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Summary We compared the metabolic responses of leaves
and rootsof two EucalyptusglobulusLabill. clonesdifferingin
drought sensitivity to a slowly imposed water deficit. Re-
sponses measured included changesin concentrations of solu-
ble and insoluble sugars, proline, total protein and several
antioxidant enzymes. In addition to the general decrease in
growth caused by water deficit, we observed a decrease in 0s-
motic potential when drought stress became severe. In both
clones, the decrease was greater in rootsthan in leaves, consis-
tent with the observed increases in concentrations of soluble
sugars and proline in these organs. In roots of both clones,
glutathione reductase activity increased significantly in re-
sponsetowater deficit, suggesting that thisenzymeplaysapro-
tective role in roots during drought stress by catalyzing the
catabolism of reactive oxygen species. Clone CN5 has stress
avoidance mechanisms that account for itslower sensitivity to
drought compared with Clone ST51.

Keywords: antioxidant enzymes, osmotic potential, proline,
sugars, water stress.

Introduction

Soil and atmospheric water deficits are among the most impor-
tant factors limiting plant growth and photosynthesis. Both
kinds occur during Mediterranean summers, together with
high temperatures and high irradiances. Eucalyptus globulus
Labill., an economically valuable speciesin Portugal, isan ev-
ergreen tree that can survive all but extreme Mediterranean
summer conditions. It grows best along the Atlantic coast
wherethe Mediterranean climateistempered by oceanicinflu-
ence (Pereiraand Chaves 1993).

To cope with periods of drought, plants rely on various
drought-avoidance and drought-tolerance mechanisms that
vary with genotype (Chaves et al. 2002). Adaptive mecha-
nisms enabling plants to withstand abiotic environmental

stress include changes in morphological, physiological and
biochemica characteristics such as: (1) root system depth
(Volaire et al. 1998); (2) control over leaf transpiration rates
(Maroco et al. 1997) or transpirational surface, either through
leaf abscission or growth inhibition (Chaves et a. 2003,
Munné-Bosch and Alegre 2004); (3) osmoprotectant pool size
(Delauney and Verma 1993); and (4) tissue dehydration toler-
ance (Volaireet a. 1998). At the cellular level, drought can af-
fect the production of reactive oxygen species (ROS) (Smirn-
off 1998) that may play aroleinintracellular signaling (Finkel
1998) beside causing oxidative stress, which can be diagnosed
by the accumulation of lipid peroxides, oxidized proteins and
modified DNA bases (Rubio et a. 2002). Detoxification of
ROS isdependent on asystem of antioxidant enzymesand me-
tabolites (Polle and Rennenberg 1992). Enzymes such as glu-
tathione reductase (GR), ascorbate peroxidase (APX), super-
oxide dismutase (SOD) and catalase (CAT) play akey rolein
the scavenging of ROS such as superoxide (O,7), hydrogen
peroxide (H,0,), hydroxyl (OH") and singlet oxygen (*O,),
which aretheinitiators of areaction chainleading to thedegra-
dation of cellular components (Sgherri et al. 2000). Under op-
timal growth conditions, antioxidant enzymes and metabolites
from leaves detoxify ROS, thus minimizing oxidative damage
(Smirnoff 1998). During periods of environmental stress, e.g.,
periods of drought or high irradiance, additional protective
processes involving B-carotene, zeaxanthin and antheraxan-
thin synthesis participate in the deactivation of ROS (Gar-
cia-Plazaolaet al. 1997, Medrano et al. 2002).

Although the antioxidant defenses of trees have been stud-
ied in relation to environmental stresses such as high altitude
(Polle and Rennenberg 1992), pollution (Wingsle and Hall-
gren 1993) and low temperature (Nakagara and Sagisaka
1984), few studies have focused on the activity of such sys-
temsin response to water deficits, and rarely in water- stressed
Eucalyptus plants (Osawa and Namiki 1985, Osawa et al.
1992). Because some regions in which E. globulus is grown
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commercidly, e.g., southern Portugal, experience hot, dry
summers, knowledge of therole of antioxidantsasaprotective
system may be useful in tree breeding programs.

During dehydration, osmolytes (mainly proline, glycine be-
taine and sugars) can help preserve protein and membrane
structure and function (Smirnoff 1998). Although changesin
soluble and insoluble sugar concentrations in leaves of wa-
ter-stressed E. globulus have been studied (Quick et al. 1992),
little is known about the changes in osmatically active com-
pounds in roots of water-stressed E. globulus.

Fast growing Eucalyptus speciesarelikely to be severely af-
fected by drought. Costa e Silva et a. (2004) studied two
E. globulus clones differing in drought sensitivity in the field
(Clone ST51 is more drought sensitive than Clone CN5) and
found clonal differencesin thetype and magnitude of response
to water stress. The better performance of Clone CN5 under
drought conditions was associated with faster root growth and
higher stem hydraulic conductance compared with Clone
ST51.

In recent years, new E. globulus plantations have used
clones selected for high pulp yield. In Portugal, it isdesirable
that selected clones are well adapted to the Mediterranean
summer drought. The present study was undertaken to deter-
mine if the leaves and roots of E. globulus Clones ST51 and
CNS5 exhibit metabolic differences when subjected to agradu-
ally imposed water deficit. Metabolic responses to water defi-
cit were investigated by measuring leaf pigment composition
as well as osmotic potential, osmotically active compounds
(proline, sugars) and enzymes with antioxidant activity in
leaves and roots.

Materials and methods

Plant material

Rooted cuttings of E. globulus Clones ST51 and CN5, grown
inplastic containersfilled with a3:2 (v/v) peat:styrofoam mix,
were obtained from Alianga Florestal, Portugal, and trans-
planted after 11 months of growth in anursery to 10-| plastic
pots filled with a fine sandy soil. One month after transplant-
ing, each pot was enclosed in adark plastic bag tied to the stem
to prevent soil evaporation. The potted cuttingswere placed in
agreenhousein aday/night temperature of 22/16 °C and arel-
ative humidity of about 60%. The mean reduction in solar
irradiancein relation to outdoor conditionson asunny day was
about 25% (Fariaet a. 1996). On September 9, 2002, 16 cut-
tings per clone were assigned to a well-watered regime with
watering equal to transpiration loss. Theremaining 16 cuttings
per clonewere assigned to awater-stress regime with watering
equal to 50% of transpiration loss. The amount of water sup-
plied was cal cul ated from the differencein pot weight between
successive watering. All plants were watered to the point of
runoff on thefirst day and then watered twice per week (Mon-
day and Friday) according to treatment regime. Thetreatments
continued for 7 weeks (September 9 to October 29, 2002).

Plant water status

Predawn (W,q) and midday (W) leaf water potential were
measured daily at 0500 and 1300 h, respectively, with a Scho-
lander-type pressure chamber (PMS Instruments, Corvallis,
OR) in six plants per treatment (n = 6).

M easurements of osmotic potential (W;;) were made on pre-
viously frozen 6-mm diameter |eaf discs and root segments by
thermocouple psychrometry, using C-52 sample chambers
connected to a Wescor HR-33T dew-point microvoltmeter
(Wescor, Logan, UT). The chambers were calibrated with
standard NaCl solutions. After thawing, and following a 2-h
equilibration period, osmotic potentials of the samples were
measured by the dew-point method. Room temperature during
the measurements was 20 + 1 °C.

Sampling

At the end of the 7-week treatment, 6-mm diameter |eaf discs
were collected from fully expanded leaves (0.5 g fresh mass)
at predawn and root segments were excised from the central
part of theroot system (0.5 g fresh massand diameter <2 mm).
Samples were collected from five plants per treatment, frozen
immediately in liquid nitrogen and stored at =80 °C until ana-
lyzed.

Growth analysis

At the end of the 7-week treatment, the plants were harvested
and shootswere separated into stem, lateral branchesand stem
leaves. Roots were gently washed and carefully separated
from soil and other debris. Plant components were dried for at
least 48 h at 80 °Cinthe oven and cooled in desiccatorsfor dry
mass determination. Leaves and roots were scanned before
drying and leaf area and root parameters (length, diameter,
area) of each seedling (five plants per treatment) were calcu-
lated with Delta-T scan software (Delta-T Devices, Cam-
bridge, U.K.). Roots were assumed to be cylindrical and root
surface area was calculated by multiplying the projected area
by Tt

Soluble and insoluble sugars

Soluble and insoluble sugarsin leaves and roots were assayed
by the anthrone method (Robyt and White 1987). Frozen |eaf
discs (0.02 g) and root segments (0.05 g) were ground with a
cold mortar and pestleinliquid N, with 1 ml of 70% (v/v) etha-
nol. The homogenate was thermomixed twice at 60 °C for
30 min, centrifuged at 14,000 g for 5 min and the supernatant
used for determination of soluble sugars. To extract insoluble
sugarsfrom the pellet, 1 ml of acetone was added, the mixture
was centrifuged at 14,000 g for 5 min and the supernatant dis-
carded. One ml of HCI (1.1%) was added to the dry pellet,
which was thermomixed twice at 60 °C for 30 min and centri-
fuged at 14,000 g for 5 min. Absorbance of the insoluble sug-
ars in the supernatant was determined at 620 nm with a
spectrophotometer (U-2001; Hitachi, Japan). A calibration
curve was prepared with standard glucose solutions.

The contribution of sugars and proline to osmotic potential
was cal culated according to the Van't Hoff equation:
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W =—cRT 1)

where ¢ is molal concentration of soluble sugars or proline,
Risthe gas constant and T is absolute temperature. Estimates
of the contribution of these solutes to osmotic potential were
based on the water content of the samples.

Proline and leaf pigments

About 100 mg of fresh plant material was homogenized in
1.5 ml of 3% thiobarbituric acid, shaken vigorously for 1 min
and centrifuged at 15,000 g for 10 min at 4 °C. The supernatant
was assayed for proline, asdescribed by Bateset al. (1973), by
incubating 0.5 ml of extract with 1 ml of ninhydrin acid and
1 ml of glacial acetic acid for 1 hat 100 °C. The reaction mix-
ture was rapidly cooled inice and 1 ml of toluene added and
mixed vigorously. Absorbance of the toluene phase was mea
sured at 520 nm. Proline concentrati on was determined against
astandard curve (0 to 0.5 pmol ml %) with L-proline (Sigma-
Aldrich CHEMIE GmbH, Steinheim, Germany).

Pigments were extracted from frozen leaf discs by adding
2 ml of acetone:water (9:1, v/v) and grinding with a pestle and
mortar. The extract was centrifuged at 10,000 g for 10 min at
4 °C and the supernatant filtered through a 0.2-um filter. Pig-
ments were analyzed by high performance liquid chromatog-
raphy (HPLC) as described by Wright et al. (1991).

Antioxidant enzymes

For SOD, GR and CAT, frozen leaves (0.5 g fresh mass) and
roots (0.5 g fresh mass and diameter < 2 mm) were ground
with 2% polyvinylpolypyrrolidone (PVPP) (Sigma Chemical
Co., St. Louis, USA) and sea sand and then homogenized with
5 ml of 100 mM phosphate buffer, pH 7.8, containing 2% Tri-
ton X-100 (Solon Ind. Pkwy. Solon, Ohio) (Gogorcena et al.
1995). The same extraction medium supplemented with 2%
ascorbic acid (10 mM) was used for APX (Nakano and Asada
1981). The homogenates were centrifuged at 15,000 g for
20 min and the supernatants assayed for enzymatic activity.
All steps were performed at 4 °C.

Catalase (EC 1.11.1.6) activity was determined by H,0,
consumption measured as the decrease in absorbance at 240
nm, according to the method of Aebi (1983). The assay me-
dium contained 50 mM KH,PO,/K,HPO, (pH 7.0), 40 mM
H,0, and 100 um extract. Catalase activity was calculated
based on an extinction coefficient of 3.94 mM ~* cm™. Con-
trols lacking either extract or H,O, showed no changes in
absorbance.

Glutathione reductase (EC 1.6.4.2) was measured by fol-
lowing the oxidation of NADPH at 340 nm by a modification
of the method of Foyer and Halliwell (1976). The assay me-
dium contained 500 mM HEPES (Sigma Chemical) (pH 8.0),
0.25 mM EDTA (Sigma Chemica), 2 mM NADPH (Sigma
Chemical), 20 mM oxidized glutathion (GSSG) and 100 pl ex-
tract. Control rates were obtained in the absence of GSSG or
NADPH. Glutathione reductase activity was calculated based
on an extinction coefficient of 6.22 mM ~*cm™,

Ascorbate peroxidase (EC 1.11.1.11) was measured by a
modification of the method of Nakano and Asada (1981). The

assay medium contained 50 mM KH,PO,/K ,HPO, (pH 7.0),
20 mM H,0,, 8 mM ascorbate and 100 |l extract. Control rates
were obtained in the absence of extract, ascorbate, or H,0..
Ascorbate peroxidase activity was calculated based on an ex-
tinction coefficient of 2.8 mM ~* cm~* for ascorbate at 290 nm.

Total superoxide dismutase (EC 1.15.1.1) activity was de-
termined by the inhibition of the formation of epinephrine at
pH 10.4 and 30 °C (Kroniger et a. 1995). The assay medium
contained 62.5 MM Na,CO; (pH 10.4), 0.125 mM EDTA, 20
mM KH,PO,/K,HPO, (pH 7.8), 20 mM epinephrine and 100
pl extract. Control rates were obtained in the absence of ex-
tract. One unit of superoxide dismutase activity was defined as
the amount of enzyme that inhibited epinephrine formation by
50%.

Standard enzymatic assays were performed in a total vol-
ume of 1 ml at 25 °C. A commercia Bio-Rad protein assay
(Bio-Rad L aboratories GmbH, Munich, Germany) was used to
measure soluble protein concentration by the Bradford
method (Bradford 1976).

Satistical analysis

Data were subjected to two-way analysis of variance (AN-
OVA) to assess the effects and interactions of treatment and
clones, using STATISTICA data analysis software (Version 6,
StatSoft, Tulsa, OK). Values presented are means + SE. All
statistically significant differences were tested at the P < 0.05
level.

Results

Leaf water potential and growth response

The W, of well-watered plants of both clones was maintained
at about —0.30 MPa throughout the experiment (Table 1),
whereas W4 of water-stressed ST51 and CN5 plants declined
t0—-2.43+0.27 and -1.71 + 0.06 M Pa, respectively, by theend
of the experiment (cf. Costa e Silva et a. 2004). Midday |eaf
water potential did not vary significantly in well-watered
plants, whereas it declined to —-3.26 + 0.26 and —-2.46 +
0.05 MPa in water-stressed ST51 and CN5 plants, respec-
tively, by theend of the experiment. There were significant dif-
ferences not only between watering regimes (P < 0.001), but
also between clones (P < 0.05) (Table 2), with Clone CN5
maintaining a higher leaf water status than Clone ST51 in the
water-stress treatment.

The water-stress treatment significantly reduced growth in
terms of total biomass (P < 0.001), leaf area (P < 0.001), root
length (P < 0.05) and leaf-to-root-area ratio (P < 0.01) (Fig-
ure 1 and Table 2). In addition to differences in responses to
water availability, the clones differed in leaf area, with Clone
ST51 having higher values under well-watered conditions
than Clone CN5 (P < 0.01). Relative to control values, the wa-
ter-stress treatment caused a greater decrease in growth (par-
ticularly root length) in ST51 plants than in CN5 plants
(Figure 1).

TREE PHYSIOLOGY ONLINE at http://heronpublishing.com



242 SHVALEVA ET AL.

Table 1. Predawn and midday leaf water potentials (M Pa) in Eucalyptus globulus Clones ST51 and CN5 subjected to water deficit. Measurements
were made throughout the 7-week experiment in well-watered (WW) and water-stressed (WS) plants. Values are means + SE (n = 5).

Leaf water potential Week ST51 WW ST51 WS CN5 WW CN5WS

Predawn 1 -0.35+0.04 -0.35+0.04 -0.28 + 0.03 -0.28+0.03
3 -0.34 +0.02 -0.89+0.19 -0.33+0.01 -0.53+0.08
5 -0.29 £ 0.02 -1.28+0.21 -0.28 £ 0.02 -0.83+0.07
7 -0.27+0.01 -243+0.27 -0.25+0.02 -1.71+0.06

Midday 1 -1.24+0.06 -1.24+0.06 -1.37+0.04 -1.37+£0.04
3 -0.64 +0.05 -1.66 + 0.26 -0.63+ 0.04 -1.11+0.05
5 -0.68 £ 0.04 -1.87+0.22 -0.60 = 0.04 -1.37+£0.05
7 -0.68 + 0.06 -3.26+0.26 -0.78 £ 0.04 —2.46+0.05

Osmotic potential

Well-watered plants of ST51 and CN5 had leaf W, of -1.14 +
0.03MPaand —1.19+ 0.05 M Pa, respectively (Table 3). By the
end of the experiment, W, had declined by 43% in water-
stressed ST51 leaves and 75% in water-stressed CN5 leaves
with significant differences between watering treatments (P <
0.001). Inroots, drought stress caused asignificant (P < 0.001)
and larger reductionin W thanin leaves. By the end of the ex-
periment, W, had declined by 92% in water-stressed ST51
roots and 87% in water-stressed CN5 roots with no significant
differences between clones.

Carbohydrates and soluble protein concentration

There were no statistically significant differences between
clones or watering regimesin leaf soluble sugar concentration
(Tables2 and 4). By contrast, therewasasignificant (P < 0.05)
increase in soluble sugar concentration in roots of water-

stressed plantsand theincrease was higher in ST51 plantsthan
in CN5 plants (55 versus 21%).

Therewere no significant differencesin leaf insoluble sugar
concentrations between watering regimes or between clones
(Tables2 and 4). However, water stressled to asignificant (P <
0.05) increase in insoluble sugar concentrations in roots, with
ST51 plants showing a slightly higher increase than CN5
plants (49 versus 39%) (Tables 4 and 5).

In leaves of well-watered plants, soluble sugars accounted
for 40% of the osmotic potential in ST51 and 37%in CN5, and
the corresponding values in water-stressed plants were 51 and
28%. Inrootsof well-watered plants, soluble sugars accounted
for 25% of the osmotic potential in ST51 and 24% in CN5,
whereas in roots of water-stressed plants the corresponding
values were 41 and 33%.

There were no significant differencesin leaf or root soluble
protein concentrations between treatments or clones (Tables 2
and 5).

Table 2. Statistical significance of the effects of watering regime (W), clone (C) and their interaction as determined by 2-way analysis of variance
of leaf variables: leaf water potential (predawn, W,q and midday, W), leaf area, leaf area/root area, soluble and insoluble sugar concentrations,
protein, proline, osmotic potential at full turgor, violaxanthin + antheraxanthin + zeaxanthin (VAZ), lutein, tota chlorophyll, glutathione
reductase, ascorbate peroxidase and catalase in two Eucalyptus globulus clones. Symbols: *, ** and *** represent statistical significance at P <

0.05, 0.01 and 0.001, respectively; and ns = not significant at P = 0.05.

Leaf parameters Watering regime Clone W x C
Lppd * %% * *
med * Kk * **
Total biomass xxx ns ns
Lea area * k% * % * %
Leaf area/root area *x ns ns
Soluble sugars ns ns ns
Insoluble sugars ns ns ns
Protein ns ns ns
Proline e ns *x
Osmotic potential *xk ns ns
VAZ * ns ns
Lutein * ns ns
B_Carotene * %% *% *
Total chlorophyll ns ns ns
Glutathione reductase xkx ns *
Ascorbate peroxidase *x ns *kx
Catalase ns ns ns

TREE PHYSIOLOGY VOLUME 26, 2006



RESPONSES OF EUCALYPTUS GLOBULUS TO WATER DEFICIT 243

100
OST51 WS
80 - WCN5 WS
= 60+
oy
1S4
o
a 40 -
20 A
0- | | |
Total Leaf area Root length Leaf area/
biomass root area

Figure 1. Morphological characteristics of Eucalyptus globulus
Clones ST51 and CN5 subjected to water deficit: total biomass (g),
leaf area (cm?), root length (m) and leaf-to-root area ratio (cm? leaf
area cm™? root area). Measurements were made at the end of the
7-week experiment and are presented as a percentage of the value of
well-watered plants. Abbreviation: WS = water-stressed.

Proline concentration

The water-stress treatment caused a significant increase (P <
0.001) in leaf proline concentration in ST51 plants but not in
CNS5 plants (Figure 2A). In roots, water stress led to asignifi-

Table 3. Osmoatic potential (MPa) of leaves and roots of Eucalyptus
globulus Clones ST51 and CN5 subjected to water deficit. Measure-
mentswere made at the end of the 7-week experiment in well-watered
(WW) and water-stressed (WS) plants . Values are means + SE
(n=5).

Treatment Osmotic potential

Leaves Roots
ST51 WW -1.14+0.03 -0.36+0.04
ST51 WS -1.63+041 -0.69+0.10
CN5 WW -1.19+ 0.05 -0.37+0.04
CN5WS -2.08+0.12 -0.69+0.11

cant increase (P < 0.001) in proline concentration in both
clones (Figure 2B), and the increase was greater in CN5 roots
than in ST51 roots (253 versus 194%).

Inleavesof well-watered plantsof both clones, the contribu-
tion of prolineto the osmotic potential was0.97% (on average)
compared with 1.16% (on average) in leaves of water-stressed
plants. In roots of both clones, the contribution of proline to
osmotic potential was 0.12 and 0.43% (on average) in well-
watered and water-stressed plants, respectively.

Leaf pigments

In both clones, violaxanthin + antheraxanthin + zeaxanthin
(VAZ) and lutein concentrationswere significantly higher (P <
0.05) inwater-stressed plantsthan in well-watered plants (Fig-

Table 4. Soluble and insoluble sugar concentrationsin leaves and roots of Eucalyptus globulus Clones ST51 and CN5 subjected to water deficit.
Measurements were made at the end of the 7-week in well-watered (WW) and water-stressed (WS) plants. Values are means + SE (n = 5).

Treatment Leaf sugars (umol g~* dry mass) Root sugars (umol g~ dry mass)

Soluble Insoluble Soluble Insoluble
ST51 WW 460 + 50 200 + 30 310+ 60 200 + 30
ST51 WS 520 + 90 190+ 30 480 + 40 290 + 20
CN5 WwW 400+ 70 280+ 70 270+ 40 180+ 30
CN5WS 450 + 60 140 + 40 320+ 40 250 + 40

Table5. Statistical significance of the effects of watering regime (W), clone (C) and their interaction as determined by 2-way analysis of variance
of root variables: root length, soluble and insoluble sugar concentrations, protein and proline content, osmotic potential and activities of
glutathione reductase, ascorbate peroxidase, catal ase and superoxide reductase in two Eucalyptus globulus clones. Symbols: *, ** and *** repre-
sent statistical significance at P < 0.05, 0.01 and 0.001, respectively; and ns = not significant at P = 0.05.

Root parameters Watering regime Clone W x C
Total root length * ns ns
Soluble sugars * ns (0.07) ns
Insoluble sugars * ns ns
Protein ns ns ns
Proline e ns ns
Osmotic potential xkk ns ns
Glutathione reductase i i ns
Ascorbate peroxidase xxk ns ns
Catalase ns ns ns
Superoxide dismutase * * *
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Figure 2. Proline concentrationsin leaves (A) and roots (B) of Euca-
lyptus globulus Clones ST51 and CN5 subjected to water deficit.
Measurements were made at the end of the 7-week experiment in
well-watered (WW) and water-stressed (WS) plants. Vaues are
means + SE (n = 5). Abbreviation: DM = dry mass.

ure 3). Water stress caused opposite effects on the (3-carotene
concentrations of the clones (Figure 3C). Thesignificant clone
x treatment interaction (P < 0.05) resulted from a 226% in-
crease in B-carotene concentration in ST51plants and a 56%
decreasein CN5 plants. There were no significant treatment or
clonal differences in total chlorophyll concentration (Fig-
ure 3D).

Antioxidant enzymes

The effects of water stress on antioxidant enzymatic activities
inleavesof the cloneswerevariable (Figure 4). Leaf GR activ-
ity in both clones was significantly (P < 0.001) decreased by
water stress, but particularly in Clone CN5, resulting in asig-
nificant clone x treatment interaction. The water-stress treat-
ment al so decreased APX activity, but only in CN5 plants(Fig-
ure 4A and 4B), again leading to a significant clone x
treatment interaction (Table 2). There were no significant dif-

ferences in leaf CAT activity between treatments or clones
(Figure 4C).

Inroots, the effects of water stress on antioxidant enzymatic
activities were more marked than in leaves (Figure 5). In both
clones, GR activity was observed only in water-stressed plants
and it was significantly (P < 0.001) higher in ST51 plantsthan
in CN5 plants (Figure 5A). The activity of APX in roots
increased significantly (P < 0.001) in both ST51 and CN5
clones in response to water stress (332% and 613%, respec-
tively), but there were no statistically significant differences
between clones (Figure 5B). There was no significant effect of
water stress (P = 0.09) or clone on root CAT activity (Figure
5C). The activity of SOD in roots remained stable in CN5
plants and declined in ST51 plants under water stress. There
was asignificant interaction (P < 0.05) between treatment and
clone.

Discussion

We examined severa biochemical and physiological respon-
ses to water deficit in leaves and roots of E. globulus clones,
reported to differ in drought sensitivity (Costa e Silva et al.
2004). We confirmed that Clone CN5 maintained higher |eaf
water status (higher Wpq and Wyg) and sustained a higher
growth rate than Clone ST51 as aresult of drought avoidance
mechanisms (Costae Silvaet a. 2004). A slowly imposed wa-
ter deficit resulted in a reduction in total biomass in both
E. globulus clones, and the general decline in growth was ac-
companied by areduction in the leaf area/root arearatio. Al-
though the drought-induced reductions in total biomass and
leaf area did not differ between clones, total root length of
Clone CN5 wassignificantly higher than that of Clone ST51in
the water-stress treatment. A reduction in shoot/root ratio, at-
tributable mainly to areduction in shoot growth, has been as-
sociated with tolerance to limited water availability (Pereira
and Chaves 1993).

Both clones responded to water stress by altering osmotic
potential, osmoprotectants (sugars and proline), antioxidant
activity and pigment composition. In general, osmolyte accu-
mulation in plant cellsresultsin adecreasein cell osmotic po-
tential and thus improves water absorption and cell turgor
pressure, which might help sustain physiological processes,
such as stomatal opening, photosynthesis and expansion
growth under drought conditions (Blum 1996). Furthermore,
the accumulation of sugars and proline, mostly in the cyto-
plasm, can protect cell membranes and proteins and enhance
dehydration tolerance (Rathinasabapathi 2000).

In response to the water-stress treatment, there was a small
accumulation of soluble sugarsin leaves of both clones and a
significantly higher accumulation in roots, especialy in ST51
plants. The increased accumulation of soluble sugars may re-
flect osmolyte accumulation as a consequence of water defi-
citscausing adecreasein growth and hence reduced consump-
tion of organic solutes, rather than a physiological mechanism
involved in an adaptive plant response (Munns 1988). The dif-
ference in growth rates between clones supports this hypothe-
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Figure 3. Pigment concentra-
tionsin leaves of Eucalyptus
D globulus Clones ST51 and
CNS5 subjected to water deficit.
M easurements were made at

the end of the 7-week experi-
ment in well-watered (WW)
and water-stressed (WS)
plants. (A) VAZ = viola-
xanthin + antheraxanthin +
zeaxanthin, (B) lutein, (C)
[3-carotene and (D) total chlo-
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sis: roots of ST51 had lower growth rates and higher soluble
sugar concentrations than roots of CN5, whereas leaves of
both clones ceased growth and showed similar increases in
soluble sugar concentrations in response to water stress.

Water stressled to adeclinein W, in both clones. The contri-
bution of proline to the change in osmotic potential was only
about 1%, however, indicating that the drought-induced in-
creasein proline concentration did not significantly contribute
to osmotic adjustment in the water-stressed plants. As indi-
cated in other studies, the role of proline in drought-stressed
plants may be associated with preservation of enzyme struc-
tureand activity (Delauney and Verma 1993, Hareet a. 1999),
and with the protection of membranes from damage by ROS
produced in response to drought (Hamilton and Heckathorn
2001). However, the greater increasein |leaf proline concentra-
tion in the drought-sensitive ST51 clone than in the less sensi-
tive CN5 clonein responseto the water-stresstreatment cannot
be explained on the basis of either aprotective or osmotic role.
In both treatments, soluble sugars in leaves and roots contrib-
uted lessto the W;;in Clone CN5 than in the drought-resistant
Clone ST51 (30 versus 50%), indicating that there is no link
between the better performance of CN5 plants and an osmotic
role of soluble sugars.

The absence of significant differencesin protein concentra-
tionsbothinleavesand in rootsindicatesthat short-term water
stress had little or no effect on the synthesis and hydrolysis of
soluble proteins, contrary to previous reports of inhibition of
protein synthesisin responseto drought (Chaves 1991). Onthe
other hand, the increase in insoluble sugar concentrations in

ST51WW ST51WS CNSWW  CN5WS

rophyll. Vaues are means +
SE (n = 5). Abbreviation:

Treatment DM = dry mass.

roots of both clones under severe water stress suggests a
storage function of theseorgansin drying soil. In summary, the
absence of clonal differencesin leaf and root W,; and osmo-
lytesin the water-stress treatment indicates that differencesin
drought sensitivity between the clones are not associated with
osmotic adjustment in leaves and roots.

Under well-watered growth conditions, the production and
destruction of ROS is well-regulated in plant cells. However,
under environmental stress, the balance between the produc-
tion of ROS and the quenching activity of the antioxidant sys-
tem may be upset (Polle 2001). The capacity of the anti-
oxidative defense system determines whether a cell under
stress continues to function or suffers oxidative stress.

Activity of GR in leaves of both clones decreased in re-
sponse to water stress, particularly in CN5 plants (Figure 4A).
Thus, under our experimental conditions, we found no evi-
dence that GR plays a protective role in leaves of water-
stressed plants. In contrast, theinduction of high GR activity in
roots of water-stressed ST51 and CN5 plants (Figure 5A) sug-
geststhat GR hasaprotective function against drought in roots
of both clones, perhaps by preventing oxidative stress or slow-
ing the progression of root senescence, or both (Munné- Bosch
and Alegre 2004). Thelargeincreasein root GR activity inre-
sponse to drought closely resembled the results obtained by
Porcel et al. (2003) for soybean (Glycine max (L.) Merr.)
plants.

The significant treatment x clone interaction on leaf APX
activity suggeststhat APX hasno protective effect against oxi-
dative stressin leaves of the ST51 and CN5 clones. In contrast,
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Figure 4. Glutathione reductase (A), ascorbate peroxidase (B) and
catalase (C) activities in leaves of Eucalyptus globulus clones ST51
and CN5 subjected to water deficit. Measurements were made at the
end of the 7-week experiment in well-watered (WW) and water-
stressed (WS) plants. Values are means = SE (n = 5). Abbreviation:
DM = dry mass.

water stressresultedinanincreaseinroot APX activity in both
clones, particularly in CN5 plants. Because both GR and APX
are key enzymes of the ascorbate—glutathione cycle, we spec-

ulate that this cycle provides amechanism for drought adapta-
tionin Eucal ptusroots. Increasesin GR and APX activity have
also been observed in roots of salt-stressed barley (Hordeum
vulgareL.) (Liang et a. 2003), conforming to acommonly ob-
served response to water and salt stress (Munns 2002). Thus,
although leaves are highly proneto ROS generation, oxidative
stress protection also appears to be critical in plant roots dur-
ing soil drying.

The lack of statistically significant effects of treatments or
cloneson CAT activity suggeststhat thisenzyme does not pro-
vide protection against drought-induced ROS in leaves or
rootsof E. globulus plants. The only alterationin SOD activity
occurred in ST51 roots, where drought led to adecrease in ac-
tivity. Similarly, decreasing SOD activity has been reported in
sunflower in responseto salt stress, in cucumber in response to
chilling stressand in wheat seedlingsin responseto water defi-
cit (Leeand Lee 2000, Sgherri et al. 2000, Santos et al. 2001).
According to Lee and Lee (2000), the metabolism of ROS is
dependent on several functionally interrelated antioxidant en-
zymes. Chilling stress induced a significant increase in SOD
activity in leaves of cucumber only during the first hours of
stress imposition and thereafter, SOD activity decreased to
control values. A similar transient increase in SOD activity
may have occurred in roots of water-stressed CN5 plants. Al-
ternatively, it is possible that the higher basal root SOD activ-
ity in CN5 plants than in ST51 plants was sufficient to cope
with the drought-induced increase in superoxide production
and thereby contribute to the to the higher root growth rate of
CNS5 plants.

Overadl, our results reflect the importance of GR, APX and
SOD as a system for scavenging ROS in E. globulus roots.
These enzymes appear to be moreimportant than CAT in ROS
detoxification in E. globulus.

Leaf concentrations of VAZ and lutein increased in both
clonesin responseto severe water stress, suggesting that carot-
enoids may be involved in stress protection of leaves, evenin
plants subjected to moderate irradiance, as wasthe casein our
study. Based on thefinding that water stress caused a226% in-
crease in B-carotene in ST51 plants and a 56% decrease in
CNS5 plants, we hypothesize that |eaf 3-carotenewasmorerap-
idly metabolized in CN5 plantsthan in ST51 plants, indicating
that it served asaprotective mechanismin deactivation of ROS
(cf. Pefiuelas and Munné-Bosch 2005). The concentration of
carotenoids did not differ significantly between the clones un-
der severe water stress, suggesting that clonal differences in
drought sensitivity are related more to drought avoidance
mechanisms than to tolerance of water deficits. In previous
work, a comparison of the leaf-level mechanisms for coping
with summer stress in central Portugal in four evergreen tree
speciesindicated that E. globuluswas ableto utilize morelight
in PSII photochemistry and therefore down-regulation of pho-
tosynthesis was | ess severe than in the evergreen oaks and ol-
ivetrees (Fariaet a. 1998).

In studies of plant responses to drought, it has often been
found that one specific mechanism does not confer resistance
onitsown, but that theinterplay of several mechanismssimul-
taneously is essential (Chaveset al. 2003). We found that both
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Figure 5. Glutathione

D reductase (A), ascorbate
peroxidase (B), cataase (C)
and superoxide dismutase (D)
activitiesin roots of Eucalyp-
tus globulus Clones ST51 and
CNS5 subjected to water deficit.
M easurements were made at
the end of the 7-week experi-
ment in well-watered (WW)
and water-stressed (WS)

I, &

ST51WW ST51WS CN5WW  CN5 WS

Treatment

E. globulus clones had the ability to respond to water deficits
at the cellular level by altering both osmotic components and
the activity of the antioxidant protection system. Differences
in metabolic responses between clones may reflect different
degrees of stress experienced during the drought treatment,
because the drought-avoiding CN5 plants never reached the
same degree of dehydration as the ST51 plants. An important
finding of this study was the metabolic response of roots to
drought. Although GR activity was not detected in roots of
well-watered plants, it increased dramatically in response to
water stress, suggesting that GR playsan important roleinroot
responses to drought in E. globulus, possibly preventing fine-
root death caused by dehydration.
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