed at
devsloping cultivars adapted to the snvironmental stress. Drought
is considered as one of the most environmental factors that
causes osmotic strass and limiting plant psrformance and growth
as well as crop productivity and dspends on the severity and
duration of tha drought psriod in many natural conditions.
Drought stress affects many physiological and biochemical
processes in plants resulting in the alteration of some metabolic
pathways. In terms of biochemical changes, several classes of
compounds have been observed to accumulate in response to
drought, among the major compounds are those involving
carbohydrate metabolism, with the accumulation of neutral
sugars, sugars alcohol (Delauney and Verma, 1993) and a number
of other organic solutes in a wids rangs in various crop plants
(Kameli and Losel, 1993). Also, drought-stress effscts on plant
nitrogen metabolism have been well documented. Major changes
include enhanced proteolysis and inhibition of protein synthesis
(Shen et al, 1990), associated with the accumulation and /for
depletion of protein and non-protsin amino acids, mainly proline
and glycine betaine (Hanson and Hitz, 1982).

Accumulation of proline is a wide spread stress response, and it is
one of the most Trequaently reporied modifications induced by
drought in plants bscause it appsars to respond more profoundly
than do most other amino acids and is often considered to be
involved in stress resistance mechanisms {Lutts ef al, 1999)
through osmotic adjustment of stressed tissues (Kavi-Kishor et af.,
1995), protection of enzymes {Solomon ef al., 1994) and cellular
structures {Van Rensburg ef al., 1993) and acts as a free radical
scavenger (Alia and Pardha, 1995). Moreover, proline biosynt hesis
occupiss a central crossroad bstwesn carbon and nitrogsn
metabolism {Lutts ef al, 1999). Proline degradation could occur
through the action of proline dehydrogenase in the cytoplasm
(PDH,EC:1.5.1.2).

Atmospheric CO, enrichment has a positive physiological impact
on plants {Bowes, 1993). Several studies have shown that
elavataed CO, concentrations can partially alleviates the nsgative
effacts of drought on growth and improves plant water status by
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sustaining larger net CO, assimilation rates at reduced stomatal
conductance in leaves of stressed plants (Rozema, 1993 and
Deluis et al, 1999), suggesting that increasing CO, concentration
hslps to avoid soil drought stress and yield loss caused by current
ambient levels under water stress.

Saf-flower (Carthamus marecticus L.) used in this study was a
thistls like, annual plant of composite family, with large orangs
flower heads, and seeds that yield a drying oil used in paints, food
and a dye-stuff or drug prepared from its florets. This plant is
commonly found in the northwestern coastal desert of Egypt in
Mareot area near Alexandria.

The objective of the current study was to evaluate the interactive
effects of elevated CO, and drought on the plant growth, water
relations, and some biochsmical changss such as carbohydrate
metabolism including the activity of sucrose phosphate synthass
anzyme (SPS) and nitrogen metabolism. Furthermore, specific
objectives were to determine the interactive effects of CO,
enrichment and drought on the activity of some enzymes involved
in proline metabolism such as PbCR, OAT and PDH to wverify
whether the accumulation of proline could be attributed to de
novo synthesis and/or catabolism.

Materials and Methods

Growth conditions: Seads of saf-flower {Cart hamus mareoticus |.)
were collected from the naturally-growing population in north
wastern coastal desert of Egypt in Mareot arsa near Alexandria.
Seeds were rinsed three times in distilled water and further surface
sterilized by immersion for 20 min in H,0, (3% wv). Thereafter,
the seeds were rinsed twice with distilled water, then germinated
on two layers of filter paper moistened with deionized water in
Petri dishes. Germination took place in darkness at 25°C., After 3
days, uniform seedlings were transferred to 21 plastic pots filled
with washed sand {10 seeds per pot). Experiments ware
conducted in controlled growth chamber at 30/25°C day and
night with a photoperiod of 16 hr. An average photosynthetic
photon flux density was 400 pmol m—2 sec™ at the leaf canopy
level and the relative humidity was 75%. After emergence,
seadlings were thinned to 3 plants per pot After 15 days, plants
were randomly assigned to 4 treatments (b pots per-treatment),
each consisting one chamber: (1) wall watered plants grown in
ambient CO, (2) well watered plants grown in elevated CO, (3)
plants grown with a soil water deficit {by withholding water) in
ambient CO, and (4) elevated CO.,.
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€0, exposure: CO, was supplied from a CO, cylinder gas
purchased from commercial sources {Alexandria Air Product,.
Alexandria, Egypt). Gas was delivered to the chambers through a
manifold of in-line micrometer valves and flow meters air prior to
entaring the chambsr to adjust for dssired flow to the intake of
two of four chambers. Due to the unavailability of continuous CO,
monitoring, the concentration of CO, in sach chamber was
adjusted with pressure valves and monitored at the outlet of each
chamber with barium hydroxide in the gas wash bottlss titrated
against 0.02ZN HCI using ph.ph as indicator and stirring the
solution with CO,-Tres air during the titration process. Mean daily
CO, concentrations were 350 =+ b and 700+ 4 pmol mol™' in
ambient and slavated-CO, respectively.

Relative water content (RWC, %) and water potential (W,): Relative
water content was determined using the method of Barrs and
Wheatherley (1962), and using the formula:

({fresh weight - dry wsight)
x 100

(turgid weight — dry weight)

Turgid wsight was determinad aftsr imbibition of ths tissus in
distilled water for 3 h. Dry weight was determined after incubation
of the lsaf segments in an owven at 80 °C for 48 hr.

Water potential was measured with a pressure chamber
(Scholander ef al., 1965) in the youngsst fully expanded leaves.
Water use efficiency (WUE) was determined as the ratio between
the total dry matter production during stress period and the
consumed water during the same period.

Determination of total soluble sugars, sucrose and starch: Total
soluble sugars {TSS), sucrose and starch contents in leaves were
quantified in 20 ml of 80% (V/V} athanol extract at 95°C for 1 h
Trom approximately 100mg of liquid nitrogen frozen leaf
powder, After centrifugation at 10000g for 10min, starch was
msasured in the pellet according to Jarvis and Walker {1993).
Soluble sugars were analyzed by reacting 0.25ml of the
supernatant with 3 ml freshly prepared anthrone reagent (50 mg
anthrone + 80.5 ml H,80, + bml H0) and placing in boiling
water bath for 10 min. After cooling, the absorbance at 625 nm
was determined according to Irigoyen et al. {1992). Sucrose was
determinad as the diffarance bstwsen reducing sugars bsfors and
after hydrolysis with 1 N HCI and 90°C for 30 min and
neutralization. Starch content was determined according to the
method of Murata et al. {1968).

Determination of protein and total free amino acids: The protein
content and total Tres amino acids wsrs quantified in 50 mM K-
phosphate buffer {pH 7.5) extracts of fresh leaves (0.5 g). These
extracts wwarg filiered through four chseesscloth laysrs and
centrifuged at 20000¢g for 30 min. Soluble protein was determined
in the supernatant according to Bradford (1976) using bovine
serum albumin as standard. The total free amino acids content
was determined by the method of Sugano et al. (1975). The colour
developed was estimated at 570 nm using L-leucine amino acid as
standard.

Determination of proline: Frash sampls of Isal ftissue
(approximately 200 mg) was ground in liquid nitrogen and 1.2 ml
of 3% {w/v) sulphosalicyclic acid to precipitate protein, under
moderate shaking.

The homogenate was centrifuged at 12000g for 10 min. An
aliquot {0.5 ml) of supernatant was made up to 1 ml with water.
Proline was estimated in the supernatant by the method of Bates
at al {(1973) using ninhydrin acid reagent and L-proline as standard
(0-30 pg/mil)

Enzyme extractions: | saves of wsll-watered and stressed plants
werse harvested and about 1 g Tresh weight per treatment was
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then ground in a chilled mortar and pestle, in the presence of
wvashad quartz sand with liquid nitrogsn, then homogenized in the
appropriate extraction buffer in a ratio 2:1, v/w at 4 °C.
Extraction buffer for SPS according to Vu ef al. (1993) was b0
mM MOPS-NaOH buffer {pH 7.5) containing 15 mM MgCl, 1 mM
EDTA, 2.5 mM DTT and 0.1%({w/v} Triton X-100. The homogenate
wvas centrifuged at 12000¢g for 1 min at 2°C, and the supsrnatant
was rapidly dssalied by centrifugal filiration on Sephadex G-25H
column.

Extraction buffer for omithine aminotransferase (OAT) and a'-
pyrroline-b-carboxylic acid reductase (P5CR) enzymes contains 100
mM K-phosphate (pH 7.9with pyridoxal phosphate {1mM), EDTA
{(1TmM) and f-mercaptosthanol (10m). The extract was filtered
through cheesscloth and the filirate was centrifuged for 10 min
at 12000 g. The supernatant was used for the assay of OAT and
PBCR enzymes. Extraction buffer for proline dehydrogenase (PDH)
consisted of 100 mM K- phosphate (pH 7.4}, 0.5% (v/v) Triton X-
100. The extract was filtered through cheesecloth and the filtrate
was centrifuged at 1000 g for 10 min. The supernatant was used
for enzyme assay.

Enzyme assays: Activity of SPS was assayed in a reaction mixture
containing 50 mM MOPS-NaOH (pH 7.5), 2.5 mMDTT, 15 mM
MgCl, 3.5 mM UDP-glucose, 3.5 mM fructose-6-P and 15 mM
glucose-6-P. After incubation for 10 min at 25 °C, ths reaction
was terminated with 704l of 1 M NaOH and assay tubes were
immarsad in boiling water Tor 10 min to dsstroy all un-reacted
fructose-6-P. After cooling, 0.5 ml of 0.1% (w/v) resorcinol in
95% ethanol and 1.5ml of 30% (v} HCI ware added. The tubas
were incubated at 80°C for 8 min, then cooled for 5 min in tap
wvater, and absorbancs was rsad at 520 nm.

The activities of ornithine aminotransferase (OAT), and a'-
pyroline-b-carboxylic acid reductase (PSCR) enzymes waere
measurad spectrophotometrically according to Charest and Phan
(1990) and Lutts ef al (1999) respactively. The assay mixture for
OAT enzyme contained Tris-KOH buffer (100mM, pH 8), ornithine
(5 mM), a-ketoglutarate {10 mM), 0.25 mM NADH and enzyme
(0.2 ml)in a total volume of 2ml; the decrease in absorbance of
NADH was monitored at 340 nm. The assay mixture for PbCR
enzyme contained 50 mM Tris-HCI buffer (pH 7.0),1mM
dithiothreitol, 0.25 mM NADH and TmM »'-pyrroline-5-carboxylic
acid (PbC). The reaction was started with the addition of 0.1 ml
crude extract and the decrease in the absorbance of NADH was
monitored at 340 nm.

Proline dehydrogenase {PDH) was assayed according to Mattioni
et al. {(1997) by following the reduction of NAD* at 340 nm in
Na,CO;-NaHCO; buffer (200 mi, pH 10.3) containing L-proline (15
mM); NAD+ (10 mM and enzyme extract (0.1 ml) in a total
volume of 0.5ml.

Statistical analysis: Analysis of variance (ANOV A) was performed
to partition the variance into the main sffects and the interaction
between the two factors (CO, and drought). Data were subjected
to Dunnet’'s t-test to find statistically the significant differences
between treatments at P = 0,05, The data shown are means + SE.

Results and Discussion

A sufficient supply of water is fundamental for wvegetation
diversity, optimal growth, and plant productivity. Therefore,
drought stress may affect some physiological processes, resulting
in marked dscrease in the yield of plants. Also, high CO, grown
plants usually deplete soil watar at a lowsr rate than ambisnt CO,
grown plants and, therefore, slow the rate of stress development
without subjecting the plants to the same of soil drought as
ambient grown plants {De Luis et al, 1999). Well-watared plants
grown either in ambient or in elevated CO, had the same water
potential (W,, and relative water content (RWC) (Fig. 1). In
contrast, plants grown under drought conditions displayed a more
rapid and a significant reduction in W, and RWC of saf-flower
plant grown in ambient CO, more than those grown in elevated
CO,, indicating that CO, can partially alleviate the detrimental
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Effect of the interaction between elevated CO, and drought on
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Fig. 2: Effect of the interaction between drought and elevated CO, on
the leaf area and biomass of Carthamus mareoticus L. plant
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effect of drought through its effect on plant water status, rather
than reduction in hydraulic conductance as suggested by De-Luis
ot al. (1999}, CO, enrichment also enhances water consenvation
and midday xylem water potentials in drought-stressed plants
such as sweet potato (Bhattacharya et a&f., 1990) and Arachis
hypogaea (Clifford et al, 1993). Furthermore, Jarvis {1989)
suggested that elevated CO, could improve drought tolerance by
increasing rates of photosynthetic assimilation, thus resulting in
accumulation of organic solutes as osmolytes such as soluble
sugars, as we also obtained in this study {Table 1), which causes
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Fig. 4. Effect of the interaction between drought and elevated
CO, on the activity of pyrroline-b-carboxylic reductase
(PHCR), omithine amino transferase (OAT) and Proline
dehydrogsnase (PDH) enzymes in Carthamus mareoticus
L. plant. Unit activity = the amount of enzyme catalyzing
the oxidation/reduction of mM of NADH/NAD min~1 and
referred to the protein content of each sample. Otherwise
as Tor Fig. 1

water to be retained and keeps the W, gradient less negative
(Delauney and Verma ,1993) and continue uptake of water during
stress period and it is expected that this will countsract the
negative effect of water stress on biomass accumulation (Carter
et al, 1997).

In the present study, it was found that a higher water use
efficiency (WUE) in stressed plants was more than in well-watered
plants, probably due to the lowear water consumption {drought
effect), also elevated CO, increased this difference {Fig. 1). Most
studies in drought-subjected plants growing in elevated CO, have
also found an increase in WUE (Bazzaz, 1990 and Chaudhuri et al.,
1990) associated with a decrease in water consumption. However
in well.watered plants the increases in WUE  with elevated CO,
was associatad with high water consumption (Fig. 1). According
to Samarakoon and Gifford (1996), the reason for WUE
improvement in well-watered plants under elevated CO, was the
higher biomass production rather than a decrsase in water
cohsumption. On the other hand, Chaves and Peraira (1992)

Table 1: Effect of interaction between CO, and water availability on
starch, sucrose and total soluble sugar content in Carthamus
mareoticus leaves at the end of treatments. Data represents the
means + SE {n= 5). WA and WE, wellwatered plants grown
in ambient and elevated CO,. DA and DE, plants grow n under
drought conditions in ambiert and elevated CO,

Treatments Starch Sucrose Total soluble
{mg g ' DW) {mg g ' DW) sugars (mg g~' DW)
WA 110.6+ 9.9 40.8+ 4.4 112.8+ 6.7
WE 210.9x 9.8 41.6x 3.4 169.2+ 6.8
DA 85.8+x 4.6 3.9+ 2.9 799254
DE 126.4+ 6.5 62.8+ b.8 109.8+ 8.8

Table 2: Effect of interaction between CO, and water availability on
protein, free amino acid and proline content in Carfhamus
mareoticus leaves at the end of treatments. Data represents the
means + SE (n=5). Otherwise as for Table 1.

Treatments Total soluble protein Total free amino Proline

{mg g~ DW) acids (pg g ' DW) (g g DW)
WA 221.8+ 9.8 1010+ 22.7 43+ 2.6
WE 219.7+ 8.2 1161+ 33.8 b2+ 4.2
DA 151.5+ 6.6 1860+ 28.5 679+ 11.8
DE 136.9+ 8.1 3104+ 46.6 1594+ 3b.7

concluded that the increase in WUE as a result of elevated CO,
is likely to bs the improvement in wsll watered plants more than
the increase in net photosynthesis only, and that the same for
drought grown plants grown in a CO, —enriched atmosphere.
Furthermore, stomata are known to play an important role in
mediating the rmsponse of plants to drought and CO,
concentration. For most plant species, drought frequently causes
stomata closure, also increased atmospheric CO, that causes
partial closure and reduces conductance of the stomata {Drake et
al., 1997) with the reduction of water loss through transpiration.
Such reduction in stomatal aperture, conductance and
transpiration sxplain the better water status of the plants grown
in elevated CO,

The drought significantly depressed the dry weight (DW)
compared with well-watered plants (control) (Fig. 2). However, in
elevated CO,, the increase in biomass production of well-watered
or even in stressed plants was higher than in ambient CO,
probably due to the better assimilating sfficiency of their tissuss
(increase in net assimilation) and to the better performance of
plants tissues, thus resulting in high dry matter production
particularly in well-watered plants. In this connection, Huber et al.
(1984) have reported that the beneficial effect of elevated CO, on
growth of stressed plants may be related to a better plant water
status. Idso {1988) indicates in his study on a variety of plant
species that atmospheric CO, enrichment may actually prevent
plants from succumbing to the rigors of snvironmental stressss
and enable them to maintain essential growth. CO, significantly
increased the total leaf area particularly in well-watered plants {Fig
2). Similar situations have been reported for plant species (Weber
ef al., 1994 and Edward ef al, 1997).

Metabolic changes: Drought and elevated CO, ars known to
trigger several metabolic changes in plants particularly in leaves.
Detarminations of starch content Tor the treatments showsd that
elevated CO, affected the concentration of starch in saf-flower
(Carthamus mareoticus) leaves (Table 1). Leaf starch content of
well watered plants under elevated CO, conditions (WE) was 91%
higher than that of plant under ambient CO, (WA). On the other
hand, drought reduced leaf starch content of DA plants to about
22 % of that of the WA plants, but under elevated CO, {DE plants)
it declined strongly to about 40% of that of the WE plants.

As axpected in this study, undsr wsll-watsred conditions, slevated
CO, significantly increased total soluble sugars content of leaves,
but drought reduced it in elevated and ambisnt CO, and no
differences were observed between DE and WA treatment (Table
1}, possibly due to increase in photosynthetic assimilation and a
decrease in respiration rates {(Long, 1991), which increased the
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availability of photosynthates (Deluis ef al, 1999). Many authors
have found that carbohydrate accumulates significantly under
elevated CO,(Sage et al., 1989 and Yelle et a., 1989 a,b). Sucrose
content was similar in leaves of the well-watered plants under
conditions of both ambient and elevated CO,. However, there
ware increases in sucrose content in the Ileaves of droughted
plants. Leaf sucrose of the DA plants was 32 % and increased by
about 51 % in DE relative to the content of both WA and WE
plants respectively. The increase in sucrose content with a
concomitant decrease in starch content could be due to the
conversion of starch into sucrose (Chaves, 1991},

Changes observed in soluble protein, free amino acid, proline
content of sewveral drought stressed plant spscies have besn
attributed to a reduction in the rates of protsin synthssis and an
increase in proteolytic activity both of which tend to cause an
increase in the total soluble nitrogen (Shen et al., 1990). Inthe
present study, drought resulted in a decrease in total soluble
protein. However, we did not observe changed soluble protein
content due to elevated CO; in well watered plants. The present
data also show a significant increase in free amino acids {Table 2).
These results would suggest that the decrease in the soluble
protein content cannot be related to the increase in amino acids
but could be due to the reduction in protein synthesis rather than
the initiation of proteolysis as previously shown in Brassica napus
and wheat seedlings by Good and Zaplachinski (1994) and
Mattioni et al. {1997) respectively.

Although the accumulation of free amino acids showed a
significant increase under drought conditions and elevated CO,
amounted to nearly 3 folds, only the proline content increased to
37 folds under the identical conditions (Table 2). Thus, proline was
high enough to be considered the principal solute that may allow
plants to overcoms drought effect through osmotic adjustment
and serves as storage forms of nitrogen and carbon for future use
under less stressful conditions. A function of proline as non-
protein amino acid in osmo-adjustment has been proposed,
although there may bs no causs and sffect relationship betwesn
proline accumulation and osmo-regulation in plants grown under
drought conditions and msponses of plants suggssted by
differences in proline concentrations and responses of plants
species to drought (Sundaresan and Sudhakaran, 1995). However,
the accumulation of proline during drought may have other
Tunctions, such as enzyme protection and stabilization of biological
membranes and the degradation of proline may improve the
energy status of cells recovering from water deficit (Alia, 1991;
Mattioni et al, 1997)

Activity of SPS enzyme: Drought stress was found to reduce the
leaf sucrose phosphate synthase (SPS) activity, whereas the
reduction of SPS activity was prevented by elevated CO,
(Fig. 3). However, elevated CO, did not affect the activity of SPS
under well-watered conditions. Furthermore, SPS activity of DA
plants was 51% of that of the WA plants, indicating that SPS was
not down regulated by elevated CO.,. This might be expected in
that SPS would be required to handle the increased carbohydrate
amounts at slevated CO,. Similar results have besn reported by Vu
at al. {1998) in rice. They reported that although the selevated CO,
treatment prevented the drought induced reduction in SPS
activity, it did not prevent a major conversion of starch to soluble
sugar particularly sucrose in drought stressed plants, but only
delaysd the onsst of this process. Thus, the high sucross contant
increased as a result of drought in both growth CO, regimas,
despite the Tact that SPS activity dseclined under ambisnt CO,.

Activities of enzymes related to proline metabolism: In order to
evaluate whether the proline accumulation in plants subjected to
drought stress is an active procsess brought about by the stress
or not, the activities of the »'-pyrroline-h-carboxylass reductase
(P5CR), omithine aminotransferase (OAT), and proline
dehydrogenase (PDH) enzymes involved in biosynthesis and
catabolism of proline, were measured in well-watered and
droughted plants under ambient and elevated CO, conditions.
OAT, as the key enzyme in pathway involves the conversion of
ornithine, which is also the prscursor of putrescing, to the
Tformation of glutamate semi-aldshyde which spontaneously
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converts by PHCR to pyroline-b-carboxylate, the precursor of
proline. PDH, on the other hand, is the key enzyme involved in
degradation of proline. However, there are conflicting data in the
literature concerning the quantitative implication of these enzymes
in proline biosynthesis. Most of the studies on drought stress
induced proline accumulation have sxaminsd only the glutamats
pathway of proline mestabolism.

The present study showed that under well-watered conditions,
slevated CQ, slightly increased PhCR activity, whereas drought
caused a significant increase in the activity of this enzyme. Thers
wvas a significant difference in activity betwsen wsll-watered and
droughted plants grown under ambient and slevated CO,, whers
the increase in PBCR activity observed in droughted plants was
around 18 and 24 folds in ambient and elevated CO, respectively
compared to 3 and 4 folds in WA and WE respectively {Fig. 4),
which associated with proline accumulation {Table 2) indicating
that glutamate pathway is considered the predominant and an
important mechanism in biosynthssis of proline in saf-flower
{Carthamus mareoticus) plants grown under drought conditions
in ambient or elevated CO,. Similar results have been reporied in
other crop species (Roy ef al, 1992; Strizhov et al., 1997 and
Lutts et ai., 1999). Also, drought induced stimulation of OAT
constitutes an interesting result since it was detscted and
increased only in proline accumulating plants in response to
drought and elevated CO, (Fig. 4). Hervieu et al. {1994} and
Roosens ef &, {1998) have showed that OAT activity increased in
radish cotyledons and in young plants of Arabidopsis thaliana
respectively after exposure to water stress. It could therefore be
suggested that the stress-induced stimulation of OAT activity
would simultaneously lead to an increase in proline concentration
in drought grown plants and to a decrease in endogenous levels
of the protective polyamine, putrescine (Lutts ef al, 1999).
Flavated CO, increased proline accumulation dus to the increass
in the endogenous pool of its precursor glutamats. Furthermore,
the reduction in the activity of PDH, as a key snzyme in proline
catabolism, to reach the minimum level in stressed plants (Fig. 4)
may also be implicated (Sundaresan and Sudhakaran, 1995)
suggesting that PDH enzyme is to be one of the factors causing
proline accumulation.

Howevaer, a lack of relationship between proline accumulation and
P5CR or PDH activities was reported in several plant systems
(LaRosa ef al, 1991 and Szoke et al, 1992). Morecver, Mattioni
et al (1997) showed that although the level of PBCR activity was
increased in the lsaves of wheat stressed plants, no changs was
observed in the exprassion of the AT-PACRI, implying that the
increase in enzyme activity is not related to changes in the
exprassion of this gene.

Our study shows that the well-watered and elevated CO,
conditions improved growth and this effect was due to a better
performance of plant tissues. Under drought condition, elevated
CO, alleviated the negative effects of drought and improved
tolerance by improving carbon fixation and plant growth. As a
result, plant biomass production was even higher than in waell-
watered plants grown in ambient CO,. In addition, we have
shown that in saf-flower {Carthamus mareoticus) plant proline
accumulation under drought stress is an active process that
requires the activation of hiosynthstic, mainly PBCR , and catabolic
anzymes such as PDH.
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