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Abstract—We measured dry matter accumulation and allocation to the roots, leaf gas exchange, chlorophyll
fluorescence, antioxidant enzymes, and ABA and polyamine (PA) contents in Populus przewalskii under three
different watering regimes (100, 50, and 25% of the field capacity) to investigate the morphological and phys-
iological responses to water deficit in woody plants. The results showed that drought stress retarded P. przew-
alskii as evident from a decreased biomass accumulation and the reduced increment of shoot height and basal
diameter. Drought stress also affected the biomass partition by higher biomass allocated to the root systems for
water uptake. The contents of ABA and PAs especially were increased under stressful conditions. Drought
stress caused oxidative burst indicated by the accumulation of peroxide (H,0O,), and fluorimetric detection also
confirmed the increased accumulation of H,O,. The antioxidant enzymes, including superoxide dimutase, per-
oxidase, ascorbate peroxidase, and reductase, were activated to bring the reactive oxygen species to their
homeostasis; however, oxidative damages to lipids, proteins, and membranes were significantly manifested by

the increase in total carbonyl (C=0) and electric conductance (EC).
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INTRODUCTION

Water availability is an important factor affecting
photosynthesis, growth, and survival of plants, mainly
in arid and semi-arid regions. In general, diverse strate-
gies including morphological, physiological, and
molecular mechanisms are involved in plant responses
to drought stress [1]. Stomatal control of water losses
has been identified as an early event in plant responses
to water deficit [2]. As drought progresses, stomatal
closure occurs for longer periods of the day, reducing
water loss at the time of the highest evaporative
demand, leading to a near optimization of carbon
assimilation in relation to water supply [3]. Neverthe-
less, net photosynthesis is unavoidably reduced due to
decreased CO, availability at chloroplast level [4].

Another drawback of stomata closure is the produc-
tion of reactive oxygen species (ROS) because the
changes in the photochemistry of the chloroplasts in the
leaves of drought-stressed plants result in dissipation of
excess light energy used to form ROS [5]. ROS, such as

Abbreviations: APX—ascorbate peroxidase; DAB—3,3'-diami-
nobenzidine; EC—electric conductance; FC—field capacity;
GR—¢glutathione reductase; MDA-—malondialdehyde; NBT-
nitro blue tetrazolium; PA—polyamine; PSII—photosystem II;
POD-peroxidase; Put—putrescine; ROS—reactive oxygen spe-
cies; RWC—relative water content; SOD—dimutase; Spd—sper-
midine; Spm—spermine; WUE—water use efficiency.

! This text was presented by the authors in English.

superoxide radicals (O, ), hydrogen peroxide (H,O,),

and hydroxyl radicals ("OH), are highly reactive and, in
the absence of effective protective mechanism, can seri-
ously impair the normal function of plants by lipid per-
oxidation, protein degradation, and DNA nicking and
may even cause cell death [6]. To keep the levels of
ROS under control, plants possess antioxidant systems,
which are composed of metabolites, such as ascorbate,
glutathione, tocopherol, etc., and enzymatic scavengers
[5]. These enzymes include superoxide dismutase
(SOD, EC 1.15.1.1), which reacts with superoxide rad-
icals and converts them into O, and H,0,. H,0, is then
detoxified by catalase (CAT, EC 1.11.1.6) and/or ascor-
bate peroxidase (APX, EC 1.11.1.11). In addition, non-
specific peroxidases (POD, EC 1.11.1.7) also play an
important role in the antioxidant protection. are many
cases where plants growing in hostile environments
exhibit increased oxy-stress enzyme activities to com-
bat ROS deleterious effect [7, 8].

Drought stress also alters the hormone homeostasis
in plants, including ABA and polyamines (PAs). ABA
is thought to play an important role in the adaptation of
plants to environmental stresses [9, 10]. In addition to
the role of limiting transpirational losses, particularly
under water deficit, ABA may be related to oxidative
stress responses as cellular signal to induce a number of
genes and proteins involved in stress defenses, includ-
ing antioxidant enzymes and pathogenesis-related (PR)
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proteins [11, 12]. ABA is also implicated in the process
of proline accumulation for osmotic adjustment
through activating the biosynthesis enzymes [13]. PAs
are polybasic aliphatic amines that are ubiquitous in
prokaryotic and eukaryotic organisms. It is believed
that PAs play important roles in growth, key develop-
mental processes of plants, and defense against envi-
ronmental stresses [14]. However, its precise physio-
logical relevance remains elusive.

Poplars are among the fastest growing trees under
temperate latitudes and are widely used for timber,
pulp, and paper [15]. They also play important roles in
ecosystems by preventing soil erosion and regulating
climate, thus retaining stability [2]. Unfortunately, pop-
lar species grow in arid and sem-iarid environments and
are exposed to long periods of water stress [16]. Thus,
it is important to explore the basics of woody plants
adaptation to water stress and maintainity growth,
development, and productivity during stress periods.
Therefore, in this study, we used Populus przewalskii
as a model species to investigate the acclimation and
adaptation to drought stress, especially the ROS gener-
ating and scavenging systems and their damaging
effects.

MATERIALS AND METHODS

Plant materials and experiment design. Cuttings
of Populus przewalskii were collected in March 2005
and, after sprouting and growing for about 1 month,
healthy cuttings of approximately equal height were
selected and replanted into 5-1 plastic pots filled with
homogenized soil. And then they were grown in a nat-
urally lit greenhouse under the semi-controlled envi-
ronment with a temperature range of 18.0-32.0°C and
relative humidity range of 50-80% during May 1 to
August 1, 2005. Sixty cuttings were selected randomly
to three different watering regimes as follows: one well
watered treatment (100% of field capacity (FC)) and
two water-stressed treatments (50 and 25% of FC).
Each treatment included five replications, and 4 cut-
tings per replication were used.

During the experiment, the pots were rewatered to
different FC by replacing the amount of water tran-
spired every day. Following periods of rapid growth, an
empirical relationship between plant fresh weight (¥, g)
and plant height (x, cm), ¥ = 0.975 + 0.112x (R* =
0.968, P <0.001) [17], was used to correct pot water for
changes in plant biomass. Shoot height and basal diameter
were measured every ten days during the stress period.

Relative water content, ABA, and polyamines
measurement. The relative water content (RWC) of
leaves was calculated according to the formula:

100 [(fresh weight — dry weight)/(saturated weight —
dry weight)]. Saturated weight was determined after incu-
bation of the leaf in water for 24 h at room temperature. Dry
weight was measured following oven drying at 80°C until
constant weight. ABA was analyzed using ELISA box (pur-
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chased from Nanjing Agriculture University of China), as
described by Xiong et al. [18].

PAs were extracted and measured according to Flores
and Galston [19]. The standards, Put, Spm, and Spd were
dissolved in 1 ml of perchloric acid and benzoylated follow-
ing the same procedure as with the samples.

Gas exchange and chlorophyll fluorescence
determination. During the growth season, net photo-
synthesis (A) and stomatal conductance (G,) were mea-
sured with a Li-Cor 6200 portable photosynthesis sys-
tem (Li-Cor, United States). Light, temperature, and
humidity were 400 umol/(m? s), 23 + 1°C, and 60%,
respectively. CO, was maintained at a constant level of
400 umol/1 using a Li-6400-01 CO, injector. Water use
efficiency (WUE) was calculated by dividing instanta-
neous values of A by G..

Photochemical efficiency was estimated via chloro-
phyll a fluorescence of photosystem II (PSII), using a
modulated PAM 2100 fluorometer (Walz, Germany) as
described by Schreiber et al. [20]. The quantum yield of
PSII electron transport during steady state photosynthe-
sis (Y) was measured in light-adapted leaves under light
condition, whereas the ratio of variable to maximal flu-
orescence (F,/F,) was measured in dark-adapted
leaves that had been enclosed in aluminum foil for
30 min. The saturating light pulse was delivered at
260 umol/(m? s) for 0.8 s.

Detection of H,O, and indices of stress damage.
The levels of H,O, were measured by monitoring the
absorbance of the titanium—peroxide complex at
415 nm, following the method of Brennan and Frenkel
[21]. Absorbance values were calibrated to a standard
curve generated using known concentrations of H,O,.

The relative intactness of plasma membrane was
measured as the leakage percentage of electrolytes as
described by Gong et al. [22]. Leaf oxidative damage to
lipids was expressed as the content of malondialdehyde
(MDA) followed by the method of Hodges et al. [23].
Proteins were extracted from 0.5 g of leaf segments as
described in detail [24], and oxidative damage was
quantified as total protein carbonyl content by reaction
with 2,4-dinitrophenylhydrazine after the removal of
possible contaminating nucleic acids with 1% (w/v)
streptomycin sulfate [25]. To determine changes in via-
bility of cells affected by water stress, excised leaves
were infiltrated with a 0.25% (w/v) aqueous solution of
Evans blue [26]. Then the leaves were discolored in
boiling ethanol to develop the blue precipitates, which
were quantified by solubilization with 1% (w/v) SDS in
50% (v/v) methanol at 50°C for 30 min, and the absor-
bance was measured at 600 nm.

Histochemical and fluorimetric assay of H,0,.
The detached leaves were excised and immersed in a
1% solution of 3,3'-diaminobenzidine (DAB) in 10 mM
Mes buffer (pH 6.5), vacuum-infiltrated for 5 min, and
then incubated at room temperature for 8 h in the
absence of light. Leaves were illuminated until the
appearance of brown spots characteristic of the reaction
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of DAB with H,0,. Leaves were bleached by immers-
ing in boiling ethanol to visualize the brown spots.
H,0, deposits were quantified by scanning spot using
a Microtek ScanMaker 4900, and the number of pixels
was quantified with Photoshop 6.0 program (Adobe
Systems, United States). The results were expressed as
percentage of spots area vs. total leaf area [(spot
area/total leaf area) x 100] to compensate for differ-
ences in the leaf size [27].

Leaf discs (1 cm?) were incubated into loading
buffer with 50 mM Tris—KCI (pH 7.2) containing
50 uM  2'.7'-dichlorodihydrofluorescein  diacetate
(H,DCFDA, Sigma) dissolved in Mops in the dark for
15 min according to Zhang et al. [28]. Then the leaf
disks were washed off excess dye with 50 mM Tris—
KCIl (pH 7.2), transferred to slides, and illuminated
using a multipurpose microscope (Carl Zeiss, AxioPlan
2 Imaging) with optical filters (488 nm excitation and
525 nm emission) to visualize the oxidized green fluo-
rescent probe. Quantitative images were captured, and
data were analyzed using the LSM program (ISIS Ver-
sion 3.4.0).

Antioxidant enzymes activity assay. Soluble pro-
teins were extracted by homogenizing the powder in
10 ml of 50 mM potassium phosphate buffer (pH 7.0)
containing 1 mM EDTA and 1% polyvinylpyrrolidone.
The homogenate was centrifuged at 12000 g for 20 min
at 4°C, and then the supernatant was used for the fol-
lowing enzyme assays.

(1) SOD activity was assayed by monitoring the
inhibition of photochemical reduction of nitro blue tet-
razolium (NBT) according to the method of Giannopo-
litis and Ries [29]. One unit of SOD activity was
defined as the amount of enzyme required to cause 50%
inhibition of the reduction of NBT as monitored at 560 nm.

(2) POD activity was based on the determination of
guaiacol oxidation (extinction coefficient 26.6/(mM cm)
at 470 nm by H,0, [30]. (3) APX activity was analyzed
by following the decrease in A,q, (extinction coefficient
2.8/(mM cm) for 1 min in 3 ml of a reaction mixture
containing 50 mM sodium phosphate buffer (pH 7.0),
0.1 mM EDTA, 0.1 mM sodium ascorbate, 2.5 mM
H,0,, and 200 pul of the enzyme extract [31].

(4) GR activity was determined by following the
oxidation of NADP-H at 340 nm (extinction coefficient
6.2/(mM cm) for 3 min in 3 ml of an assay mixture con-
taining 50 mM potassium phosphate buffer pH 7.8),
2 mM Na, EDTA, 0.15 mM NADP-H, 0.5 mM GSSG,
and 200 ul of the enzyme extract [32]. Soluble protein
contents were determined by the method of Bradford
[33], using BSA as a calibration standard.

Statistical analysis. The data were subjected to
one-way analysis of variance using the SPSS 11.5 for
windows statistical software package. Test was
employed to detect significant differences between the
watering regimes.
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Fig. 1. Effect of drought stress on (a) shoot height and
(b) basal diameter increment in P. przewalskii.

(1) 100%; (2) 50%; (3) 25% of FC.

RESULTS

Effect of Drought Stress on Biomass Accumulation
and Leaf Characteristics of P. przewalskii

Drought stress significantly decreased the biomass
accumulation of P. przewalskii and leaf characteristics
including leaf number, total leaf area, and average leaf
area. Drought stress also retarded the growth rate of
P. przewalskii indicated by the reduced increment in the
shoot height and basal diameter during the stress period
(Fig. 1). On the other hand, P. przewalskii allocated
more dry mass to the root systems under drought stress
(Table 1).

Effect of Drought Stress on RWC, ABA,
and PA Contents in P. przewalskii

Drought stress significantly decreased the leaf RWC
of P. przewalskii (P < 0.001). ABA contents under 50
and 25% FC were 2.3 and 4.4 times of control (100%
FC), respectively (Table 2). Drought stress also affected
the PA accumulation in different pattern: Put and Spd
increased significantly while, Spm showed little change.

No. 6 2008



860

LEI

Table 1. Effect of drought stress on biomass accumulation, leaf number, and leaf area of P. przewalskii

Treatment Biomass partitioning, % ‘ Total No. leaves Total leag area,| Average l%af
roots stems leaves biomass, g dm area, cm
100% FC | 17.29+1.51°|43.99 £ 0.94% 3872+ 1.41% | 41.45£5.02* | 69.4+7.88%| 825.7+84.08% 14.04 + 0.54*
50% FC |26.53+1.24°|40.44+£0.992 | 33.03 £ 1.16% | 19.77 £3.31° | 39.4 +3.82"| 543.3+39.14%| 12.69 + 0.56*
25% FC |32.96+1.60%|32.33+2.67°|34.71 £2.082 | 4.34+1.44°| 16.8+0.87°| 172.1+£17.83° 10.15+£0.71°
P 0 0.026 0.639 0 0 0 0.004

Notes: Letters refer to differences within traits between the watering regimes. Values (means of five replicates + SE) marked by different
letters are significantly different from each other at the P < 0.05.

Table 2. Effect of drought stress on RWC, ABA, and PA contents in P. przewalskii

ABA, Putrescine, Spermidine, Spermine,
Treatment RWC, % nmol/g dry wt nmol/g dry wt nmol/g dry wt nmol/g dry wt
100% FC 72.57 £ 1.56° 0.17 £0.05¢ 332.60 £ 11.25°¢ 58.40 +2.85°¢ 14.05 £ 1.75°
50% FC 70.47 £0.81° 0.39 +0.06" 381.13 £ 16.90° 74.23 £2.65° 14.01 £2.05°
25% FC 65.02 £2.31°¢ 0.75 £ 0.05% 433.07 £ 7.15% 83.91 +2.42¢% 14.29 £ 0.73%
P 0 0 0 0 0.974

Notes: Letters refer to differences within traits between the watering regimes. Values (means of five replicates = SE) marked by different
letters are significantly different from each other at the P < 0.05

Table 3. Effect of drought stress on gas exchange and chlorophyll a fluorescence in P. przewalskii

Treatment A, umol/(m? s); mol /(;;12 9 UE, umol/mol FylF, Y
100% FC 12.05 £0.39? 0.28 £0.07* 43.04£4.04c 0.75 £0.01* 0.71 £0.03%
50% FC 10.70 £ 0.23° 0.20 +0.02° 53.50 £ 4.00° 0.73 £0.02? 0.67 £0.01°
25% FC 7.54 £0.21°¢ 0.12£0.01 ¢ 62.83 +£2.65° 0.67 +£0.03° 0.66 +0.02°
P 0 0 0 0 0.001

Notes: Letters refer to differences within traits between the watering regimes. Values (means of five replicates + SE) marked by different
letters are significantly different from each other at the P < 0.05.

Effect of Drought Stress on Gas Exchange
and Chlorophyll Fluorescence of P. przewalskii

Table 3 showed the changes in gas exchange and chlo-
rophyll fluorescence parameters under different watering
regimes. Compared with the control, net photosynthetic
rate (A), and stomatal conductance (G,) decreased signifi-
cantly while WUE exhibited a significant increase under
drought stress (P < 0.001). Drought stress also signifi-
cantly decreased the chlorophyll fluorescence parameters,
including maximal efficiency of PSII photochemistry
(F,/F ) and actual quantum yield (Y).

Oxidative Damage and the Antioxidant Enzymes
in P. przewalskii Caused by Drought Stress

Drought stress also caused oxidative burst in
P. przewalskii as manifested by the accumulation of
H,0,. ROS resulted in oxidative damage to mem-
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branes, lipids, proteins, and even cell viability as indi-
cated by the increase in electric conductance, MDA,
C=0, and Evans blue uptake, respectively (Table 4).
Meanwhile, the system of antioxidant enzymes was
activated to scavenge the ROS, as is seen from Table 5,
showing a significant increase in the activities of SOD,
POD, APX, and GR.

Histochemical and Fluorimetric Detection
of H,0, in P. przewalskii under Drought Stress

Histochemical assay of H,O, showed that drought
stress caused oxidative burst in P. przewalskii. Under
100, 50, and 25% FC, there were 0.5, 2.1, and 6.3% of
the leaves colored by DAB, respectively (Fig. 2a). Flu-
orimetric detection also confirmed the H,O, accumula-
tion under drought stress (Fig. 2b).
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Table 4. Damage to P. przewalskiii caused by drought stress

861

H,0,, MDA, C=0, Evans blue uptake,
Treatment wmol/g dry wt EC, % nmol/g dry wt nmol/g dry wt Asgo/g dry wt
100% FC 4.74 £0.05¢ 11.38 £0.38° 11.84 +£0.59° 84.48 £ 11.53¢ 0.035 £ 0.002¢
50% FC 6.13 £0.39° 11.95 £ 0.99° 12.81 £0.33° 148.80 + 11.56° 0.047 £ 0.003°
25% FC 7.48 £0.132 17.06 £ 2.44% 15.50 £ 0.65% 194.20 + 3.42? 0.087 £0.0042
P 0 0.017 0 0 0

Notes: Letters refer to differences within traits between the watering regimes. Values (means of five replicates = SE) marked by different
letters are significantly different from each other at the P < 0.05.

Table 5. Effect of drought stress on antioxidant enzymes activities in P. przewalskii

Treatment SOD activity, POD activity, APX activity, GR activity,
U/mg protein |pmol guaiacol/(mg protein min) | tmol ascorbate/(mg protein min) |nmol NADH/(mg protein min)
100% FC [270.07 +11.71° 3.52+£0.15° 8.73 £0.55°¢ 0.65 £ 0.06°
50% FC (322.35 £ 14.79* 7.15+0.24° 17.8 +£0.89° 1.33 £0.08°
25% FC (332.13 £11.07* 8.79 £0.14% 27.13 £1.09* 2.08 £0.07%
P 0.015 0 0 0

Notes: Letters refer to differences within traits between the watering regimes. Values (means of five replicates = SE) marked by different
letters are significantly different from each other at the P < 0.05.

DISCUSSION

An early morphological response of P. przewalskii
to drought stress is growth adjustment including the
reduced growth rate and the reduction in biomass accu-
mulation, leaf number, and leaf area, which is in well
agreement with earlier studies [2]. The biomass above
ground was further decreased by changes in biomass
partition that favored the root system; thus plants can
exploit the limiting water resources [34]. Drought
stress adversely affected leaf gas exchange and chloro-
phyll fluorescence, maybe due to the injury of the pho-
tosynthetic apparatus, dysfunction of the proteins
related to photosynthesis, and enhancement of peroxi-
dation of mesophyll cell membranes [35].

One of the characteristics of the responses of poplar
to drought stress is a decrease in the leaf RWC, which
may also function as a mechanism that concentrates
solutes in the cell sap, thereby lowering the osmotic
potential and contributing to osmotic adjustment [36].
Numerous data suggested that membranes were the pri-
mary sites of oxidative injury to cells and organelles
consistent with the increase in MDA and EC in our
result. Very often the MDA levels are used as a suitable
marker for membrane lipid peroxidation [37]. More-
over, MDA can react with DNA bases to form adducts
of deoxyguanosine and deoxyadenosine [38]. An
increase of EC also suggested that drought stress
caused a loss of membrane integrity in P. przewalskii.
Oxidative damage to proteins can be assessed by the
accumulation of the total carbonyl groups, and several
authors have proposed the use of C=0 as a reliable
index of stress damage [39]. Severe drought stress may
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even result in cell senescence and cell death in P. prze-
walskii indicated by the increase in Evans blue uptake.

ABA was found to accumulate by 4.4 times under
25% FC as compared with control, and ABA was
thought to act as a messenger in stress-perception-
response pathways in environmental stresses [40]. It
has been shown that ABA can cause an increased gen—

eration of H,O, and O, in plant tissues. And these

ROS, especially H,O, and O, under proper concentra-

tion, are involved in cellular signaling process to induce
a number of genes and proteins involved in stress
defenses [41].

PAs may play a general role in coping with environ-
mental stresses because an increase in their concentra-
tions in plant cells is observed under a number of envi-
ronmental stresses [42]. Malabika and Wu [43] demon-
strated that accumulation of PAs was correlated with
enhanced growth under stressful conditions maybe due
to their ability to ensure the integrity of membranes,
nucleic acid, and various subcellular organelles under
stress conditions. Furthermore, Scaramagli et al. [32]
supposed that PAs may modulate the activities of cer-
tain ion channels, especially Ca?*-permeable channels,
raise the cytoplasmic Ca?* concentration, which was
known to inactivate the K* inward rectifier at the
plasma membrane and then stimulate stomatal closure.
In our study, Put and Spd increased significantly under
drought stress, while Spm showed little change. This
was consistent with Bouchereau et al. [44] who sug-
gested that Put might have more profound effects than
Spd and Spm. However, in several systems, the induc-
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Fig. 2. (a) Histochemical and (b) fluorimetric detection of H,O, in P. przewalskii under drought stress using DAB and H,DCFDA,

respectively.
1—100%; II—50%; 11I—25% of FC.

tion of Spd and Spm in the absence of Put accumulation
may confer stress tolerance to plants.

ROS, as secondary messengers, may only occur
under subtoxic conditions, and at the higher concentra-
tion they are still cytotoxic. Thus, plants have evolved
an entire set of antioxidant systems to keep them under
control. Drought stress caused an increase in the activ-
ities of SOD, GPX, APX, and GR (Table 5) to coordi-
nate the ROS concentrations. The role of antioxidant
enzymes has already been reported by many earlier
studies [2, 7, 14]. However, the high contents of MDA
and C=0 suggested that the protective systems may not
keep pace with the damaging effect in P. przewalskii
under drought stress.

In conclusion, drought stress adversely affected the
growth, leaf gas exchange, and chlorophyll fluores-
cence. One reason may be the oxidative burst caused by
water deficit. Histochemical and fluorimetric detections
also confirmed the accumulation of H,0,. The antioxi-
dant enzymes, including SOD, POD, APX, and GR,
were activated to scavenge the excessive ROS. How-

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 55

ever, significant damage was observed as lipid peroxi-
dation, loss of membrane integrity, and even P. przew-
alskii cell death under drought stress.
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