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Summary

 

• Whether decreases in Rubisco activity and the availability of ribulose-1,5-
bisphosphate (RuBP) regeneration are responsible for drought-induced depression
of photosynthesis is under debate.
• Here, leaf water potential and relative water content, gas exchange, chlorophyll
fluorescence, initial and total Rubisco activity and RuBP content were determined
during the time course of drought development in five C

 

3

 

 species: 

 

Rhamnus alater-
nus

 

, 

 

Rhamnus ludovici-salvatoris

 

, 

 

Nicotiana sylvestris

 

, 

 

Phaseolus vulgaris

 

 and 

 

Vitis
vinifera

 

. Water was withheld until photosynthesis approached zero (between 6 and
12 d depending on the species).
• Relative water content and water potential progressively dropped with drought in

 

Rhamnus

 

 and 

 

Vitis

 

, but not in the other two species. While RuBP content and
Rubisco activity remained constant, declining eventually only in the more severe
drought situations, light-saturated stomatal conductance (

 

g

 

s

 

) and photosynthesis
(

 

A

 

N

 

) decreased progressively during drought in all species. This strongly suggests a
dominant role of decreased 

 

g

 

s

 

 in photosynthesis downregulation during drought in
these species, which is supported by increased electron transport to 

 

A

 

N

 

 ratio.
• It is concluded that impairment of Rubisco activity and RuBP content do not limit
photosynthesis until drought is very severe. Moreover, the relative water content at
which these mechanisms are impaired is strongly species-dependent.
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Abbreviations

 

A

 

N

 

, net CO

 

2

 

 assimilation rate; 

 

A

 

SAT

 

, photosynthesis under light- and CO

 

2

 

-saturated
conditions; 

 

C

 

i

 

, substomatal CO

 

2

 

 concentration; 

 

ε

 

, apparent carboxylation efficiency
(initial slope of 

 

A

 

N

 

–

 

C

 

i

 

 curve); ETR, electron transport rate; 

 

F

 

v

 

/

 

F

 

m

 

, efficiency of exci-
tation capture by open PSII in dark-adapted leaves; 

 

g

 

s

 

, maximum light-saturated
stomatal conductance; RuBP, 

 

D

 

-ribulose-1,5-bisphosphate; RWC

 

PD

 

, predawn leaf
relative water content; RWC

 

MM

 

, mid-morning leaf relative water content; 

 

Ψ

 

,
predawn leaf water potential.
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Introduction

 

Drought is considered the main environmental factor limiting
plant growth and yield worldwide, especially in semiarid areas

(Boyer, 1982; Chaves 

 

et al

 

., 2003). It is well known that one
of the primary physiological targets of drought is photosyn-
thesis (Chaves, 1991; Cornic, 1994; Lawlor, 1995). Drought
has been shown to limit photosynthesis through stomatal closure
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(Sharkey, 1990; Chaves, 1991; Cornic, 1994), and also by
metabolic impairment (Boyer, 1976; Lawlor, 1995; Tezara

 

et al

 

., 1999; Flexas & Medrano, 2002; Lawlor & Cornic, 2002).
Based on the response of net CO

 

2

 

 assimilation (

 

A

 

N

 

)
to substomatal CO

 

2

 

 concentration (

 

C

 

i

 

) (

 

A

 

N

 

–

 

C

 

i

 

 curves), it
has been suggested that both the capacity for ribulose-1,5-
bisphosphate (RuBP) regeneration and the carboxylation
efficiency (the initial slope of the response of 

 

A

 

N

 

 to increas-
ing 

 

C

 

i

 

) are substantially reduced under drought, and each of
these processes has been proposed to be the main limitation
to photosynthesis imposed by drought under saturating
light and current atmospheric CO

 

2

 

 concentrations (Martin
& Ruiz-Torres, 1992; Escalona 

 

et al

 

., 1999). However, it is con-
troversial whether 

 

A

 

N

 

–

 

C

 

i

 

 analysis is reliable under drought, as
two main problems have been described related to 

 

C

 

i

 

 calcula-
tions: patchy stomatal closure (Laisk, 1983; Buckley 

 

et al

 

., 1997)
and changes in the cuticular conductance to vapour pressure
(Boyer 

 

et al

 

., 1997). In addition, drought-induced changes in
the mesophyll conductance to CO

 

2

 

 may also invalidate the
interpretation of 

 

A

 

N

 

–

 

C

 

i

 

 analysis (Flexas 

 

et al

 

., 2002).
Therefore, because of the uncertainty of 

 

C

 

i

 

 calculations
under drought, it is desirable to assess the actual effects of
drought on these metabolic processes, based also on 

 

in vitro

 

determinations of RuBP content and Rubisco activity. These,
however, may also be uncertain because of problems related
to Rubisco extraction that yield lower 

 

in vitro

 

 activities than
expected from 

 

in vivo

 

 determinations, although the results
can be compared qualitatively (Rogers 

 

et al

 

., 2001). 

 

In vitro

 

studies have yielded different results. For instance, Giménez

 

et al

 

. (1992) and Gunasekera & Berkowitz (1993) found
strong reductions in leaf RuBP content, but Lal 

 

et al

 

. (1996)
reported that these were unaffected by drought. Similarly, some
reports have shown strong drought-induced reductions of
Rubisco activity per unit leaf area (Maroco 

 

et al

 

., 2002) and per
mg protein (specific activity, Parry 

 

et al

 

., 2002), but other studies
have shown no effect (Lal 

 

et al

 

., 1996; Pankovic 

 

et al

 

., 1999;
Delfine 

 

et al

 

., 2001; Pelloux 

 

et al

 

., 2001). These apparent dis-
crepancies may arise from the fact that the different studies
were performed under different environmental conditions,
using different species and undergoing different drought
intensities.

To improve understanding about the occurrence and
extent of drought-induced inhibition of Rubisco activity and
RuBP regeneration, we analysed the variations of leaf RuBP
content and Rubisco activity during the development of
gradual drought in five different C

 

3

 

 species differing in photo-
synthetic characteristics and water relations, from lowest
photosynthetic capacity and highest range of water-relation
parameters in two Mediterranean evergreen sclerophylls
(

 

Rhamnus alaternus

 

 L. and 

 

Rhamnus ludovici-salvatoris

 

 R.
Chodat), to highest photosynthetic capacity and lowest range
of water-relation parameters in two mesophytes (

 

Nicotiana
sylvestris

 

 L. and 

 

Phaseolus vulgaris

 

 L.), with intermediate
behaviour represented by grapevine (

 

Vitis vinifera

 

 L.).

 

Materials and Methods

 

Plant material and treatments

 

Five different species were used, two evergreen sclerophyll
species (

 

Rhamnus alaternus

 

 L., 

 

Rhamnus ludovici-salvatoris

 

 R.
Chodat) and three mesophytes (

 

Nicotiana sylvestris

 

 L., 

 

Phaseolus
vulgaris

 

 L. and 

 

Vitis vinifera

 

 L.). Six to eight plants per species
were grown in a glasshouse under natural conditions. 

 

N. sylvestris

 

,

 

P. vulgaris

 

 and 

 

V. vinifera

 

 were grown in 5 l pots. The two

 

Rhamnus

 

 species were grown in smaller pots (2.5 l) in order
to adjust the soil volume to the expected rate of water con-
sumption according to their known low transpiration rates
(Gulías 

 

et al

 

., 2002). One week before starting the experiment,
plants were placed in a controlled-growth chamber with a
12 h photoperiod (26

 

°

 

C day/20

 

°

 

C night) and a photon flux
density at the top of leaves 

 

≈ 

 

600 

 

µ

 

mol m

 

−

 

2

 

 s

 

−

 

1

 

 (halogen
lamps). Each species was handled as an individual experiment,
i.e. the experiment was performed at a different time for each.
Each experiment was stopped when 

 

A

 

N

 

 was close to zero.
Plants were abundantly supplied once with 100% Hoagland’s

solution, then irrigated daily before the start of the experi-
ment. Measurements corresponding to control treatments
were made on the first day of the experiment when all the
plants were well watered. Thereafter, irrigation was stopped
in five plants for each species and the measurements were
repeated every 2–3 d to capture different degrees of drought.
Control plants were watered daily throughout the experiment
and eventually measured to ensure they maintained constant
values of each parameter during the experiment.

 

Plant water status

 

Pre-dawn leaf water potential (

 

Ψ

 

) was determined with a
Scholander chamber (Soilmoisture Equipment Corp., Santa
Barbara, CA, USA). Three replicates per species and treatment
were obtained.

The leaf relative water content at predawn (RWC

 

PD

 

)
and mid-morning (RWCMM) was determined as follows:
RWC = (f. wt − d. wt)/(turgid weight − d. wt). To determine
the turgid weight, leaves were kept in distilled water in dark-
ness at 4°C to minimize respiration losses until they reached
a constant weight (full turgor, typically after 12 h). Leaf dry
weight was obtained after 48 h at 70°C in an oven. Five to six
replicates per species and treatment were obtained.

Chlorophyll fluorescence measurements

Chlorophyll fluorescence parameters were measured on attached
leaves using a portable pulse amplitude modulation fluorometer
(PAM-2000, Walz, Effeltrich, Germany). For each sampling time
and treatment, six measurements were made on different plants.

A measuring light of ≈ 0.5 µmol photon m−2 s−1 was set at
a frequency of 600 Hz to determine, at predawn, the background
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fluorescence signal (F0), the maximum fluorescence (Fm), and
the maximum quantum efficiency of PSII (Fv/Fm = (Fm − F0)/
Fm). At mid-morning the same leaves analysed at predawn
were measured with a photon flux density ≈ 1000 µmol
m−2 s−1, obtained using the halogen lamp of the (PAM-2000),
measuring the steady-state fluorescence signal (F s). To obtain
the steady-state maximum fluorescence yield (Fm′), saturation
pulses of about 10 000 µmol photon m−2 s−1 and 0.8 s dura-
tion were applied. The PSII photochemical efficiency (∆F /
Fm′, Genty et al., 1989) was then calculated as:

∆F /Fm′ = (Fm′ − F s)/Fm′

and used to calculate the relative linear electron transport rate
(ETR) according to Krall & Edwards (1992):

ETR = ∆F /Fm′ × PPFD × 0.5 × 0.84

where PPFD is the photosynthetic photon flux density incident
on the leaf; 0.5 is a factor that assumes equal distribution of
energy between the two photosystems (the actual factor
has been described as between 0.4 and 0.6, Laisk & Loreto,
1996); and 0.84 is the assumed leaf absorptance which has
been shown to be quite conservative among C3 plants
(Björkman & Demmig, 1987). Although leaf absorptance
can change slightly with leaf temperature, in the present
experiment leaf temperature ranged only from 25 to 28°C in
all species and treatments, so we consider that leaf absorptance
was kept constant during the experiment. Nevertheless, we
call this the ‘relative’ ETR as it assumes the photosystem
distribution factor and leaf absorptance are the same in all
species, therefore the ‘actual’ ETR could be slightly different.

Gas-exchange measurements

Instantaneous determinations of net CO2 assimilation (AN)
and stomatal conductance (g s) at saturating light (1500 µmol
photon m−2 s−1) and 26°C were done at mid-morning with a
Li-6400 (Li-Cor Inc., NE, USA) in five leaves of different
plants. The IRGA was calibrated every day according to the
manufacturer’s recommendations.

After this, four AN–C i response curves per species and treat-
ment were performed as previously described (Gulías et al.,
2002). Four to five points were obtained in the initial, linear
part of the curves, and three to four points in the saturated
region. The initial slopes of AN–C i curves (ε) were taken as an
estimate of the leaf carboxylation efficiency, which is usually
related to Rubisco activity (von Caemmerer, 2000). Light-
and CO2-saturated photosynthesis (ASAT) was estimated from
the saturated region of the curves.

Biochemical determinations

For measurements of Rubisco activity and RuBP content,

five to six discs of illuminated leaves (5.3 cm2) or entire leaves
per assay and treatment were freeze-clamped into liquid
nitrogen and stored at −70°C until assay. The samples were
taken concurrently with gas-exchange and fluorescence
measurements.

For Rubisco activity the samples were ground to a fine
powder in a mortar, previously chilled with liquid nitrogen
and homogenized in 1 ml of an ice-cold extraction medium.
Before the present experiment, extraction media were optimized
for each particular species by testing different components
(Bota et al., 2002). The extraction medium for N. sylvestris
contained: 50 m bicine pH 8, 20 m MgCl2, 50 m
β-mercaptoethanol, 2 m phenylmethylsulfonyl fluoride
and 30 mg polyvinylpolypyrrolidone. To extract P. vulgaris
samples some additional protease inhibitors were added to the
previous buffer: 2 m benzamidine, 2 m ε-amino-n-caproic
acid, 1% (v/v) protease inhibitor cocktail (Sigma Cat. P9599,
Sigma-Aldrich Corp., St. Louis, MO, USA). The extraction
medium for the two Rhamnus species and V. vinifera contained:
0.1  bicine pH 8, 20 m MgCl2, 50 m β-mercaptoethanol,
11 m 6% PEG 4000, 11 m Na-diethyl-dithio-carbamate,
2 m benzamidine, 2 m phenylmethylsulfonyl fluo-
ride, 2 m ε-amino-n-caproic acid, 1% (v/v) protease inhibitor
cocktail and 2.5% Tween 20. These buffers were chosen
because they yielded the maximum activities for each species.
Extracts were clarified by centrifugation (12 000 r.p.m. at
4°C for 2 min) and the supernatant immediately assayed at
25°C for Rubisco activity. The initial and total activities were
determined according to Parry et al. (1997).

This method yields identical activities to the typical
spetrophotometric method (Ward & Keys, 1989), which
underestimates the actual activity of different species by
2.6-fold, on average (Rogers et al., 2001). However, the
percentage of underestimation may vary strongly between
species. The values are, nevertheless, qualitatively comparable,
as demonstrated by Rogers et al. (2001). Therefore we will
discuss basically the percentage variations in respect to control
plants.

Total soluble protein was determined according to the method
of Bradford (1976).

For RuBP content determination, leaf samples were ground
as described for Rubisco activity assay and homogenized
in 0.5 ml 0.45  trifluoracetic acid. Extracts were clarified
by centrifugation (12 000 r.p.m. at 4°C for 3 min) and
measured by 14C incorporation into acid-stable products using
purified Rubisco and NaH14CO3 (Giménez et al., 1992).

Statistical analysis

One-way ANOVA was applied to assess the differences be-
tween treatments for each parameter and species. Differences
between means were established using a Duncan test (P < 0.05).
The data were analysed applying the SPSS 10.0 program for
Windows.
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Results

Variations of leaf water status, stomatal conductance 
and photosynthesis during progressive drought

Figure 1 shows the progressive effect of drought on the measured
water status parameters leaf relative water content at predawn
(RWCPD) and (Ψ), as well as on AN and g s for the five species
studied. Leaf relative water content at mid-morning (RWCMM)
followed almost identical patterns to those of RWCPD
(data not shown). The progressive water depletion in the
soil resulted in a progressive but important decrease of both
water status parameters in the R. alaternus and R. ludovici-
salvatoris (Fig. 1a,b). In V. vinifera the reductions were
lower, but also significant (Fig. 1c). However, the differences
in water status between treatments were not significant
in P. vulgaris and N. sylvestris (Fig. 1d,e). By contrast, the
progressive effect of drought on AN and g s was clearer and
statistically significant for all the species (Fig. 1f–j). At the
end of the experiment control plants for all parameters
showed similar values to those at the beginning of the
experiment (Fig. 1a–j).

Variations of relative ETR during drought followed
a pattern similar to those in AN in all species (Fig. 2), but it
decreased to a lesser extent, resulting in a progressive increase
of ETR/AN (Fig. 2). Despite severe reductions in relative
ETR, efficiency of excitation capture by open PSII in
dark-adapted leaves (Fv/Fm) was maintained at 0.80 ± 0.05
throughout the experiment, indicating that no permanent
photoinhibition occurred (data not shown).

The comparison between Ψ and RWC variations during
drought with those of gs revealed two different groups of
species regarding their control of tissue water relations and
stomatal aperture (Fig. 3). Clearly, the two Rhamnus species
and V. vinifera showed steeper decreases in Ψ than Phaseolus
and Nicotiana as water was lost from the tissue. This suggests
lower cell-wall elasticity in Vitis and the two Rhamnus
spp., suggesting an adaptive character to semiarid condi-
tions (as typically seen in the Mediterranean climate) as it
allows more rapid recovery after drought (Corcuera et al.,
2002). In addition, in Rhamus and Vitis hydraulic factors
appear to be important in controlling stomatal aperture,
whereas chemical factors (root-originated signals such as
xylem ABA, pH) may be significant for the other two species
(Fig. 1).

Despite the similar water relations between the two
Rhamnus spp. and Vitis, as compared with the other two
species, the variations in AN during drought were distinctly
related to variations in RWC, the two Rhamnus spp. show-
ing higher AN than Vitis at any given RWC (Fig. 4a). No
clear relationship between AN and RWC was observed for
the other two species (Fig. 4b). By contrast, all five species
followed a remarkably similar relationship between AN and
g s (Fig. 4c).

Variations of RuBP content and Rubisco activity 
during drought

RuBP contents were highest in control tobacco, beans and
grapevine (50–80 µmol m−2) and lowest in the two Rhamnus
spp. (30–40 µmol m−2). Initial and total specific Rubisco
activities were also highest in tobacco, beans and grapevine
(≈ 300–350 and 380–420 nmol CO2 min−1 mg−1 protein for
initial and total activities, respectively), and lowest in the two
Rhamnus spp. (≈ 140 and 180 nmol CO2 min−1 mg−1 protein
for initial and total activities, respectively). However, total
soluble content was higher in the two Rhamnus spp. (16–
24 g m−2) than in the other three species (10–12 g m−2). In
consequence, when expressed per unit leaf area, initial
Rubisco activity was much higher in the two Rhamnus spp.
(40–60 µmol m−2 s−1) than in the other three species (15–
20 µmol m−2 s−1). The activation state ranged from 85%
(Vitis, Phaseolus, R. ludovici-salvatoris) to > 95% (Nicotiana,
R. alaternus). All these values are in the range of commonly
obtained values (Gunasekera & Berkowitz, 1993; Lal et al.,
1996; Pankovic et al., 1999; Tezara et al., 1999, 2002; Parry
et al., 2002). Data on Rubisco activity and RuBP content
(Fig. 5) are expressed as a percentage of control plants for
comparison between different species.

By contrast to gas-exchange and chlorophyll fluorescence
parameters, initial specific Rubisco activity and RuBP content
of the leaves remained fairly constant as drought progressed,
declining eventually only at the end of the drought cycle,
when AN and g s were already substantially depressed (Fig. 5).
Rubisco activity was decreased at the end of the drought cycle
in all species except R. alaternus. Variations in total Rubisco
activity followed a similar pattern to initial activity (not
shown). Leaf RuBP content was significantly decreased at the
end of the drought cycle in only three of the five species studied
(R. alaternus, V. vinifera, P. vulgaris). In these three species AN
was reduced by > 50% before any change in RuBP content was
observed. In R. ludovici-salvatoris and N. sylvestris AN approached
zero without any significant change in RuBP content.

Table 1 shows the initial Rubisco activity, protein content
and Rubisco activation state in the most severe stress situation
(at the end of the drought cycle) expressed as a percentage of
control values. Initial Rubisco activity was strongly reduced in
four of the species, being between 24% (Nicotiana) and 43%
(Vitis) of the control plants. Initial Rubisco activity was also
significantly reduced in R. alaternus, but was still nearly 70%
of control activity. Protein content was reduced in all species
except P. vulgaris, but in all cases it was reduced to a lesser
extent than initial Rubisco activity. Remarkably, P. vulgaris
was the only species that suffered a significant reduction in the
activation state of the enzyme (≈ 50%).

Despite the reported differences between species, they all
share in common that whenever RuBP content or Rubisco
activity was reduced by drought, it occurred at a stage when
g s and AN were already severely depressed, typically lower than
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Fig. 1 Progressive effects of drought in five species: Rhamnus alaternus (upward triangle), Rhamnus ludovici-salvatoris (downward triangle), 
Vitis vinifera (square), Phaseolus vulgaris (diamond) and Nicotiana sylvestris (circle). Effects of drought on: (a–e) closed symbols, predawn 
relative water content (RWCPD); open symbols, predawn leaf water potential (Ψ); (f–j ) closed symbols, maximum light-saturated stomatal 
conductance (g s); open symbols, net CO2 assimilation rate (AN). Values for control plants at the end of the experiment are indicated by cross-
filled symbols. Results are means ± SE of five or six replicates, except for Ψ (three replicates). Different letters indicate significant difference 
between treatments at P < 0.05.
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20% of the controls (Fig. 6), although in R. alaternus RuBP
content was already depressed when AN was still 30–40%
of the controls. Rubisco activity and RuBP content were
compared with AN–C i-derived parameters (Fig. 7). Rubisco
activity showed significant correlations with ε, but these
were strongly species-dependent (Fig. 7a). By contrast, no
significant relationship was observed between ASAT and RuBP
content (Fig. 7b).

Discussion

Photosynthesis is progressively diminished during drought,
but the mechanistic basis for this reduction remains unclear.
While many authors suggest that diffusional (stomatal and
mesophyll) limitations are most important for most drought
situations (Sharkey, 1990; Cornic, 1994; Flexas et al., 2002),
some recent reports suggest that decreased Rubisco activity
(Castrillo et al., 2001; Parry et al., 2002; Tezara et al., 2002)
or impaired capacity for RuBP regeneration as the main cause
(Tezara et al., 1999; Thimmanaik et al., 2002) are the main
limitations to photosynthesis under drought conditions.

The present results show that strong reductions of Rubisco
activity and/or leaf RuBP content were often found at the end
of a drought cycle in five different C3 plants. At that stage g s

Fig. 3 Relationship between predawn leaf water potential (Ψ) and 
predawn leaf relative water content (RWCPD) measured in Rhamnus 
alaternus (upward triangle), Rhamnus ludovici-salvatoris (downward 
triangle) and Vitis vinifera (square) (dotted line, r2 = 0.95, P < 0.001); 
and in Phaseolus vulgaris (diamond) and Nicotiana sylvestris (circle) 
(solid line, r2 = 0.41, P < 0.1). Results are means ± SE of five or six 
replicates for RWCPD and three replicates for Ψ.

Fig. 2 Progressive effects of drought on electron transport rate (ETR) 
in five species (symbols as in Fig. 1). Effects of drought on: ETR 
(closed symbols); ratio of ETR to net CO2 assimilation rate (ETR/AN) 
(open symbols). Values for control plants at the end of the experiment 
are indicated by cross-filled symbols. Results are means ± SE of five or 
six replicates. Different letters indicate significant difference between 
treatments at P < 0.05.
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Fig. 4 Dependence of net CO2 assimilation rate (AN) on predawn 
leaf relative water content (RWCPD) in (a) two Rhamnus spp. 
(solid line, r2 = 0.88) and Vitis vinifera (dotted line, r2 = 0.98); and 
(b) Phaseolus vulgaris and Nicotiana sylvestris. (c) Correlation 
between AN and maximum light-saturated stomatal conductance 
(g s), plotting the five species together (r2 = 0.93). Symbols as in 
Fig. 1. Results are means ± SE of five or six replicates.

Fig. 5 Progressive effects of drought on ribulose-1,5-bisphosphate 
(RuBP) content in five species (symbols as in Fig. 1). Closed symbols, 
effects of drought on RuBP content; open symbols, initial specific 
Rubisco activity, expressed as percentage of the maximum values for 
each species. Results are means ± SE of five or six replicates. Different 
letters indicate significant difference between treatments at P < 0.05.
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and AN were already severely depressed (typically < 20% of
control, well hydrated leaves). These results strongly suggest
that reduced g s is the dominant limitation to photosynthesis
during most of the drought-stress period. This is supported
by the fact that electron transport rate declines much less

Table 1 Initial Rubisco activity, protein content and Rubisco activation state at the end of the drought cycle of five C3 species

Initial Rubisco activity 
(% of controls)

Protein content 
(% of controls)

Rubisco activation state 
(% of controls)

Rhamnus alaternus 69.98 ± 5.18** 72.42 ± 3.81** 91.37 ± 0.91 ns
Rhamnus ludovici-salvatoris 31.07 ± 2.50*** 60.48 ± 6.21** 81.64 ± 6.45 ns
Vitis vinifera 42.73 ± 13.73* 56.77 ± 2.75** 78.81 ± 5.18 ns
Phaseolus vulgaris 36.76 ± 10.04** 92.99 ± 8.83 ns 48.04 ± 8.13**
Nicotiana sylvestris 24.09 ± 7.92** 40.00 ± 9.67* 79.86 ± 3.18 ns

Data refer to unit leaf area and are expressed as percentage of control values for each species. Results are means ± SE of five or six replicates. 
Statistically significant differences between control plants and stressed plants are given as: ns, nonsignificant; *P < 0.05; **P < 0.01; 
***P < 0.001.

Fig. 6 Relationship between net CO2 assimilation rate (AN) and 
(a) initial Rubisco activity and (b) ribulose-1,5-bisphosphate (RuBP) 
content in five species (symbols as in Fig. 1). All results are expressed 
as percentage of maximum values for each species and represent 
means ± SE of five or six replicates.

Fig. 7 The relationship between some ‘in vivo’ and ‘in vitro’ 
photosynthetic parameters. (a) Relationship between initial Rubisco 
activity and apparent carboxylation efficiency (ε, initial slope of 
AN–Ci curve) in two Rhamnus species (solid line, r2 = 0.45, P < 0.05) 
and Vitis vinifera, Phaseolus vulgaris and Nicotiana sylvestris 
(dotted line, r2 = 0.6, P < 0.01). (b) Relationship between ribulose-
1,5-bisphosphate (RuBP) content and photosynthesis under light- 
and CO2-saturated conditions (ASAT) in five species (symbols as in 
Fig. 1). Results, expressed as a percentage of maximum values, 
are means ± SE of five or six replicates.
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than AN, leading to progressively increased ETR/AN during
drought, which has been recognized as an indicator for sto-
matal limitation and increased photorespiraton (Flexas et al.,
1999; Cornic & Fresneau, 2002). Moreover, stomatal lim-
itation (calculated from AN–C i curves according to Farquhar
& Sharkey, 1982) increases exponentially with decreasing
stomatal conductance in these five species, reaching values
close to 100% at severe stress (data not shown). Nevertheless,
caution should be exercised when interpreting data from AN–C i
curves in drought-stress experiments. Overall, these results
are consistent with those of Cornic & Fresneau (2002), who
showed that potential photosynthesis (light- and CO2-
saturated) was unaffected by drought until AN was reduced to
20% of maximum values.

These observations are also in agreement with previous
analysis of data from the literature using g s as a reference
(Flexas & Medrano, 2002; Medrano et al., 2002). A careful
look at the studies of Castrillo et al. (2001) and Tezara et al.
(2002) reveals that Rubisco activity was also depressed only
when g s was < 0.1 mol H2O m−2 s−1, even when the latter
authors called it a mild drought. The maximum g s in these
studies ranged from 0.13 to 0.75 mol H2O m−2 s−1, depend-
ing on the species. Parry et al. (2002) did not present data
on AN or g s, but the strong depressions of Rubisco activity
they observed in tobacco plants occurred at much lower RWC
than those encountered in the present study for the same
species when AN and g s were close to zero. As already demon-
strated by Parry et al. (2002), only part of the decreased initial
activity of Rubisco under severe drought can be ascribed to
depressed activation state, while part is caused by depressed
total activity. The present results show that the contribution
of protein content and activation state to decreased initial
Rubisco activity is species-dependent. Specific Rubisco
activity was depressed by water stress in all species except
R. alaternus (Fig. 5). In this species, at the end of the water
stress cycle, initial Rubisco activity per unit leaf area remained
the highest (70% of controls), and the 30% decrease was fully
accounted for by decreased protein content (Table 1). In the
other four species, both specific activity and activity per unit
leaf area decreased. In R. ludovici-salvatoris, V. vinifera and
N. sylvestris, decreased Rubisco activity was accounted for
mostly by decreased protein content, although decreased
activation state also contributed (Table 1). By contrast, in
P. vulgaris protein content remained unaffected, and the
reduction in Rubisco activity was fully accounted for by
reduced activation state. It is noticeable that Phaseolus was the
species that reached null photosynthesis in fewer days (6 d)
after withholding water (Fig. 1). Hence it is possible that this
short period was not enough for protein content to decrease,
although it could also be a species-specific feature. Regardless
of these interspecific differences in the mechanism for water
stress-induced decreases in Rubisco activity, it is noticeable
that such decreases appear in all cases only when photosyn-
thesis is already largely reduced.

Regarding the constancy of RuBP content, this suggests
that the capacity for RuBP regeneration is impaired or down-
regulated early during water stress imposition because, when
stomatal closure causes decreased AN, RuBP content should
not remain constant but should increase, as occurs under low
CO2 (von Caemmerer & Edmundson, 1986). Nevertheless
this may not impair photosynthesis at normal CO2 concen-
tration, as AN is decreased in water-stressed plants with exactly
the same steady-state RuBP availability as well watered con-
trol plants. The reasons for decreased regeneration capacity
remain to be elucidated.

Lawlor (1995) suggest that adverse cell hydration condi-
tions (or the corresponding increase in the concentration of
certain ions) under severe water stress are responsible for
metabolic impairment of photosynthesis. The present results
show that decreased Rubisco activity and/or RuBP content
usually occur under low RWC. However, there are clear differ-
ences between species regarding the extent of dehydration
that photosynthetic metabolism can endure without being
affected. For instance, R. alaternus maintains unaffected
Rubisco activity at RWC as low as 62%, and R. ludovici-
salvatoris and N. sylvestris maintain unaffected RuBP content
at RWC of 52 and 62%, respectively. By contrast, Phaseolus
and Vitis show significant reductions of Rubisco activity and
RuBP content at 75% RWC.

In order to compare these results with those obtained from
AN–C i analysis, AN–C i curves were performed for the same
dates when samples were collected for RuBP and Rubisco
analysis. The parameter ε is thought to reflect leaf carboxyla-
tion efficiency, and usually correlates with Rubisco activity
(von Caemmerer, 2000). The validity of this assumption
under drought, however, has scarcely been tested. As shown in
Fig. 7a, significant correlations were observed between ε and
initial Rubisco activity, although a closer inspection of the
relationship reveals that such correlations are stronger in some
species than in others, and in some cases, such as R. alaternus,
the relationship is poor or null. Moreover, this correlation dif-
fered strongly between species, the slope of the relationship
being steeper in the two Rhamnus than in the other three spe-
cies. This could be due, at least in part, to a lower mesophyll
conductance to CO2 in the sclerophyll leaves of the two
Rhamnus, which leads to a higher difference between C i and
the chloroplastic CO2 concentration, i.e. to a larger under-
estimation of the true ε. However, it could also be caused
by interspecific differences in efficiency of the Rubisco-
extraction method (Rogers et al., 2001). The observed
differences are probably caused by a combination of both,
which suggests that gas-exchange estimations of carboxylation
efficiency and in vitro measurements of Rubisco activity may
not be directly comparable, especially in water-stress experiments
comparing different species.

The correlations between ASAT and RuBP content were
even lower (Fig. 7b). This may suggest that RuBP content
does not reflect ASAT or, more likely, that ASAT could also be
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underestimated under drought conditions. For instance
(Centritto et al., 2003) have shown that decreased mesophyll
conductance to CO2 also accounts for all the observed reductions
of ASAT in salt-stressed plants. A similar effect may occur in
water-stressed plants (unpublished data). Whatever the causes
for these low correlations between in vitro and AN–C i-derived
parameters, these results suggest that caution should be exer-
cised when deriving conclusions about photosynthetic limita-
tions from AN–C i curves in drought-stress studies, especially
when comparisons are made between different species.

In summary, it is demonstrated that impaired Rubisco
activity and/or RuBP regeneration do not limit photosynthe-
sis until drought is severe and AN and g s are strongly depressed
(being < 20% of maximum values). At severe drought, both
Rubisco activity and the availability of RuBP decline sub-
stantially, and photosynthesis almost stops. The RWC at
which these metabolic components are decreased is strongly
dependent on the species analysed, some species showing
strong reductions at moderately low RWC (75%), and others
being unaffected at RWC < 60%.
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