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Abstract—In wild species of almond (Prunus spp.), the activities of ascorbate peroxidase (APX), monodehy-
droascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), and glutathione reductase (GR),
as well as the levels of ascorbate/glutathione pools and H,0, were subjected to water deficit and shade con-
ditions. After 60 days of water shortage, the species were subjected to a rewatering treatment. During water
recovery, leaves exposed to sunlight and leaves under shade conditions of about 20—35% of environmental
irradiance were sampled. After 70 days without irrigation, mean predawn leaf water potential of all the species
fell from —0.32 to —2.30 M Pa and marked decreases in CO, uptake and transpiration occurred. The activities
of APX, MDHAR, DHAR, and GR increased in relation to the severity of drought stress in all the wild spe-
cies studied. Generally, APX, MDHAR, DHAR, and GR were down-regulated during the rewatering phase
and their activities decreased faster in shaded leaves than in sun-exposed leaves. The levels in total ascorbate,
glutathione, and H,O, were directly related to the increase in drought stress and subsequently decreased dur-
ing rewatering. The antioxidant response of wild almond species to drought stress limits cellular damage
caused by reactive oxygen species during periods of water deficit and may be of key importance for the selec-
tion of drought-resistant rootstocks for cultivated almond.
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bate reductase, glutathione reductase, monodehydroascorbate reductase, oxidative stress, water deficit.
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INTRODUCTION

The genus Prunus belongs to the family Rosaceae
and comprises more than 400 species adapted to tem-
perate areas and cultivated in Asia and Europe. Stone
fruit crops, such as almond, peach, plum, apricot, and
cherry, are typical and economically important cul-
tures mainly localized in Mediterranean regions,
where the spring—summer period is often character-
ized by high temperatures, high irradiance levels, and
the lack of precipitation. In particular, almond (genus
Prunus, subgenus Amygdalus) is the most important
tree nut produced on a global basis, and its limited
gene pool limits the cultivation to specific areas with
Mediterranean climate [1, 2].

Drought stress in plants, especially in combination
with high levels of irradiance, is associated with

! This text was submitted buy the authors in English.

Abbreviations: APX—ascorbate peroxidase; AsA—ascorbate;
DHA—dehydroascorbate; DHAR-—dehydroascorbate reduc-
tase; GR—glutathione reductase; GSH—glutathione; GSSG—
glutathione disulfide; LWP—Ileaf water potential; MDHA—
monodehydroascorbate; MDHAR-—monodehydroascorbate re-
ductase; PAR—photosynthetic active radiation.
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increased levels of reactive oxygen species (ROS), by-
products of aerobic metabolism that are produced
through the disruption of the electron transport system
and oxidizing metabolic activities [3]. Excessive levels
of ROS are toxic for plant cells due to their oxidative
damage to cellular structures and macromolecules,
which in turn causes photoinhibition of the photosyn-
thetic apparatus [4]. ROS also may play a positive role

because some of them, in particular O,  and H,0,,

act as signal molecules during drought stress responses
and trigger defense responses [4]. In plants under well-
watered conditions, ROS are efficiently eliminated by
several antioxidant compounds, whereas during drought
conditions ROS production exceeds the capacity of the
antioxidant systems to remove them [3].

The antioxidant enzymes of the ascorbate—glu-
tathione cycle of plants operate both in the chloro-
plasts and cytosol and include ascorbate peroxidase
(APX, EC 1.11.1.11), monodehydroascorbate reduc-
tase (MDHAR, EC 1.6.5.4), dehydroascorbate reduc-
tase (DHAR, EC 1.8.5.1), and glutathione reductase
(GR, EC 1.6.4.2). Ascorbate and glutathione, two
antioxidants within the ascorbate—glutathione cycle
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with a non-enzymatic action, are able to detoxify
H,0, and are located both within the cell and in the
apoplast [5]. Ascorbate (AsA), synthesized on the
inner membrane of the mitochondria, reacts chemi-

cally with 'O,, O, , HO", and thiol radical and acts as

the natural substrate of many plant peroxidases [5].
Glutathione (GSH), the substrate of DHAR, is a tri-
peptide synthesized in the cytosol and chloroplasts,
which scavenges !0, and H,0, and is oxidized to glu-
tathione disulfide (GSSG), when it acts as an antioxi-
dant and redox regulator [6].

The response to water deficit of almond trees is a
well documented process [7—10], but only few studies
highlighted the importance of antioxidant enzymes in
cultivated fruit trees [11—13] and no studies on antiox-
idant capability of almond have been hitherto per-
formed. Wild almond species demonstrate a greater
resistance to abiotic and biotic stresses and so repre-
sent valuable germplasm sources for rootstock breed-
ing, especially under non-irrigation conditions [14].
Therefore, the aim of this work was to study the
changes of antioxidant enzyme activities and the level
of some compounds involved in the ascorbate—glu-
tathione cycle in drought-stressed plants of eight wild
almond species from different geographical points of
Iran. Antioxidant and physiological responses were
also studied during the following rewatering phase in
leaves exposed to two different irradiance levels, in
order to study the contribution of light to oxidative
stress. The wild almond species here studied may be
potential sources for resistance of cultivated almond to
drought stress as well as for modified tree and nut
traits.

MATERIALS AND METHODS

Plant material, collecting regions, and experimental
design. The wild almond species studied belonging to
the genus Prunus, subgenus Amygdalus, were P. com-
munis (L.) Archang, P. elaeagnifolia (Spach) Fritsch,
P. orientalis Mill. (syn. P. argentea Lam.) in the section
Euamygdalus Spach; P. [lycioides Spach, P. reuteri
Boiss. et Bushe in the section Lycioides Spach; and
P. arabica (Olivier) Neikle, P. glauca (Browicz)
A.E. Murray, P. scoparia Spach in the section Spartio-
ides Spach. The number of accessions sampled per site
ranged from one to five, depending on habitat diversity
and availability at collection time.

Field expeditions were carried out in 2005 and
2006. Sites were selected based on previous recent lit-
erature [15, 16], indigenous information, or conspicu-
ous presence. The experimental scheme was carried
out using wild species of almond in spring 2009,
spaced at 1 m in the row with 1 m between rows and
grew uniformly outdoors in 5.0-m? containers filled
with a silty-clay loam. Plants were divided into the two
groups: drought-stressed plants and control plants not
subjected to drought stress. The control plants were
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maintained under optimal soil water conditions (85%
of the field water capacity) during the whole 84-day
experimental period, whereas drought-stressed plants
were subjected to a water shortage period starting from
July 10 to September 18. Containers were covered with
plastic film in order to avoid rainfall infiltrations and
evaporation from the soil surface. After the 70-day
drought period, stressed plants were subjected to a
rewatering treatment for 16 days (from September 19
to October 4), while control plants continued to be
kept under optimal soil water conditions.

Environmental parameters, plant gas exchange, and
water status. For each day of the experimental period,
measurements of air temperature and relative humid-
ity were taken by a data logger at Chaharmahal &
Bakhtiari, Metrological Administration (www.chahar-
mahalmet.ir, Shahrekord, Iran) located inside the
experimental plot. Vapor pressure deficit (VPD) was
calculated from the values of air temperature and rela-
tive humidity at 11:00 a.m., according to Goudriaan
and van Laar [17].

Three drought-stressed plants and three control
plants of each species were chosen to measure physio-
logical parameters at 0, 13, 23, 70, and 84 days from
the beginning of the experimental period using four
fully expanded leaves selected from each plant along
the median segment of new-growth shoots and
marked at the beginning of the experiment. The mea-
surements of CO, uptake and transpiration were car-
ried out using a programmable, an open-flow gas
exchange LI-6400 portable system (Li-Cor, United
States) operated at 500 pumol/s flow rate, under field
conditions at 9:30. The measurements of leaf water
potential (LWP) were carried out predawn (at 4:00) at
0, 13, 23, 70, and 84 days from the beginning of the
experimental period on three fully expanded leaves
selected from each plant along the median segment of
new-growth shoots using a pressure chamber (Weiss
Umweltttechnique CMBH, D-6301 Lindenstruth,
Germany).

Leaf sampling. Three drought-stressed plants hav-
ing similar LWP and three control plants from each
species were selected in each date for tissue sampling.
Leaves were collected at 0, 13, 23, 70, and 84 days from
the beginning of the drought-stress period. Each sam-
ple contained three fully expanded leaves taken along the
median segment of new-growth shoots and fully exposed
to sunlight (photosynthetically active radiation (PAR)
range under clear sky = 1600—1800 pmol/(m? s)
at 12:00]. At the end of the rewatering phase, both in
rewatered and control plants, two types of leaf samples
were collected: the former with leaves exposed to sun-
light and the latter with leaves picked in the inner part of
the canopy in shade conditions of about 50% of environ-
mental PAR (PAR range = 800—900 umol/(m? s) at
12:00). Light levels were followed by the LI-6400
external quantum light sensor. Leaf samples were
washed with distilled water, dried with filter paper,
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immediately frozen in liquid nitrogen, and then stored
at —80°C.

Enzyme activities and total soluble protein. All pro-
cedures for enzyme extraction and determination of
enzyme activities were carried out at 0°C on ice bath
unless otherwise stated. A 1.0 g aliquot of leaves was
homogenized in 10 ml of 50 mM potassium phosphate
buffer, pH 7.6, containing 1% (w/v) polyvinylpolypyr-
rolidone (PVPP) and 1 mM EDTA. The homogenate
was filtered through three layers of cheesecloth (Mira-
cloth) and then centrifuged at 15000 g for 30 min at
4°C. The obtained supernatant was recovered,
desalted on a Sephadex™ G-25M column, and used
for the enzyme activity assays.

APX activity was measured spectrophotometrically
by recording a decrease in the ascorbate content at
290 nm, according to Sofo et al. [12]. MDHAR activ-
ity was tested after the method of Foyer et al. [18] by
following a decrease in absorbance at 340 nm due to
NADH oxidation. DHAR activity was determined by
monitoring the increase in absorbance at 265 nm due
to AsA production, according to Sofo et al. [13]. GR
activity was measured by following a decrease in
absorbance at 340 nm due to NADPH oxidation after
the method of Carlberg and Mannervik [19].

The total soluble protein was determined according
to Smith et al. [20], using BSA as a calibration stan-
dard. All enzyme activities were expressed as units per
milligram of total soluble proteins.

Ascorbate, glutathione, and H,0, levels. A 0.5 g ali-
quot of leaves was homogenized in 1.0 ml of ice-cold
2.5 N HCIO,. The homogenate was filtered through
three layers of cheesecloth (Miracloth) and then cen-
trifuged at 15000 g for 5 min. The supernatant was
neutralized with 5 M K,CO; to pH 4.5 for ascorbate
determination and to pH 6.5 for glutathione determi-
nation. Ascorbic acid (AsA) was measured spectro-
photometrically by reading absorbance at 265 nm due
to ascorbate oxidation by ascorbate oxidase, according
to the method Foyer et al. [18]. The concentration of
dehydroascorbate (DHA) was calculated as the differ-
ence between total ascorbate and AsA. The levels of
glutathione were measured spectrophotometrically by
monitoring the reduction of 5,5'-dithio-bis-(2-
nitrobenzoic acid) (DTNB) at 412 nm, after the
method of Griffith [21]. The concentration of reduced
glutathione (GSH) was calculated as the difference
between total glutathione and GSSG. H,0, determi-
nation was carried out according to the method of Lee
and Lee [22].

Statistical analysis. The values of gas exchange
parameters were represented as means of 12 measure-
ments from three selected plants (four measurements
per plant and three replications of each measure-
ment), whereas the values of LWP were represented as
means of nine measurements from three selected
plants (three measurements per plant and three repli-
cations of each measurement). Enzyme activities were
expressed as means of three measurements from three
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plants having a similar value of LWP (one measure-
ment per plant and three replications of each measure-
ment). Statistical analysis was performed using analy-
sis of variance (ANOVA). Significant differences were
determined at P < 0.05, according to Fisher’s LSD
tests.

RESULTS

Environmental Conditions and Plant Physiological
Parameters

The highest value of air temperature was 35.2°C
after 15 days from the beginning of the drought period.
The mean values of all the daily values of air tempera-
ture and relative humidity were 28.6°C and 65.2%,
respectively. VPD range was between 2.5 and 0.3 kPa,
with a mean value of 0.8 kPa. The water shortage dur-
ing the drought period was paralleled by a substantial
decrease in the leaf LWP in all the species studied,
starting from 23 days after the beginning of the drought
phase (Fig. 1a). In particular, P. orientalis and P. ara-
bica reached the lowest values of LWP (mean mini-
mum value of about —2.00 MPa after 70 days). In
drought-stressed plants, the values of CO, uptake and
transpiration decreased during the drought period in
all the species studied, reaching the lowest values at 23
and 70 days from the beginning of the drought period
(Figs. 1b, 1c¢). During the recovery period, at 84 days
from the beginning of the experimental period, LWP,
CO, uptake, and transpiration values recovered in all
the species tested (Fig. 1). In control plants, the values
of LWP, CO, uptake, and transpiration remained rela-
tively stable throughout the experimental period.

Antioxidant Enzyme Activities
and Ascorbate/Glutathione Pools
during the Drought Period

APX activity showed an increase starting from 13 days
after the beginning of drought in all the species tested
(Fig. 2a). In particular, during the last dates of the
drought phase, P. communis, P. orientalis, P. glauca, and
P. scoparia manifested the highest APX activity, as
compared to the other almond species. The values of
MDHAR activity remained stable in all the species
during the first 23 days of the experimental period and
then increased at severe drought stress (Fig. 2b).
P. lycioides and P. glauca had the highest values of
MDHAR activity among all the wild species of
almond studied (Fig. 2b). DHAR activity was directly
related to drought stress levels in all the species stud-
ied, showing a gradual increase, starting after 13 days
from the beginning of the water deficit (Fig. 2c). In
particular, P. communis, P. orientalis, and P. lycioides
showed higher values of DHAR activity as compared
to the other almond species. GR activity, especially for
P. arabica and P. scoparia, showed a sharp increase with
increasing drought stress in all the almond species stud-
ied, with a plateau between 23 and 70 days (Fig. 2d).
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Fig. 1. Trends of leaf water potential (a), CO, uptake (b), and transpiration (c) in drought-stressed plants at 0, 13, 23, 70, and

84 days from the beginning of the experimental period.

(1) P. communis; (2) P. eleagnifolia; (3) P. orientalis; (4) P. lycioides; (5) P. reuteri; (6) P. arabica, (7) P. glauca; (8) P. scoparia.
Each value represents the mean of 30 measurements from three plants.

Generally, AsA and DHA content increased with
prolongation of drought stress in all species examined,
with a slight decrease at the highest level of water def-
icit for DHA (Figs. 3a, 3b). In the first 13 days of the
drought phase, the ratios AsSA/DHA were not signifi-
cantly different from those of control plants, whereas,
at the higher levels of water deficit, AsA/DHA
decreased and subsequently showed an increase in the

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY Vol. 58

last days of the drought period (Table 1). Drought stress
caused marked increases in the GSH content, with the
exception of P. lycioides and P. arabica (Fig. 3c). GSSG
levels showed a slight increase during the progressive
water shortage, particularly marked in P. glauca and
P. scoparia, followed by a decrease at the maximum
level of drought stress (Fig. 3d). Generally, AsA/DHA
and GSH/GSSG increased with increasing drought
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stress (Table 1). In all species studied, the levels of
H,0, were directly related to the severity of drought
stress, presenting a continuous increase during the
progressive drought (Fig. 3e). In control plants, the
activities of APX, MADHR, DHAR, and GR, the lev-
els of AsA, DHA, GSH, and GSSG, and the ratios
AsA/DHA and GSH/GSSG remained relatively sta-
ble throughout the experimental period.

Antioxidant Enzyme Activities
and Ascorbate/Glutathione Pools
during the Rewatering Period

Generally, the activities of APX, MDHAR,
DHAR, and GR were down-regulated during the
rewatering phase and their values were lower than
those found in the drought-stressed plants (Fig. 4).
APX activity decreased both in shaded and sun-
exposed leaves during rewatering, reaching the level in
the corresponding control plants (Fig. 4a). If com-
pared to the leaves at the most severe drought stress,
the activities of MDHAR and DHAR declined both in
shaded and sun-exposed leaves during the rewatering
period, but they remained higher than in the relevant
control plants (Figs. 4b, 4c). The decrements of
MDHAR and DHAR activities were more marked in
shaded leaves than in those exposed to sunlight (Figs. 4b,
4c). Both in shaded and exposed leaves, the values of
GR activity decreased during rewatering in all species
studied (Fig. 4d).

In both shaded and sun-exposed leaves of all the
species studied, AsA and DHA content decreased dur-
ing rewatering as compared to the values found during
the last days of the drought phase (Figs. 5a, 5b, Table 2).
The rewatering treatment also caused decreases in
GSH and GSSG content both in shaded and exposed
leaves (Fig. 5c¢). If compared to drought-stressed
plants, AsSA/DHA and GSH/GSSG decreased both in
shaded and exposed leaves (Fig. 5d). With respect to
the leaves at the most severe drought stress, the levels
of H,0, showed a strong decrease during the rewater-
ing phase but remained higher in exposed than in
shaded plants (Fig. Se).

DISCUSSION

A significant decrease in gas exchange has been
observed under drought stress in species of the genus
Prunus [10, 23]. Our results confirm that the decrease
in the LWP (Fig. 2a) caused a reduction of gas
exchange in Prunus plants (Figs. 2b, 2c¢). The decrease
in net CO, assimilation in response to drought stress
reduces the capacity of the photosynthetic electron
transport system, which in turn causes increased levels
of ROS [4]. The regulation of the activities of some
antioxidant enzymes is an immediate and efficacious
response to scavenge the excess of ROS, and this was
observed in some fruit tree species, such as apricot
[11], olive [12] and peach [13]. The results show that
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Fig. 3. Levels of ascorbate (AsA) (a), dehydroascorbate
(DHA) (b), reduced glutathione (GSH) (c), oxidized glu-
tathione (GSSG) (d), and hydrogen peroxide (e) in
drought-stressed plants at 0, 13, 23, and 70 days from the
beginning of the drought period. Each value represents the
mean of three measurements from three plants having a
similar level of drought stress.

(1) P. communis; (2) P. eleagnifolia; (3) P. orientalis;
(4) P. lycioides; (5) P. reuteri; (6) P. arabica, (7) P. glauca;
(&) P. scoparia.

the activities of APX, MDHAR, DHAR, and GR and
the levels of non-enzymatic antioxidants rose in all the
species examined in parallel to the degree of drought,
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(4) P. lycioides; (5) P. reuteri; (6) P. arabica, (7) P. glauca;
(8) P. scoparia.
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Fig. 5. Levels of ascorbate (AsA) (a), dehydroascorbate
(DHA) (b), reduced glutathione (GSH) (c), oxidized glu-
tathione (GSSG) (d), and hydrogen peroxide (e) in shaded
and nonshaded leaves of rewatered plants and in the corre-
sponding control plants. Samples were collected after
16 days from the beginning of the rewatering period. Each
value represents the mean of three measurements = SE
from three plants.

(1) P. communis; (2) P. eleagnifolia; (3) P. orientalis;
(4) P. lycioides; (5) P. reuteri; (6) P. arabica, (7) P. glauca;
(8) P. scoparia.
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with marked increases starting from 23 days from the
beginning of drought, when LWP reached low values
(Figs. 1a, 2, 3).

A strong linkage between APX and MDHAR trends
were observed during the drought period (Fig. 3). This
up-regulation reflects the strict relationship between
these two enzymes. In fact, APX isozymes scavenge
the H,0, produced by superoxide dismutase, using
AsA as the electron donor and transforming it to the
free radical MDHA. Successively, MDHA can dispro-
portionate spontaneously to AsA and DHA or be
enzymatically reduced to AsA by MDHAR, a FAD
enzyme which uses NADPH as a reductant [3]. Dur-
ing the whole period of drought stress, P. communis,
P. orientalis, P. glauca, and P. scoparia showed both
high APX and MDHAR activities as compared to the
other species (Figs. 2a, 2b). This suggests that APX
plays a key role in antioxidant protection in these three
species, with a partial contribution of the other
enzymes (Figs. 2, 3). Generally, the up-regulation of
APX activity in all the almond species determined low
levels of AsA, which is the main substrate of APX (Fig. 3a),
whereas the fast turnover of MDHA, due to the high
MDHAR activities, determined low levels of MDHA and,
indirectly, the low amounts DHA observed (Fig. 3b).

The monomeric thiol enzyme DHAR is able to
reduce DHA to AsA at expense of GSH as the electron
donor, with the consequent production of GSSG,
whereas GR is a flavoenzyme, which maintains the
intracellular glutathione pool in the reduced state cat-
alyzing the NADPH-dependent reduction of GSSG
to GSH [6]. The significantly high values of DHAR
activity found in P. communis, P. orientalis, and
P. lycioides and the high activity of GR in P. scoparia
(Figs. 2c, 2d) suggest that these almond species exert a
fine regulation of glutathione homeostasis. Finally, the
levels of H,0, at severe drought stress were not signif-
icantly different in all the species studied (Fig. 3e).
This confirms that the drought-related reduction of
CO, assimilation (Fig. 1b) caused in all the almond
species an excess of H,0, deriving from the photore-

duction of O, to O, in PSI and the following cataly-
sis by superoxide dismutase.

The different values of AsA/DHA between almond
species, starting from 23 days from the beginning of
drought, reflect the changes in H,0O, production and
conversion (Fig. 3e, Table 1). At 23 days, AsA/DHA
ratios of drought-stressed plants were significantly
lower than those found in control plants, in which the
higher APX activity and H,0, concentration were
observed, with the consequent increase in DHA (Fig. 3b).
The progressive loss of water from leaf tissues (Fig. 1a)
caused an increase of H,0O,-related oxidative stress
(Fig. 3e), which in turn enhanced ascorbate accumu-
lation and AsA-dependent detoxification processes
(Figs. 2a, 2b). The differences in GSH/GSSG and
GSH level between drought-stressed and control
plants (Fig. 3c, Table 1) indicate that high levels of
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drought stress caused a synthesis de novo of GSH.
Finally, the high activity of GR, particularly marked
the last dates of the drought period, maintained the
glutathione pool in the reduced status.

The recovery of water and gas exchange (Fig. 1) was
accompanied by the down-regulation of the ascorbate—
glutathione system of rewatered plants (Figs. 4, 5). Dur-
ing rewatering, the higher expression of the enzymatic
antioxidant system and the higher levels of total ascor-
bate/glutathione pools and H,0O, found in exposed
leaves, respectively (Figs. 4, 5), indicate that the syn-
ergic action of water deficit and high light intensity
determined a higher level of oxidative stress and anti-
oxidant protection (Figs. 4, 5). After 16 days of rewa-
tering, H,O, levels in rewatered shaded leaves were
lower than those found in exposed leaves, confirming
the low rate of oxidative stress in shaded leaves, also
found by other authors [12, 13] in olive tree and Pru-
nus rootstocks. In fruit tree species, the role of light
during drought stress is of great importance. In Prunus
cerasus L., a continuous illumination determines the
photoinhibition of leaves and the irreversible damage
of PSII [24]. Moreover, in other fruit species, such as
olive tree, water deficit induced the “down-regula-
tion” of PSII electron transport, and high levels of
irradiance cause the higher activities of some antioxi-
dant enzymes [12, 13].

In this study, we have found evidence for an up-reg-
ulation of ROS-scavenging enzymes and changes in
ascorbate and glutathione pools as almond plants
enter water deficit conditions. Furthermore, the
results also confirmed that different irradiance levels,
for example in different parts of the canopy, are
involved in the regulation of the ascorbate—glu-
tathione cycle under drought conditions. This
response can have an important role in protecting the
cellular apparatus under water deficit conditions and
may be important for the selection for drought resis-
tance in almond rootstock material. The results on
antioxidant enzymes, together with those on the other
compounds involved in the ascorbate—glutathione
cycle, showed that the overall antioxidant protection
in P. communis, P. orientalis, and P. scoparia was very
strong. From an agronomic point of view, we can con-
clude that three almond species presented a high mean
level of antioxidant response during a drought period
as compared to the other almond species here studied.
For this reason, they could be indicated as suitable
rootstocks for almond growing in arid or semi-arid
areas.
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