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Abstract

The effects of water recovery on the activities of superoxide dismutase (SOD; EC 1.15.1.1), catalase (CAT; EC 1.11.1.6), ascorbate
peroxidase (APX; EC 1.11.1.11), guaiacol peroxidase (POD; EC 1.11.1.7), polyphenol oxidase (PPO; EC 1.30.3.1) and lipoxygenase (LOX;
EC 1.13.11.12), and on malondialdehyde (MDA) levels were investigated in 2-ye@tedduropaea L. (cv. “Coratina”) plants grown in
environmental conditions characterized by high temperatures and irradiance levels and gradually subjected to a controlled water deficit. After
reaching the maximum level of water stress, plants were subjected to a rewatering treatment for 30 days, under both environmental irradiance
and semi-shade conditions. The activities of SOD, CAT, APX, POD and LOX, and MDA levels decreased during the rewatering period in
both leaves and roots and these decrements were faster in plants rewatered in semi-shade conditions (SHP) than in plants under environmente
light (NSHP). In contrast, PPO activity increased during rewatering in both leaf and root tissues. Thus, the lower expression of the enzymatic
antioxidant system in SHP with respect to NSHP may be due to a reduced need of activated oxygen species removal. On the contrary, in
NSHP, higher enzyme activities are required for a better protection against a more pronounced oxidative stress.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction primary target for photoinhibition, while PSI is more stable
than PSII, receiving a damage usually less significant and
The response of plants to water stress is a species- andstrictly related to the rate of electron flow from PSII and the
cultivar-dependent characteristic. In Mediterranean ecosys-presence of oxygefi2—-14]
tems, in which the summer months are characterized by el- The limitation of CQ assimilation in water-stressed
evated temperatures, high irradiance levels and lack of pre-plants causes the over-reduction of photosynthetic elec-
cipitation, plants are subjected to a continuous and severetron chain. This excess of reducing power determines a
water deficitf1]. Under these adverse environmental condi- redirection of photon energy into processes that favour the
tions, photoinhibition, photooxidation and photorespiration production of activated oxygen species (AOS), mainly in
occur[2,3]. the photosynthetifl 5] and mitochondrial electron transport
Plants are particularly susceptible to photoinhibition when chains[16]. Being toxic for the cells, AOS are efficiently
exposed to bright lighf4—6] and environmental stresses as eliminated by non-enzymatica{tocopherol, B-carotene,
drought[7], chilling [8,9] and heaf10]. The synergic action  phenolic compounds, ascorbate, glutathione) and enzymatic
of high irradiance level and water stress reduces the capacityantioxidantg17,18] The enzymatic antioxidant system in-
of the photosynthetic systems to utilize incident radiation, clude superoxide dismutase (SOD; EC 1.15.1.1), which cat-
leading to a higher degree of photodamdgg1]. Under alyzes the reaction from £~ to H,O, and catalase (CAT;
environmental conditions, where the photon energy is in EC 1.11.1.6), ascorbate peroxidase (APX; EC 1.11.1.11)
excess of CQ assimilation, photosystem Il (PSIl) is the and guaiacol peroxidase (POD; EC 1.11.1.7), which are
able to detoxify the KO, produced?].
mspondmg author. Tels39-339-1563355; _ All th_e enzymes mentioned above exist in plant tissues
fax: +39-883-489681. in multiple forms. The three known types of SOD are
E-mail address: adriano.sofo@libero.it (A. Sofo). classified by their metal cofactor and are mainly located

0168-9452/$ — see front matter © 2003 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.plantsci.2003.09.018



294 A. Sofo et al./Plant Science 166 (2004) 293-302

in chloroplasts, cytosol and mitochondrja2,19] APX to crop improvement but is, at present, lacking. The aim of
isozymes are generally located in chloroplasts, but micro- this study was to investigate the influence of different lev-
somal, peroxisomal and membrane-bound forms, as well asels of irradiance on antioxidant enzymes and LOX activi-
soluble cytosolic and apoplastic isozymes, also €4i8i. ties and on MDA level in olive tree during rewatering. We
CAT isoforms are particularly abundant in the glyoxysomes hypothesize that semi-shade conditions could minimize the
and in the peroxysomef20]. POD have vacuolar and oxidative effect of the damage following a period of water
apoplastic forms which can use a wide range of substratesstress.
[21], including indoleacetic acid (IAA), and are so involved
in auxin catabolism[22]. Polyphenol oxidase (PPO; EC
1.30.3.1), a copper enzyme located in plastids, acts on phe2. Materials and methods
nols in the presence of oxygen, catalysing the oxidation of
o-diphenols intoo-chinones[23]. When the accumulation  2.1. Study site and experimental design
of AOS under water stress conditions exceeds the removing
capacity of the antioxidant system, the effects of oxidative  Trials were conducted on self-planted 2-year-Olda eu-
damage arise, including peroxidation of membrane lipids, ropaea L. plants, cv. ‘Coratina’, measuring 130-150cm in
destruction of photosynthetic pigments and inactivation of height. The study site was located at the ‘Pantanello’ Agri-
photosynthetic enzymd47]. cultural Experiment Station in Metaponto (southern ltaly,
Lipoxygenases (LOX; EC 1.13.11.12), located in cytosol Basilicata region—4®4'N, 16°48E). The experimental pe-
[24], microsomeg25], plasma membran@6] and oil bod- riod started on 3 July and ended on 22 August, 2001.
ies[27], catalyse the dioxygenation of polyunsaturated fatty ~ Olive plants grew uniformly outdoors in 0.016neon-
acids containing ais,cis-1,4-pentadiene moiety, producing tainers filled with a mixture of loam, peat and sand (in pro-
hydroperoxy fatty acids, which are highly reactive com- portion of 1:1:1). Pots were covered with plastic film and
pounds, toxic to the cell. Different LOX isozyme forms are aluminium foil in order to avoid evaporation from the soil
involved in many physiological processes such as flowering surface and to minimize temperature increases inside the
[28], seed germinatiof29], formation of flavours and aroma  containers. All plants were weighed each evening in order to
in plant productg30], plant growth and developme[81], calculate the amount of water transpired daily by each plant
pigment bleaching, senescence, pest resistance, wound streds/ means of weight difference. Soil water content was main-
and biosynthesis of regulatory molecules such as traumatintained at a constant value of around 85% of water-holding
and jasmonic acid, which have growth-inhibitory properties capacity of the pot by integrating the amount of water lost
analogous to those of abscisic afid]. through transpiration during the day. Plants were fertilized at
Malondialdehyde (MDA), a decomposition product of 25-day intervals throughout the period of vegetative growth
polyunsaturated fatty acids hydroperoxides, has been uti-with 3—4 g of slow-release nitrogen complex fertilizer (Ni-
lized very often as a suitable biomarker for lipid peroxida- trophoska Gold 15N- 9P — 16K + 2Ca+ 7Mg; Compo
tion [32], which is an effect of oxidative damage. Nonethe- Agricoltura, Cesano Maderno, Ml, Italy).
less, lipids are not the only targets for MDA action; in fact The plants were initially divided in two groups: 15
MDA damages DNA, forming adducts to deoxyguanosine water-stressed plants and 30 control plants (CP). In CP, the
and deoxyadenosirn&3]. amount of water daily added during the whole experimental
Olive (Olea europaea L.) is a sclerophyll tree species with  period was equal to the amount transpired. During the first
a high degree of drought toleranf&]. In olive tree, severe 10 days of the experimental period, water-stressed plants
drought stress causes closure of stonjaf, inhibition of were subjected to a gradual controlled water depletion, ap-
photosynthesi$7] and transpiratiorf36], reduction of gas  plying a daily reduction of 10% less than the total transpired
exchang€[37] and changes in root and canopy dynamics water. In the subsequent 10 days, irrigation ceased.
[38,39] but little is known about the effects of water deficit After reaching the maximum level of water stress
on antioxidant enzyme activities and oxidative damage in (—5.73 Mpa on July 23), measured by LWPs, water-stressed
this species. Olive tree is able to restore leaf water poten-plants were divided into two groups of 15 plants each:
tials (LWP) and chlorophyll fluorescence after rewatering, shaded plants (SHP) and non-shaded plants (NSHP). SHP
but the rapid recovery of tissue water status is often cou- were subjected to a rewatering treatment in semi-shade
pled to a non-recovery of leaf functionality that lasts sev- conditions of about 60% of environmental photosynthetic
eral days and is correlated with the level of stress previously photon flux density (PPFD) by means of a plastic shading
reached7]. The persisting deficit in leaf gas exchange found paper film, whereas NSHP were re-irrigated in environmen-
in this species could not be imputed to the non-recovery of tal PPFD conditions. The rewatering period lasted for 30
cell turgor but, as observed in other species, to other factorsdays (24 July—22 August) and the amount of water added
probably involving the biochemicg#0,41] and hormonal daily to SHP and NSHP during this period was equal to the
balancd42,43] A complete understanding of the biochem- transpired amount.
ical and metabolic factors involved in olive tree’s defence ~ We defined the 10th day from the beginning of the rewa-
strategies against drought stress is of paramount importanceering period as first level of rewatering’, the 20th day as
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‘second level of rewatering’ and the 30th day as ‘third level
of rewatering’.

2.2. Environmental and physiological parameters

Environmental parameters were monitored by a weather
station placed within 20 m of the experimental plot. Mea-
surements of maximum air temperature, minimum relative
humidity, vapour pressure deficit and PPFD for each day of

the experimental period were taken. PPFD was recorded at

1-min intervals and daily integrated values were logged.

Three plants per treatment (SHP, NSHP and CP) were ran-
domly chosen to measure LWPs and physiological parame-
ters at each level of rewatering using three fully expanded
leaves selected from each plant along the median segment o
new-growth shoots and marked at the beginning of the ex-
periment. LWPs were measured predawn (at 04:00-05:00 h)
using a Sholander pressure chamber (PMS Instrument Co
Corvallis, OR, USA), according to Turngt4].

The measurements of transpiration and photosynthetic
rate, stomatal conductance and substomataj) €ahcen-
tration were carried out at each level of rewatering using
the leaf chamber analyser LCA-4 (ADC, UK) operated at
200pumol m—2s1 flow rate, under natural climate and full
sunlight conditions (at 13:00-14:00 h) and expressed on a
leaf area basis.

2.3. Enzyme activities and malondialdehyde content
measurements

In SHP, NSHP and CP, leaves were collected early in
the morning (at 06:00-07:00 h) at each level of rewater-
ing. Three plants having similar LWPs were selected for
tissue sampling. Each sample contained 10 fully expanded
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23.1. SOD

A 1.0g aliquot of frozen powder was added to 10ml
of cold ethanol absolute for 30 min, then centrifuged at
0°C and 10,000« g for 10min and the supernatant dis-
carded. The ethanol extraction was repeated twice. The
pellet was then resuspended in 5.0ml of cold 100 mM
sodium—potassium phosphate buffer (N@KPpH 7.0,
0.1% (w/v) polyvinylpolypyrrolidone (PVPP), prepared and
stored at 4C the day before and, after 30 min, centrifuged
at 4°C and 10,000x g for 30 min. The supernatant was
ecovered and used for the enzyme activity assay.

Total SOD activity was measured after Madamanchi
et al.[45]. For each sample assayed, six tubes were set up
containing 10, 20, 40, 60, 80 and 5@Dof the enzyme

xtract. The reaction mixture containequl® riboflavine,

OuM L-methionine, 5QuM nitro blue tetrazolium (NBT),
20puM KCN, 6.6M NapEDTA, 10-500u! of the enzyme
extract, and 6p.M NaKP,, pH 7.8, to give a total vol-
ume of 3.0ml. SOD activity was assayed by measuring
the capacity of the enzyme extract to inhibit the photo-
chemical reduction of NBT to blue formazan. Glass tubes

r

were thermostated at 2& for 10 min in absence of direct

light. The reaction was started by exposing the mixture
to four white fluorescent lamps (Leuci, 15 WTS preheat,
daylight 6500°K) in a box (80 cmx 50 cm x 50 cm) with
aluminium-foil-coated walls. Blanks were obtained with
non-illuminated duplicates. The blue colour developed
in the reaction was spectrophotometrically measured at
560 nm and the corresponding non-exposed samples were
used as blank. The volume of sample causing 50% inhibi-
tion in colour development was taken as one unit of SOD
activity.

2.3.2. APX
A 1.0g aliquot of frozen powder was added to 10 ml of

leaves taken from each tree along the median segment ofcold ethanol absolute for 30 min, then centrifuged @@@&nd

new-growth shoots. Roots were sampled at 06:00-07:00 h,
after plant destruction, at each level of rewatering, and di-
vided into two groups: ‘thin roots’ (TR, with a diameter
<1mm) and ‘medium roots’ (MR, with a diameter between
1 and 5mm). Leaf and root samples were washed with dis-
tilled water, dried with filter paper, immediately frozen in
liquid nitrogen and then stored at80°C.

Frozen tissues were finely ground in liquid nitrogen using
a mortar and pestle previously chilled with liquid nitrogen,
and the frozen powder was immediately used for the extrac-
tion of the different enzymes. All procedures for enzyme
extraction and determination of enzyme activities were car-
ried out at OC in an ice bath unless otherwise stated.

Measurements of enzyme activities and MDA levels on

10,000x g for 10 min and the supernatant discarded. This
extraction was repeated twice. The pellet was then resus-
pended in 10.0 ml of 50 mM potassium phosphate buffer, pH
7.8, 100uM EDTA, 500uM ascorbate, 0.1% (w/v) PVPP,
prepared and stored at@ the day before and, after 30 min,
centrifuged at 4C and 15,000« g for 30 min. The super-
natant was recovered, desalted on a SepHatiex-25M
column pre-equilibrated with grinding medium, which in-
cluded 10QuM ascorbate, and used for the enzyme activity
assay.

APX activity was assayed by recording spectrophoto-
metrically the decrease in ascorbate content at 290 nm,
according to Ushimaru et gl6] with some modifications.

A 1.0 ml aliquot of enzyme extract was treated with 100

extracts from each sample were repeated three times. Enof 10 mM H,O, and 10Qul of 80 mM hydroxylamine for

zyme activities were expressed as units per milligram of

5min at room temperature. Hydroxylamine is a selective

dry weight. Such a basis appeared to be appropriate sincanhibitor of APX, so the ‘genuine’ APX activity was es-

the overall dry weight remained largely unaffected during
drought treatment, whereas fresh weight and total soluble
protein concentration were more variable (data not shown).

timated excluding the contribution of POD activity in the
extract to the oxidation of ascorbate. The same procedure,
but with 200ul of distilled water, was used to determine
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total (APX + POD) activity in a second 1.0 aliquot of the the mixture in order to inhibit PPO activity, and the reaction

same extract. The reaction mixture contained 50 mM potas-was initiated by adding 3@l of enzyme extract.

sium phosphate buffer, pH 7.0, 50M ascorbate, 10QM PPO activity was assayed according to Canal ef=l]

EDTA, 100uM H202 and 10Qul of enzyme extract, in a  with some modifications. The reaction mixture (3.0 ml final

final volume of 3.0 ml. The reaction started with the addi- volume) consisted of 0.1 ml of 25 mM pyrogallol, 2.8 ml of

tion of H,O,. One unit of APX activity was defined as the 100mM NaPR, pH 7.0, and 10@u of the enzyme extract.

amount of enzyme that oxidizesyInol of ascorbate per  The mixture was maintained at 3G for 30 min and the

minute at room temperature. An absorption coefficient of activity was read at 420 nm.

2.47mM1cm1 was used for calculations. Total activity for these enzymes was expressed as increase
in absorbance per minute.

2.3.3. CAT
A 1.0g aliquot of frozen powder was added to 10ml of 2.3.5. LOX
cold ethanol absolute for 30 min and then centrifuged’& 0O LOX activity was assayed following the method of

and 10,000x g for 10 min, and the supernatant discarded. Williams et al.[30] with some modifications. A 1.0 g aliquot
This extraction was repeated three times. The pellet was thenof frozen powder was suspended in 10 ml of acetone at

resuspended in 10.0 ml of 20 mM cold NaKpH 7.0, 0.1% —20°C for 30min, centrifuged at 10,000 g for 15min
(w/v) PVPP, prepared and stored aGlthe day before and, and then the supernatant was discarded. This extraction
after 30 min, centrifuged at4C and 15,000« g for 15 min. was repeated three times. The pellet was resuspended in
The supernatant was recovered and used for the enzymelO ml of 50 mM HEPES, pH 7.2, containing 3 mM dithio-
activity assay. threitol 20mM MgCl and 1 mM EDTA, for 1h, and then

CAT activity was assayed after Aepi7]. The enzyme  centrifuged at 10,00& g for 10 min. The resultant super-
extract was thermostated at 2D for 5min. The activity natant was desalted on a Sephddexz-25M column and
was measured in a reaction mixture (3.0 ml final volume) used for the enzyme activity assay. Linoleate hydroperoxi-
composed of 30 mM b, in 50 MM NaKR, pH 7.0, and dation activity was photometrically determined at°25by
2.0 ml of enzyme extract. Samples without® were used monitoring the increase ofy34, due to the conversion of
as a blank. The decomposition op®, was followed spec-  linoleate into the corresponding hydroperoxide. LOX activ-
trophotometrically by the decreaseAp,o. One unit of CAT ity was measured in a reaction mixture consisting of LR0
activity corresponded to the amount of enzyme that decom- of 10 mM linoleate, 1.25 ml of 100 MM NafpH 6.5, 0.1%
poses Jumol of H,O, per minute, according to Havir and  (w/v) Tween 80 and 2pl of enzyme extract. One unit of
McHale [20]. enzyme was defined as the quantity that generatand

of conjugate diene per minute at 25.
2.34. POD, I1AA0x, PPO

A 1.0g aliquot of frozen powder was added to 10.0 ml of 2.3.6. MDA
cold 200mM NaPR, pH 7.0, 5mM NaEDTA, 0.1% (w/v) MDA content was measured following the method of
PVPP, 3mM dithiothreitol, 15mMp-mercaptoethanol, @ Du and Bramlagd52] and expressed as nmol per g of
10 mM sodium metabisulfite, prepared and stored a€ 4  dry weight. A 0.59 aliquot of frozen powder was added to
the day before and, after 30 min, centrifuged at 15,000 5.0ml of 0.1% (w/v) trichloroacetic acid and centrifuged
for 30 min. The supernatant was recovered and used for theat 10,000x g for 5min. A 1 ml aliquot of supernatant was
enzyme activity assay. added to 4.0 ml of 0.5% (w/v) thiobarbituric acid in 20%

POD activity was measured after Chance and Maehly (w/v) trichloroacetic acid. The mixture was heated at 100
[48]. The reaction mixture (3.0 ml final volume) consisted for 30 min and then quickly cooled in an ice bath. After cen-
of 50l of 10 mM guaiacol, 2.9 ml of 20 mM NaPpH 7.0, trifugation at 10,000« g for 10 min, Ass2, Asoo andAu4g of
10l of 40mM H20,. A 40pl aliquot of the crude en-  the supernatant were recorded. The value for non-specific
zyme extract was then added to start the reaction. The ac-absorption at 600 nm was subtracted and a standard curve
tivity of the mixture was determined spectrophotometrically of sucrose (from 2.5 to 1@molmi~1) used to rectify the
at 470 nm after 10 min at 2@. results from the interference of soluble sugars in samples,

Indoleacetate oxidase (IAAox) activity, due to POD, was readingAs32 andA440. MDA content was calculated using its
spectrophotometrically measured at 247 and 254 nm, afterabsorption coefficient of 157 mnmolcm™1 and expressed
an incubation at 30C for 30 min, using a reaction mixture as nmol MDA g1 (DW).
containing 1 mM MnGC4, 100pnM p-coumaric acid, 50 mM
NaR, pH 7.0, and 5@.M IAA [49,50] The reaction mixture  2.4. Satistical analysis
was prepared by mixing 5 ml of 10 mM Mn&5 ml of 1 mM
p-coumaric acid, 5 ml of 500 mM Naf2.5 ml of 1 mM IAA. The values of physiological parameters were represented
The mixture pH was led to 4.5 with 3P0y, and distilled as means of nine measurementsSg) from three selected
water was added to reach a final volume of 50 ml. AuBO  plants (three measurements per plant). The values of en-
aliquot of 10 mM sodium dithionite was added to 3.0 ml of zyme activities and MDA level were expressed as means of
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three measurements8E) from three plants having a sim- in NSHP was similar to that of SHP, showing an increase
ilar level of water stress (one measurement per plant andof LWP values from—5.84 to—0.39 MPa during the whole
three replications of each measurement). rewatering period. At the first level of rewatering, both SHP
and NSHP recovered LWPs almost completéig( 2A).
SHP showed an increase of net photosynthesis rate from

3. Results 0.33, at the beginning of the experiment, to 15.0dol
3.1. Environmental conditions and physiological
parameters -7
-6}
The highest value of maximum temperature was 3Z.5 .= st
on 7/29 and the mean of all the daily maximum values was s E 4k
32.6°C; RH pattern showed the highest value (44.4%) on 2 "g I
8/22, with a mean of 29.2%; VPD range was between 2.2 E S 3
(on 7/5) and 5.0 kPa (on 8/11), with a mean value of 3.6 kPa; g 2r
PPFD level showed a slight decrement during the experimen- -1t
tal period, especially in the last 3 days of the triaig 1). 0
The mean predawn LWP in CP wa®.34 MPa. LWP in L ~15
SHP increased during the whole rewatering period, starting 2w
from —5.89 MPa and subsequently reaching a maximum of EET
—0.36 MPa at the third level of rewatering. The trend of LWP E g 9
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Fig. 1. Maximum air temperatures, minimum relative humidity (RH), tion (E) in shaded (continuous line), non-shaded (dotted line) and control
vapour pressure deficit (VPD) and photosynthetic photon flux density plants (dashed line) at 0, 10, 20 and 30 days from the beginning of the
(PPFD) at the field site during the water stress period (values before rewatering period. Each data point represents the mean of nine measure-
vertical line) and during the rewatering period (values after vertical line). ments &S.E.).
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m~2s-1, at the third level of rewatering. These values are
comparable to those of NSHP, with the difference that SHP
had a faster recovery of net photosynthesis than NSHP:
at the first level of rewatering, SHP showed net photosyn-

thesis rates similar to those in CP, whereas NSHP values

were lower than those of CP. After 20 days of rewatering,
NSHP recovered almost completely the photosynthetic func-
tionality (Fig. 2B). Transpiration rate patterns of SHP and
NSHP were differentKig. 20). NSHP recovered transpira-
tion faster than SHP: at the first level of rewatering, transpi-
ration rate in NSHP was 79% of that in CP, whereas transpi-
ration rate in SHP was 41% of the value in CP; at the second
level of rewatering, transpiration values in SHP were still
lower than those of NSHP. SHP completely recovered the
transpirative functionality after 30 days from the beginning
of trials. Trends of stomatal conductance in SHP and NSHP
ran in parallel, increasing at the first and second level of re-
watering, and differed only at the third level of rewatering,
when NSHP showed a slight decreabeg( 2D). In partic-

ular, stomatal conductance values in SHP increased gradu-

ally from 10 mmolm2s~1, at the beginning of the exper-
iment, to 180 mmolm?s-1, at the third level of rewater-
ing, while the corresponding values in NSHP were 10 and
160 mmolnr2s1, respectively. In both SHP and NSHP,
substomatal C@concentration decreased during the whole
rewatering period, showing a faster recovery in NSHP than
that in SHP: at the first level of rewatering, NSHP presented
a CO, substomatal concentration of 201LB_1, whereas
SHP a value of 2218111 (109 and 119% of CP values,
respectively) Fig. 2E). In CP, net photosynthetic rate, tran-
spiration rate, stomatal conductance and substomatal CO
concentration remained relatively stable during the 30-day
rewatering period.

3.2. Activities of antioxidant enzymes

The variations in the activities of all the evaluated en-

zymes were related to the progression of the rewatering pe-

riod and to the plant tissues analysé&gy( 3).
In SHP, SOD activity started from high values at the start
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Fig. 3. Activities of superoxide dismutase (A), ascorbate peroxidase
(B), catalase (C), guaiacol peroxidase (D), indolacetate oxidase (E) and
polyphenol oxidase (F) in leaves (LE), thin roots (TR) and medium roots
(MR) from shaded (white), non-shaded (grey) and control plants (black).
Samples were collected at 06:00-07:00h at 0, 10, 20 and 30 days from
the beginning of the rewatering period. Each value represents the mean
of three measurement<£G.E.).

and roots of SHP and NSHP; subsequently, CAT activity
began to decline as from the second level of rewatering in all
the tissues studied. The decrease of CAT activity in SHP was
slower than thatin NSHP and, at the third level of rewatering,
CAT activities in SHP were higher in comparison to NSHP
(156, 114 and 119% of the values recorded in leaves, TR
and MR).

The patterns of POD activity and POD-dependent IAA0x
activity ran in parallel Fig. 3D and B. In all the tissues of
SHP and NSHP, both the activities showed a strong decrease

of the experiment and subsequently decreased during thewith effect from the first level of rewatering (99, 106 and

whole rewatering period in all the tissues, reaching the levels
of CP at the third level of rewaterind-ig. 3A). In NSHP,
SOD activity showed a similar trend, though both leaves

93% of CP values for POD activity, and 119, 86 and 129%
of CP values for IAAox activity in leaves, TR and MR of
SHP, respectively). The values of POD and IAAox activities

and roots showed values higher than those of SHP in all thein leaves and TR of NSHP at the third level of rewatering

levels of rewatering.
The values of APX activity decreased in all the tissues

differed from those in SHP, showing a further increase.
PPO activities appeared to be directly related to rewatering

of SHP during rewatering, whereas the decrease in NSHPin all the tissues studied~{g. 4B. Both SHP and NSHP

started from the second level of rewaterifdg; 3B). NSHP
maintained high values of APX activity during the first level
of rewatering in comparison with SHP (196, 173 and 141%
in leaves, TR and MR, respectively).

CAT activity changed in both SHP and NSHP during the
rewatering periodKig. 30. In particular, at the first level
of rewatering, CAT activity increased slightly in both leaves

showed a marked increase of PPO activity during the whole
rewatering period, but a total recovery of enzyme activity
occurred at the third level of rewatering in SHP (116, 112
and 110% of CP values in leaves, TR and MR of SHP,
respectively), whereas NSHP maintained values lower than
those of CP (65, 70 and 61% of CP values in leaves, TR and
MR).
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delay in transpiration recovery observed in SHP with respect

=
z w0 [ LOX (A) to NSHP could be due to the slower recovery of full stom-
z 01 atal conductance for SHP likely depending from a greater
= ‘§ 100 f inability to refill the vessels cavitated during the water stress
= oI5 MDA (B) period[53]. It has to be outlined that plants growing in shade
2200 p conditions generally present less lignified tissues and there-
S 100 | fore are more prone to vessel collapse. Moreover, plants
E ol growing in shade tend to etiolate and present less lignified

o L
LE TR MR LE TR MR LE TR MR LE TR MR . . . .
. . - . . tissues in comparison with NSHP.

0 10 20 30 The evolution of stomatal conductance showed that both
Days from the beginning of rewatering SHP and NSHP recovered slowly after the water stress pe-
Fig. 4. Lipoxygenase activity and malondialdehyde content in leaves (LE), riod. This result |s_|n contrast with thaF obtained by Fernan-
thin roots (TR) and medium roots (MR) from shaded (white), non-shaded d€Z €t al.[35], which observed a rapid recovery of stom-
(grey) and control plants (black). Samples were collected at 06:00-07:00 h atal conductance during rewatering—though on 26-year-old
at 0, 10, 20 and 30 days from the beginning of the rewatering period. water-stressed olive plants (cv. Manzanillo) with rainfall as
Each value represents the mean of three measuremest& (). their only source of water supply. This discrepancy may be
o ) related to many different factors such as the different tree
In CP, all the activities of the enzymes described above g4eg, the surely different root system architecture (pot ver-
did not show marked changes during the 30-day rewateringg s field conditions), and to a lower level of tissue lignifi-

period Fig. 3. cation in young pot-grown trees when compared with old
. ' field-grown ones.
3.3. LOX activity and malondialdehyde content Our results show that the activities of SOD, CAT, APX,

: . . POD and LOX decreased during the rewatering phase in all
Progressive rewatering caused marked decrease in LOX . . . :
Lo . the tissues tested, while PPO is the only enzyme clearly in-
activity in both SHP and NSHHA~(g. 4A). The decrease in . . .
L . . ] . duced by rewatering treatmerii¢. 3). The different values
LOX activity was faster in SHP than in NSHP: at the first L . .
. L of enzyme activities among tissues of SHP and NSHP point
level of rewatering, the values of LOX activity in SHP were out the kev role plaved by light intensity in the response of
comparable to those in CP (120, 114 and 119% in leaves, y piay y g Y b

. ; : plants during rewatering. In general, SHP showed lower ac-
TRand MR, respechyely), while the vglues presentin NSHP tivity values for SOD, APX and LOX, and lower MDA lev-
at the same rewatering level were higher than those of CPels than those present in NSHP, especially at the first level
(171, 145 and 137% in leaves, TR and MR, respectively). P » €SP y

. : . of rewatering.
Inboth SHP and NSHP’ MDA Igvels decllneq n relation to Since SOD and APX are the main antioxidant enzymes of
the level of rewatering in all the tissues examinEy(4B).

MDA levels in leaves, TR and MR of SHP at the first level chloroplz_;\s_t_$193211 the more marked reduct!on of SOD and
; . APX activities in SHP with respect to that in NSHP at the
of rewatering were 75, 74 and 68%, respectively, of those

present in NSHP; less marked differences between SHP an ame rewatering leveFg. 3A and B suggests that lower

NSHP were detected in tissues collected after the second. PFD levels induce a d.|fferent. response of.qllve tree to ox-
. ., Idative stress because in semi-shade conditions the need of
level of rewatering. Leaves of SHP, at the second and third

; antioxidant defences is reduced. Our data highlight that the
level of rewatering, showed MDA levels lower than those of response of NSHP during the rewatering phase involves the
CP (83 and 68%, respectively). P g gp

CP did not show any marked changes in LOX activity and ab[l|ty to maintain high values of SOD. a_nd APX activities.
. . . : This allows the cell apparatus to exhibit a better response
MDA concentration during all the rewatering period.

to oxidative stress due to AOS action. Since the values of
transpiration rate and stomatal conductance found in SHP
4. Discussion are lower than those in NSHP in the first two levels of re-
watering, the higher photosynthetic rate in SHP could be

Rewatering treatment following the water stress phase due to a lower degree of photoinhibition and not to stomatal
produced a rapid increase in LWP both in SHP and NSHP regulation.
paralleled by slower increases in photosynthetic gas ex- Our results show that CAT activity was affected by differ-
changeFig. 2B—-B. The delay in recovery of photosynthetic ent PPFD levelsKig. 3Q: in fact, in both SHP and NSHP,
rate during rewatering, more marked in NSHP, is probably rewatering caused marked decreases in CAT activity, but
due to a light-dependent inactivation of the primary photo- the reduction in NSHP was faster, probably because CAT is
chemistry associated with PSII occurred during the previous very susceptible to photoinactivation and degradation under
water stres$7] or to the downregulation of electron trans- high levels of irradiancd54]. Since CAT is mainly con-
port, as recently underlined by Nogués and Bgkér fined to microbodies, and particularly in peroxisonfi2g],

The rapid increase in transpiration rakeg. 2C) was par- a decrease in its activity could be considered as an indirect
alleled by the surge in stomatal conductariey(2D). The evidence of a reduced photorespiration, also confirmed by
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the pattern of substomatal G@oncentration in SHP and
NSHP.
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pronounced in olive plants subjected to environmental PPFD
level. Although olive trees are very resistant to water stress

Similarly to the enzymes described above, decreases in[35,37,39] the observed loss of photosynthetic functionality

POD and IAAox activities under rewatering occurred in both
SHP and NSHPKig. 3D and B. The results show that POD
and IAAox activities were scarcely influenced by the PPFD
levels during rewatering, except for POD activity in TR and
MR, in which NSHP values were higher than those of SHP
at all the levels of rewatering. Different POD isoforms have
a higher affinity for BO, if compared with CAT but require
some phenolic compounds (e.g. guaiacol) as subsfi2itgs
They are involved in lignin biosynthesis and in the modu-
lation of cell wall properties during plant grow{b5,56]
Moreover, POD catalyses the oxidation of IAA, a plant hor-

could be due to AOS-induced lipid peroxidation. This hy-
pothesis is confirmed by the greater accumulation of MDA
and the higher LOX activity in water-stressed plaf@g].

The observed decrement of MDA concentration in SHP and
NSHP Fig. 4B) indicates that during water recovery, fol-
lowing a water-deficit period, repairing mechanisms start to
keep pace with oxidative damage. The changes in lipid per-
oxidation observed herein are in agreement with the results
of other studie§32,65]and support the hypothesis that rewa-
tering after a severe water deficit can reduce membrane-lipid
peroxidation.

mone that also acts as a growth-regulatory molecule, causing The results obtained in this study confirm that light inten-

the increase of POD activity and hence of lignin deposition

sity plays a key role in the functionality of olive plants sub-

in cell wall [57]. Therefore, the increased total POD activity jected to water stress conditions, as underlined by Schansker

during water stress contributes to the restriction in cell ex-
pansion, which in turn causes growth limitation of shoots,
observed by Dichio et a[39], and changes in root dynam-

ics [38]. In this case, the decrease of POD activity during
the rewatering phase following a drought period could allow
plants the renewal of growth, in particular in SHP, whose
POD activity values in roots are lower than those of NSHP.

and van Rensefb] and Hideg and Muratgs]. The repair-

ing of damage due to oxidative stress, generated by drought
stress and high irradiance levels, was associated with a dif-
ferent antioxidant response in plants grown in semi-shade
conditions or under environmental irradiance. We can affirm
that SHP faced a lower oxidative stress with respect to NSHP
and that low levels of PPFD allowed an efficacious antioxi-

In contrast to the other enzymes studied, an incrementdant protection. This was confirmed by the lower MDA lev-

in PPO activity was detected in plants during the rewa-
tering phase Kig. 3F. This increase was more marked
in SHP than in NSHP likely related to a lower lignifi-

cation level of tissues present in shadow-grown plants.

Since PPO has a main proteolytic activifg3], its in-

els and LOX activity in SHP. We can therefore assert that
the observed reduction of photosynthetic functionality is ac-
centuated when the synergic action of water deficit and high
light intensity occurs.

Our data highlight that the lower expression of the en-

crease during rewatering, particularly evident in SHP, zymatic antioxidant system in SHP with respect to NSHP
allows the olive plants to remove the proteins damaged could be due to a reduced need for AOS removal. On the
by AOS during water stress and repair the cell wall by contrary, in NSHP, a high stress level induces an impairment
means of cross-linking of matrix polyme}s8]. Moreover, on the equilibrium between AOS production and cellular
PPO activity can regulate the redox state of phenolic com- defence machinery, with a greater AOS formation, and con-
pounds. Phenolics are very abundant in olive tree leavessequently a higher degree of protection against oxidative
[59,60] they are physiologically active secondary comp- damage is required. Given that photoinhibition is a function
ounds with a non-enzymatic antioxidant action and are in- of both photodamage and repdir4], research into vari-

volved in many different physiological aspects such as auxin ations in the activities of other antioxidant molecules and
protection or its catabolisf61,62], in the modulation ofthe ~ measurements of electrolyte leakage and photoinhibition
cell wall plasticity[58] and in gas exchange dynami{&s3]. may give a more exhaustive picture of the response of olive

The tissues studied showed different dynamics of enzymetrees against water stress.
activities: leaves presented more marked changes, due to
the synergic effect of irradiance level and loss of cellular
water; TR appeared to be more sensitive to water recovery
and its consequent effects, while MR showed less reactivity.
These different patterns confirm the different function of
TR, involved in water absorption and thus more reactive to
water content changes, and MR, with a higher degree of
lignification, in which the carbohydrates produced in leaves
are stored.

Our results about LOX activity and MDA levels pointed
out a limited oxidative damage, when measured in terms of
lipid peroxidation, in SHP with respect to NSHPig. 4).

The enhanced production of AOS during water stress may
activate specific LOX isozymd@8], and this effect is more
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