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Abstract Sour jujube (Zizyphus jujuba Mill. var. spinosus
(Bge.) Hu) has gained considerable attention for its
adaptation to drought prone environments. To charac-
terize the physiological and biochemical basis of this
drought adaptation, the effects of drought stress on Sour
jujube seedlings were investigated in a greenhouse. Two
contrasting populations were employed in our study,
which were from the wet (YL) and dry (SB) climatic re-
gions in the Loess Plateau of China. Results showed that
SB exhibited lower water consumption and growth inhi-
bition, but higher water use efficiency than YL under
drought stress, indicating that growth of the wet-climate
population is more sensitive to drought stress. SB exhib-
ited higher non-photochemical quenching (NPQ) during
progressive soil drying, higher photochemical quenching
(qP) during the sustained water supply stage, and higher
DF/F 0

m and qP during a re-watering period than YL. These

results further indicate that the dry-climate population
possesses better PSII efficiency under adverse conditions.
YL showed larger increases in the production rate of
superoxide anions, hydrogen peroxide, and hydroxyl
radicals than SB during the progressive soil drying stage,
indicating that SB suffered from less oxidative damage
than YL. Antioxidant enzymes including catalase,
ascorbate peroxidase, peroxidase and glutathione reduc-
tase, and antioxidants including carotenoids, flavonoids
and proline; when these interact, they contribute greatly to
the antioxidant capacity of the dry-climate population.
Taken together, the better photosynthetic potential and
antioxidant capacity contribute to the better performance
of Sour jujube from the dry-climate, providing useful
information for understanding the drought tolerance
mechanisms of Sour jujube.

Keywords Antioxidants Æ Antioxidative enzymes Æ
Drought adaptation Æ Loess Plateau Æ Reactive oxygen
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Introduction

Water shortage is a major limiting factor for vegetation
restoration in the loess hilly region of northwest China
(Chen et al. 2007). Here the characteristic drought-prone
climate results in infrequent precipitation, low soil
moisture, and high levels of soil erosion (Liu et al. 2012).
To improve the environment, many plantations of plant
communities have been developed on the loess hilly re-
gion in the last few decades. However, little successful
vegetation rehabilitation and natural regeneration has
occurred in this region because of the serious water
shortage (Sun et al. 2006). In contrast, natural vegeta-
tion recovery by local native species after land closure
has provided much more successful ecological restora-
tion, and results in increased vegetation coverage and
biodiversity, as well as decreased soil erosion (Chen et al.
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2007). Thus, researchers have placed increasing atten-
tion on these native species because they are already
adapted to dry environments (Wang 2006; Zheng and
Shangguan 2007; Shan and Liang 2010; An et al. 2013;
Xu et al. 2014).

Drought stress can inhibit plant growth (Skirycz and
Inzé 2010) and decrease leaf relative water content
(RWC) which may induce stomatal closure and thus
result in a parallel decrease in photosynthesis (Reddy
et al. 2004). Drought directly inhibits photosynthesis
because of decreased CO2 availability or alterations of
photosynthetic metabolism (Chaves et al. 2009). Addi-
tionally, like other multiple stress conditions, drought
often increases the production of reactive oxygen species
(ROS) such as hydrogen peroxide (H2O2), superoxide
radical (ÆO2

�), singlet oxygen (1O2), and hydroxyl radical
(ÆOH) (Mittler 2002). ROS function as signal molecules
in response to stress, but excessive ROS can damage
plant cells (Mittler 2002). Plants have developed multi-
ple strategies to avoid or tolerate drought stress. Plants
can minimize water loss by closing stomata, decreasing
leaf size or inhibiting the growth of aboveground parts
(Kozlowski and Pallardy 2002). Plants may adjust their
growth rate, such as a reduction in shoot height, as an
early morphological response to avoid drought stress
(Lei et al. 2006; Skirycz and Inzé 2010). Plants use
harmless thermal dissipation of excess excitation energy
through the xanthophyll cycle function to maintain
photosynthetic processes under water stress; this is one
of the major photo-protective responses of plants, and is
usually estimated by measuring non-photochemical
quenching (NPQ) (Demmig-Adams et al. 1996). In
addition, plants have employed multiple mechanisms to
modulate ROS metabolites. These mechanisms include
the production of antioxidants, such as ascorbate
(ASC), reduced glutathione (GSH), a-tocopherol, and
antioxidative enzymes, such as superoxide dismutase
(SOD), peroxidase (POX), catalase (CAT), ascorbate
peroxidase (APX) and glutathione reductase (GR)
(Mittler 2002). Responses of plant antioxidants and
antioxidative enzymes to drought depend on the plant
species and genotypes, the length and severity of water
deficit, as well as the age and stage of plant development
(Türkan et al. 2005; Chugh et al. 2011; Cia et al. 2012).
Certain metabolites, such as proline (Szabados and Sa-
voure 2010) and flavonoids, also exhibit a strong
antioxidative ability (Treutter 2006).

Many studies have compared the different responses
of plants to drought stress in dry- and wet-climates. In
these comparisons dry-climate populations always ex-
hibit reduced shoot height, growth rates, total biomass,
leaf area, photosynthesis and transpiration while they
have higher root/shoot ratios under drought stress
conditions (Yin et al. 2004; Lei et al. 2006; Maatallah
et al. 2010; Wang et al. 2012). In addition, dry-climate
populations also exhibited higher abscisic acid (ABA)
content and water use efficiency (WUE) than the wet-
climate populations under drought stress condition (Yin
et al. 2004; Lei et al. 2006; Maatallah et al. 2010). The

morphological and physiological adaptations to water
availability showed that wet-climate populations employ
a prodigal water use strategy and have rapid growth,
although a dry-climate population exhibits a conserva-
tive water use strategy and slow growth (Li 2000; Yin
et al. 2004; Lei et al. 2006; Maatallah et al. 2010). These
research studies indicate that mechanisms plants use to
tolerate drought can be revealed by comparing the re-
sponses of different plant populations from contrasting
water regions. However, little information is available
related to the comparison between dry- and wet-climate
populations that compare the aspects of photo-protec-
tive and antioxidant systems under drought conditions
(Ren et al. 2007). Most studies of photo-protective and
antioxidant systems have simply focused on desert
plants (Pnueli et al. 2002; Xu et al. 2008; Bai et al. 2009),
or on drought tolerant and sensitive crops (Türkan et al.
2005; Chugh et al. 2011; Cia et al. 2012) without com-
paring plants from mesic and xeric regions.

Sour jujube (Zizyphus jujuba Mill. var. spinosus
(Bge.) Hu), a wild jujube species and a typical native
shrub, is widely distributed on Loess Plateau in China
(Fig. 1; Zheng and Shangguan 2007). In China, the
seeds of Sour jujube are traditionally used as an herbal
medicine with antitumor, sedative and hypnotic effects
(Sun et al. 2011). The fruits and leaves are rich in
triterpenoids, flavonoids, cerebrosides and phenolic
acids (Yang et al. 2008; Sun et al. 2011). Furthermore,
being a very cold and drought tolerant species as well as
thriving in barren and saline-alkali soil, Sour jujube
provides a good rootstock for cultivated jujube. More-
over, Sour jujube can perform an important function
during ecological restoration as well as in soil and water
conservation in loess hilly regions (Wang 2006; Wang
et al. 2010). Thus, understanding the responses of Sour
jujube to drought is of great importance and also pro-
vides fundamental data for the use of native species in
drought-prone regions.

Despite its ecological and economic value, the
mechanism involved in the tolerance of Sour jujube to
droughty environments has received relatively little
attention. The loess hilly region of Shaanbei typically
has a dry-climate (Table 1). Located in the northern part
of the Loess Plateau, the conditions in this region mainly
include drought, intense sunlight, low temperature, high
elevation, and a lack of adequate soil nutrients (Chen
et al. 2007). Unlike the northern hilly region, the
southern has a wet-humid climate at low elevations with
soil rich in mineral elements and with abundant water
(Table 1; Li et al. 2010; Wang et al. 2010). Sour jujube
can thrive in both wet and dry regions, but we believed
that Sour jujube from Shaanbei was better adapted to
drought than that from the southern region. To better
understand the adaptive mechanisms of Sour jujube to
drought-prone environments, we compared several
physiological and biochemical traits of two Sour jujube
populations from contrasting climates (Fig. 1) in this
study, providing information on the use of this native
species in drought-prone regions.
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Materials and methods

Plant materials and treatments

To obtain the overall variation pattern of Sour jujube
across two different environments on the Loess Plateau

in Shaanxi Province, we selected two regions: Region I
with a wet-climate population and Region II with a dry-
climate population (Fig. 2), whose parameters are listed
in Table 1. Three natural populations for each region
were randomly selected, and ten individuals were sam-
pled from each population. A minimum distance of at

Fig. 1 Photos of Sour jujube from the wet-climate region (a–c) show a high level of ground cover from these plants and from the dry-
climate region (d–f) showing extensive bare loess soil with the plants. One photo (g) shows Sour jujube seedlings at the 6-leaf stage. Sour
jujube plants are abundant in the loess hilly region (e)
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least 50 m was maintained between individuals to ensure
different clones were analyzed. Finally, seeds from at
least ten mature and healthy plants were collected for
further experiments.

Seeds from Regions I and II are designed as YL and
SB, respectively. Experiments were conducted in a
greenhouse of the Institute of Soil and Water Conser-
vation, Chinese Academy of Sciences and Ministry of
Water Resources. The collected seeds were sowed in the
field. When the seedlings grew to the 6-leaf stage, a total
of 36 healthy and uniform seedlings of each population
were selected and transplanted to 6 pots (27 cm in depth
and 35 cm in diameter). That is, 108 seedlings were
transplanted into 18 pots each region (SB or YL) after
13 kg of soil was filled into each pot. The soil had been
obtained from native croplands, and was air-dried and
sieved (0.5 mm), and evenly mixed. The soil contained
total N of 0.97 g kg�1, Olsen-P of 23.3 mg kg�1, and
exchangeable K of 217 mg kg�1. The field capacity
water content (FC) was 28.2 %. Water was supplied
through the bottom of the pots using a 1.5 cm diameter
PVC pipe to control soil moisture. Each population of 6
pots was randomly separated into two groups for
drought treatment experiments. Soil water was main-
tained at 75 % of FC for the control group (CK). The
water shortage group (WS) experienced a three-stage
continuous soil water treatment, progressive soil drying
(T1, 0–12 days), sustained water supply (T2, 13–25 days,
40 % of FC), and complete re-watering (T3, 26–30 days,
75 % of FC). Figure 3 shows the duration of each stage.
Each treatment included three independent replications
using three pots per replication. To control soil water
content in the pots, we re-watered the pots to 75 % FC
in the control pots and to 40 % FC in the treatment
group during T2 stage by replacing the amount of water

that was transpired daily. An electronic scale
(d = 0.001 kg) was used to determine the amount of
water needed.

Mature functional leaves were collected on days 0, 3,
6, 9, 12, 25, and 30 for the assays of ROS, enzymes, and
antioxidants.

Leaf morphological determination

To determine the differences between leaf morphological
traits in Sour jujube from SB and YL, 18 mature,
healthy leaves from each population were randomly
sampled and photographed. Then, leaf length, width,
and area were measured using a Yaxin-1241
portable leaf area meter (Beijing Yaxinliyi Science and
Technology Co., Ltd., Beijing, China).

Growth parameters, relative water content (RWC), total
water consumption and WUE assays

The shoot lengths were quantified every 5 days and re-
corded. Finally, biomass of shoots and roots of each
plant were recorded after harvest on day 30. Samples
were oven-dried at 70 �C for 72 h, and then weighed to
determine the dry weight.

Table 1 Origin of two contrasting Sour jujube populations used in
the study (Chen et al. 2007; Li et al. 2010; Wang et al. 2010; Liu
et al. 2012)

Information of sample site Populations

Region II
(SB)

Region I
(YL)

Elevation (m) 1800 468
Climate Arid/

semi-arid
Humid/
semi-humid

Annual mean temperature (�C) 7.8 12.9
January mean temperature (�C) �7 �1.2
July mean temperature (�C) 23 26
Annual precipitation (mm) 300–500 600–700
Annual sunshine duration (h) 2700 1983
Soil type Loessial soil Lou soil
Field capacity water content (%) 22.5 28.3
Soil moisture content (%) 5.3–11.7 7.1–14.6
Total N (g kg�1) 0.15–0.59 0.7–0.9
Total P (g kg�1) 0.46–0.66 0.8–1.1
Total K (mg kg�1) 24.81–70.93 154–187
Soil pH 8.5–8.6 8.27–8.45
Soil organic matter (%) 0.5–1.5 0.88–1.23

SB dry-climate population, YL wet-climate population

Fig. 2 Annual precipitation (AP) and sampling point locations for
both regions on the Loess Plateau of Shaanxi. Xi’an, the capital of
Shaanxi province; Region I, the wet-climate region, three Sour
jujube populations from Baoji, Yangling, and Zhouzhi; Region II,
the dry-climate region, three populations from Ansai, Yan’an, and
Zizhou
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Leaf samples were collected on days 0, 5, 10, 15, 20,
25, and 30 for determination of relative water content.
After weight determination of fresh leaves, the samples
were floated on de-ionized water for 6 h under dark
conditions to saturate the leaves, and then quickly blot
dried prior to the determination of turgid weight. The
dry weight of leaves was determined after being oven-
dried at 70 �C for 72 h. RWC was calculated according
to the following formula:

RWC %ð Þ ¼ 100� fresh weight� dry weightð Þ=
turgid weight� dry weightð Þ

Individual water consumption during the experiment
period was calculated by dividing the amount of plant
transpiration per pot by the number of plants in the pot.
The amount of water consumed per pot was calculated
by subtracting the amount of transpired water in the
blank pot from the total transpiration recorded daily.
WUE was calculated as the ratio of biomass to the water
consumption.

Chlorophyll fluorescence measurement

Chlorophyll (Chl) fluorescence wasmeasuredwith a pulse
amplitude modulated Chl fluorescence system (Imaging-
PAM, Heinz Walz GmbH, Effeltrich, Germany). The
measurements were conducted on days 1, 9, 25 and 30. In
each pot, Chl fluorescence from three mature healthy
leaves was measured from 08:00 to 09:30 am. The selected
leaves were pre-dark adapted for 40 min, and then the
minimal fluorescence yield (Fo) was obtained with rela-
tively weak measuring light pulses (0.5 lmol m�2 s�1) at
a low frequency (1 Hz). Then the maximal fluorescence
yield (Fm) was determined after exposure to a saturating
flash of light (1600 lmol m�2 s�1) for 0.8 s. Then, the

actinic light (200 lmol m�2 s�1) was switched on. After
the fluorescence yield (Fs) was steady, a saturating pulse of
white light for 0.8 s was added to the measuredmaximum
fluorescence yield in the light-adapted state (F 0

m), and then
the minimum fluorescence yield (F 0

o) was determined by
exposing leaves to far-red light for 8 s. The data of Chl
fluorescence were obtained automatically using Imaging
Win software (Version 2.40,HeinzWalzGmbH). The two
measured values for SB or YL per pot were averaged as
one replicate, and the average values of six pots per
treatment were used in the analysis. The Photosystem II
(PSII) photochemical efficiency was calculated by the
method of Genty et al. (1989) as follows, the maximum
PSII photochemical efficiency: Fv=Fm ¼ Fm�Foð Þ=Fm;
effective PSII photochemical efficiency: MF =F 0

m ¼
F 0
m�Fs

� �
=F 0

m; photochemical quenching: qP ¼ F 0
m�Fs

� �
=

F 0
m�F 0

o

� �
and non-photochemical quenching:

NPQ ¼ Fm�F 0
m

� �
=F 0

m.

Reactive oxygen species assays

The production rate of ÆO2
� was measured according to

the method of Elstner and Heupel (1976) which was
based on monitoring nitrite formation from hydroxy-
lamine in the presence of ÆO2

�. Briefly, fresh leaf seg-
ments were homogenized in liquid N2 and dissolved in
65 mM potassium phosphate buffer (pH 7.8). The
samples were centrifuged at 5000·g for 10 min. Then
0.9 mL of 65 mM phosphate buffer (pH 7.8) and 0.1 mL
of 10 mM hydroxylamine hydrochloride were added to
1 mL of supernatant, and the mixture was incubated at
25 �C for 20 min. 2 mL of 17 mM sulfanilamide and
2 mL of 7 mM a-naphthylamine were added to the
mixture for further incubation at 30 �C for 30 min,
followed by adding 6 mL of ethyl ether. Finally, the
mixture was centrifuged at 1500·g for 5 min and then
quantified by a photospectrometry at 530 nm (UV-1700
spectrophotometer, SHIMADZU, Tokyo, Japan).

The H2O2 content was measured according to the
methods described by Gay and Gebicki (2000). Leaf
samples were homogenized in methanol at 0 �C and
centrifuged at 10,000·g, at 4 �C for 10 min. An aliquot
of 300 lL of the supernatant was added to 750 lL of
1 mM ammonium ferrous sulfate (Fe(NH4)2(SO4)2),
300 lL of 250 mM sulfuric acid, 300 lL of 1 mM xy-
lenol orange and 750 lL of distilled water and incubated
in the dark for 1 h at room temperature. The absorbance
was read at 560 nm.

The comparative content of ÆOH was measured
according to Schopfer et al. (2001) with slight modifi-
cations. Fresh samples weighing 0.5 g were homoge-
nized with 3 mL of 50 mM potassium phosphate buffer
(pH 7.0) and centrifuged at 10,000·g at 4 �C for 10 min.
Then 1 mL of 25 mM potassium phosphate buffer (pH
7.0) containing 2.5 mM 2-deoxy-D-Rib was added to
1 mL of supernatant. The formation of the breakdown
product malondialdehyde was determined to indicate
the ÆOH levels.

Fig. 3 Changes of relative soil water content (SC/FC) in control
and drought stress groups. Values are mean ± SE, N = 3. CK
Control, FC field water capacity, SC soil water content, T1
progressive soil drying stage, T2 sustained water supply stage, T3
re-watering treatment stage in stress groups, WS drought stress
groups
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Enzyme activity assays

Fresh leaf samples were frozen in liquid N2 immediately
after being harvested, and then stored at �80 �C until
enzyme activity assays. Enzymes were extracted as de-
scribed by An et al. (2013). Total soluble protein content
of enzyme extracts were measured according to the
method of Bradford (1976). SOD (EC 1.15.1.1) activity
was determined according to Giannopolitis and Ries
(1977). One unit of SOD activity was defined as the
quantity of SOD required to produce a 50 % inhibition
of nitroblue tetrazolium (NBT), and the specific enzyme
activity was expressed as units of mg�1 protein h�1.
CAT (EC 1.11.1.6) activity was measured according to
Aebi (1984), which measures the decline of the extinction
of H2O2 (extinction coefficient 0.04 mM�1 cm�1) at the
maximum absorption (240 nm) for 3 min. POX (EC
1.11.1.7) activity was performed according to the
method of Hendriks et al. (1985). The assay depends on
the increase in absorbance at 470 nm, by the rate of
formation of the oxidized guaiacol. One unit of POX
activity was defined as the amount of enzyme that made
absorbance at 470 nm increase 0.01 per min mg�1 pro-
tein. The enzyme activity was expressed in terms of unit
mg�1 protein min�1. APX (EC 1.11.1.11) assay was
based upon the method of Chen and Asada (1989),
which was recorded as the decrease in absorbance at
290 nm for 3 min as ascorbate was oxidized and calcu-
lated from the extinction coefficient (e) 2.8 mM�1 cm�1.
GR (EC 1.6.4.2) activity was measured according to the
method of Foyer and Halliwell (1976) which depends on
the oxidation of NADPH at 340 nm (extinction coeffi-
cient 6.2 mM�1 cm�1) for 3 min.

Non-enzymatic antioxidants assays

ASC and dehydroascorbate, GSH and glutathione
disulfide were extracted and measured according to the
method described by Queval and Noctor (2007). Briefly,
200 mg of samples were ground in liquid N2 and then
extracted with 2 mL of 0.2 M HCl followed by cen-
trifuging at 16,000·g for 10 min at 4 �C. Then 50 lL of
0.2 M NaH2PO4 (pH 5.6) was added to 0.5 mL of
supernatant, followed by adding 0.4 mL of 0.2 M
NaOH. Finally, the pH was adjusted to between 5 and 6.
The resulting supernatant was used for ASC and GSH
assays. The experiment was performed with in at least
triplicate with biological replicates.

To quantify ASC, 20 lL of supernatant were added
to 96 well plates containing 0.1 mL of 0.2 M NaH2PO4

(pH 5.6) and 75 lL of water; then absorption at 265 nm
was recorded (Microplate Readers, Spectra Max M2,
Molecular Device, Sunnyvale, CA, USA). Next, 5 lL of
ascorbate oxidase (40 U mL�1) was added to 96 well
plates by mixing for another record at 265 nm. Solutions
were remixed by shaking, and the decrease at 265 nm
value was monitored and recorded after 5 min. To assay
total ascorbate acid, 0.1 mL of neutralized supernatant

was first added to 0.14 mL of 0.12 M NaH2PO4 (pH 7.5)
and 10 lL of 25 mM dithiothreitol, and solutions were
incubated for 30 min at room temperature. Triplicate
aliquots of this solution were then assayed as described
for ASC.

To measure total glutathione, triplicate aliquots of 10
lL of neutralized extract were added to plate wells
containing 0.1 mL of 0.2 M NaH2PO4 (pH 7.5), 10 mM
EDTA, 10 lL of 10 mM NADPH, 10 lL of 12 mM
5,5¢-dithiobis(2-nitro-benzoic acid) (DTNB), and 60 lL
of water. The reaction was started by the addition of
10 lL of GR (20 U mL�1), and the increase in 412 nm
(Microplate Readers, Spectra Max M2, Molecular De-
vice) was monitored for 5 min. Standards were run
concurrently in the same plates as triplicate assays of
0–1 lM GSH. Glutathione disulfide was measured by
the same principle after incubation of 0.2 mL of neu-
tralized extract with 1 lL of 2-vinylpyridine for 30 min
at room temperature to complex GSH. The experiment
was performed with in at least triplicate biological
replicates.

The total flavonoid content was measured by the
method of Medaa et al. (2005) with minor modifications.
The dried samples were ground with a mortar and pestle
and sieved through a 0.45-mm screen. Each sample
(50 mg) was extracted ultrasonically with 5 mL of me-
thanol–water solution (8:2 v/v) for 30 min. The extract
was centrifuged at 10,000·g for 15 min and assayed for
total flavonoids by following this method. 2 mL of 2 %
aluminum trichloride (AlCl3) in methanol was mixed
with the same volume of extracting solution. Absorption
readings at 415 nm were taken after 10 min against a
blank sample consisting of 2 mL of extracting solution
with 2 mL of methanol without AlCl3. The total flavo-
noids content was determined using a standard curve
with quercetin (Sigma, Deisenhofen, Germany;
0–50 mg L�1) as the standard. The mean of three
readings was used and expressed as mg of quercetin
equivalents (QE)/g dry weight sample. Carotenoids
(Car) and Chl were spectrophotometrically measured in
80 % acetone extract, as described by Lichtenthaler
(1987).

Proline content

Free proline was extracted from 0.2 g of dry leaf samples
in 3 % (w/v) aqueous sulfosalicylic acid and measured
using a ninhydrin reagent according to the method of
Bates et al. (1973). The absorbance of fraction with to-
luene aspired from liquid phase was read at 520 nm.

Statistical analysis

All analyses were performed using a completely ran-
domized design, and data were subjected to two- or
three-factor analysis of variance. The ‘‘Tukey HSD’’
post hoc multiple comparison tests were used for com-
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parison of treatment means at P < 0.05. Data were
analyzed using SPSS software (SPSS 17.0, SPSS Inc.,
Chicago, IL, USA). In all the figures the spread of values
is shown as error bars representing standard errors of
the means.

Results

Growth and leaf relative water content (RWC)

To reveal the growth strategy of Sour jujube to drought-
prone environments, we first compared leaf morpho-
logical traits of the dry-climate populations (SB) and
wet-climate populations (YL). Leaves of SB were sig-
nificantly smaller than those of YL (Fig. 4a; Tables S1,
S2 and S3). Leaf length and area of SB were 25 and
42 % smaller, respectively, than those of YL (Fig. 4b;
P < 0.01). Then, we compared growth responses of SB
and YL to drought stress. Drought treatment signifi-
cantly inhibited shoot length (Fig. 5a; Table S4;
P < 0.01). However, the shoot length of YL was
inhibited more severely than that of SB. Additionally,
YL plants showed significantly higher shoot length than
SB under control conditions after the 10th day
(P < 0.05). However, no significant differences were

found between shoot lengths of two populations under
drought conditions (Fig. 5a).

Leaf RWC in Sour jujube decreased significantly
under progressive drought stress (T1 stage; Fig. 5b;
Table S5; P < 0.01). After withholding water for
10 days, leaf RWC in SB was significantly higher than
that in YL (P < 0.05). During the T2 stage, leaf RWC
in both populations partially recovered, but was still
significantly lower than the control groups (P < 0.05).
When re-watered, leaf RWC in both populations
recovered to the control level (Fig. 5b).

Biomass accumulation, water consumption and WUE

The biomass of Sour jujube showed that drought treat-
ment significantly decreased shoot, root and total bio-
mass accumulation in both populations (Table 2;
Tables S25, S26, S27; P < 0.01). Similar to the shoot
length responses, the shoot and total biomass accumu-
lation in YL were notably higher than those in SB under
control conditions (P < 0.05), but no significant dif-
ferences were found between them under drought stress.

YL plants showed significantly higher water con-
sumption than SB under control conditions (Table 2;
P < 0.01). Drought treatment significantly decreased

Fig. 4 Photos of leaves (a) and analysis of morphological traits
(b) of two Sour jujube populations. SB dry-climate population, YL
wet-climate population. Values are mean ± SE, N = 8. Different
small letters indicate significant differences (P < 0.05) between two
populations in the same index

Fig. 5 Effects of progressive soil drying (T1, on days 0, 5 and 10),
sustained water supply (T2, on days 15, 20 and 25) and re-watering
treatment (T3, on day 30) on shoot growth (a) and leaf relative
water content (b) in two Sour jujube populations. Values are
mean ± SE, N = 3. Acronyms for treatment groups and popula-
tions: SB-CK control group/dry-climate population, SB-WS
drought treatment/dry-climate, YL-CK control/wet-climate, YL-
WS drought treatment/wet-climate. Different small letters indicate
significant differences in two populations at all points in time of
control and drought periods (P < 0.05)
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water consumption in both populations (Table S28;
P < 0.01). WUE of SB was significantly higher than
that of YL under control conditions. When exposed to
drought stress, WUE of SB changed slightly, although
WUE of YL decreased significantly (Table S29).

Chlorophyll fluorescence

Drought treatment decreased Fv/Fm in both populations
on days 9 and 25 (Fig. 6a; Table S6; P < 0.05). Al-
though Fv/Fm in SB and YL were enhanced after 4 days
of re-watering, they were still significantly lower than the
control level (P < 0.05). The DF/F 0

m and qP deceased
significantly under drought condition in both popula-
tions on day 9 (Fig. 6b, c; Tables S7, S8; P < 0.05).
They recovered to control levels in SB, but were still
significantly lower than the control in YL during the T2
stage (on day 25; P < 0.05). When re-watered for
4 days, DF/F 0

m and qP in SB were significantly enhanced
(P < 0.05), although those in YL were still lower than
the control (qP: P < 0.05). Drought treatment did not
influence NPQ in YL on day 9, but significantly in-
creased NPQ in SB (Fig. 5d; Table S9; P < 0.01).

Reactive oxygen species

YL showed a significantly higher ÆO2
� production rate

than SB under control conditions (Fig. 7a; Table S10;
P < 0.01). When exposed to drought stress, the ÆO2

�

production rate peaked on day 3 in YL, and on day 6 in
SB. Then, the ÆO2

� production rate in YL significantly
decreased to 30 % of the control on day 6, and remained
at low levels until re-watering treatment. The production
rate of ÆO2

� in SB decreased to the control level after
9 days of drought stress and remained that level. H2O2

and ÆOH production in YL changed similarly to ÆO2
�

(Fig. 7b, c). They all increased at the beginning of the T1
phase, decreased to lower levels than the control during
T2 stage, and recovered to control levels when re-wa-
tered. Compared with the control, H2O2 in SB signifi-
cantly decreased on days 9, 12 and 30 (Table S11;

P < 0.05), and ÆOH in SB remained at a significantly
lower level during the entire drought treatment (Fig. 7b,
c; Table S12; P < 0.05).

Antioxidative enzymes

SB and YL showed similar SOD activities under con-
trol conditions (Fig. 8a). When exposed to drought
stress, SOD activity in YL increased significantly at the
beginning of the T1 period (P < 0.05), and subse-
quently decreased to control levels during the T2 and
T3 periods. SOD activity in SB remained at higher
levels than the control during the entire drought period
(Table S13; P < 0.05). CAT activity was significantly
increased by drought on days 6, 9 and 12 (Fig. 8b;
Table S14; P < 0.01). However, CAT activity in
stressed-SB was significantly higher than that in stres-
sed-YL at each point during the T1 stage (P < 0.05).
SB showed significantly higher POX activity than YL
under both control (Table S15; P < 0.01) and drought
conditions (Fig. 8c; P < 0.01). Compared with the
control, POX activity in stressed-YL decreased on day
12, and increased when re-watered. POX activity in
stressed-SB increased to and remained at a significant
higher level than that in the control after 9 days of
drought stress (P < 0.01). APX activity in SB was
higher than that in YL at many measurement days
under both control and drought conditions (Fig. 8d;
Table S16). When exposed to drought stress, APX
activity in SB and YL increased significantly on days 3
and 6 (P < 0.01), and decreased after 12 days of
drought stress (P < 0.05). The GR activity in both
populations was declined markedly during the drought
treatment on day 3 (Fig. 8e; P < 0.01), but signifi-
cantly improved with during stress (P < 0.01), and
recovered after the re-watering period. However, GR
activity in SB showed significantly higher levels than
that in YL under both drought conditions and during
the re-watering treatment (Table S17; P < 0.05). Ex-
cept for the difference in enzyme activities, SB showed
a longer active period of SOD, CAT, and POD than
YL.

Table 2 The biomass accumulation and partitioning, water consumption and water use efficiency (WUE) of two sour jujube populations
as affected by two watering regimes

Population SB YL

CK WS CK WS

Shoot biomass (g DW plant�1) 0.67 ± 0.10b 0.31 ± 0.06c 0.89 ± 0.08a 0.26 ± 0.09c
Root biomass (g DW plant�1) 1.25 ± 0.14a 0.54 ± 0.02b 1.37 ± 0.09a 0.49 ± 0.05b
Total biomass (g DW plant�1) 1.92 ± 0.09b 0.85 ± 0.05c 2.25 ± 0.13a 0.75 ± 0.11c
Total water consumption
(kg plant�1)

0.77 ± 0.08b 0.37 ± 0.04c 1.02 ± 0.15a 0.42 ± 0.11c

Water use efficiency
(g DW kg�1 water)

2.51 ± 0.11a 2.30 ± 0.09b 2.21 ± 0.15b 1.80 ± 0.08c

Values (mean ± SE, N = 6) in the same row with different letters are significantly different from each other (P < 0.05)
SB dry-climate population, YL wet-climate population, CK control groups, WS soil water deficit groups, DW dry weight
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Non-enzymatic antioxidants

Drought treatment significantly increased GSH content
in both populations on day 12 (Table S18; P < 0.05),
and enhanced ASC content in YL on day 9 and in SB on
day 12 (Fig. 9a, b; Table S19; P < 0.05). Drought
treatment significantly enhanced the reduction state of
GSH in SB on days 3, 6, 9 and 25, but only on day 9 in
YL (Fig. 9c; Table S20; P < 0.05). Drought treatment

also increased the reduction state of ASC in SB on days
3 and 30, and that in YL on days 3, 25 and 30 (Fig. 9d;
Table S21; P < 0.05). However, the reduction states of
GSH in YL and ASC in SB decreased significantly on
days 12 and 25, respectively (Fig. 9c, d; P < 0.05).
Under control conditions, the reduction state of ASC in
YL was lower than that in SB (Fig. 9d; P < 0.05).
Drought treatment markedly increased Car content in
SB plants on days 3, 6, 9, and 25 and in YL plants on
days 6, 9, and 12 (Fig. 9e; Table S22; P < 0.05).
Compared with the control, flavonoids accumulated
(Fig. 9f) gradually both in SB (increased by 42 %) and
YL (increased by 35 %) during the T1 stage, but sig-
nificantly decreased on day 25 (Table S23; P < 0.01).
Re-watering enhanced flavonoid contents in both pop-
ulations. We also found that the free proline content
gradually increased (SB: 8.8 times; YL: 5.2 times, on day
12) in both populations during T1 period (Table S24).
However, proline content declined to the control level
during the T2 period (Fig. 9g).

Fig. 6 Effects of progressive soil drying (T1, on days 1 and 9),
sustained water supply (T2, on day 25) and re-watering treatment
(T3, on day 30) on the maximum PSII photochemical efficiency (Fv/
Fm) (a), effective PSII photochemical efficiency (DF/F 0

m) (b),
photochemical quenching (qP) (c) and non-photochemical quench-
ing (NPQ) (d) in two Sour jujube populations. Values are
mean ± SE, N = 6. Acronyms for treatment groups and popula-
tions: SB-CK control group/dry-climate population, SB-WS
drought treatment/dry-climate, YL-CK control/wet-climate, YL-
WS drought treatment/wet-climate. Different small letters indicate
significant differences in two populations at all points in time of the
control and drought periods (P < 0.05)

Fig. 7 Effects of progressive soil drying (T1, on days 0, 3, 6, 9 and
12), sustained water supply (T2, on day 25) and re-watering
treatment (T3, on day 30) on superoxide radical (ÆO2�) (a),
hydrogen peroxide (H2O2) (b) and hydroxyl radical (ÆOH)
(c) production in two Sour jujube populations. Values are
mean ± SE, N = 3. Acronyms for treatment groups and popula-
tions: SB-CK control group/dry-climate population, SB-WS
drought treatment/dry-climate, YL-CK control/wet-climate, YL-
WS drought treatment/wet-climate. Different small letters indicate
significant differences in two populations at all points in time of
control and drought periods (P < 0.05)
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Principal component analysis (PCA) of ROS and an-
tioxidant indices

PCA was carried out to obtain a broad view on the
changes of ROS and antioxidant indices. Four principal
components (PC1, PC2, PC3 and PC4) were extracted,

and these dimensions together explained over 80 % of
the total variability (Fig. 10). Data dimensions were
therefore reduced from 15 to 4 for further data pro-
cessing.

PC1 was heavily and positively associated with CAT,
GSH, proline, and flavonoids (Fig. 10a). PC2 gave a
high weighting to POX, GR, Car, the reduction state of
GSH and ÆOH (Fig. 10a). PC1 appeared to separate
samples of the T1 stage (mainly on days 6, 9 and 12)
from their corresponding stressed-samples (Fig. 10c).
PC2 appeared to separate SB stressed-samples from YL
stressed-samples on days 6, 9 and 12 (Fig. 10c).

Stressed-samples of YL on day 3 were separated
mainly by PC3, which included H2O2, SOD, and ÆO2

�

(Fig. 10b, d). However, stressed-samples of SB on day 3
and 30 (completely re-watering) were mainly separated
by PC4, including APX and the reduction state of ASC
(Fig. 10b, d).

Discussion

Growth strategies of Sour jujube in response to drought
stress

As a result of long-term natural selection and co-evo-
lution, plants in drought-prone regions have evolved
multiple mechanisms to counteract water deficit stress
(Mullet and Whitsitt 1996). A wide range of character-
istics and processes, from morphological traits to phys-
iological and metabolic characteristics are involved in
plant adaptation to drought stress (Reddy et al. 2004;
Lei et al. 2006; Bai et al. 2009; An et al. 2013). Drought
stress can cause an alteration in water status such as
shoot water potential or RWC of the plant (Chaves et al.
2009; An et al. 2013). Under drought stress, RWC in SB
was higher than that in YL on day 10, indicating that the
dry-climate population exhibits a better ability to retain
water than the wet-climate population (Colom and
Vazzana 2003; Xu et al. 2008; Wang et al. 2012). To save
water and enhance WUE, dry-climate populations of
plants always presents lower height, less total biomass
and leaf area, and a higher root/shoot ratio than wet-
climate populations (Li 2000; Yin et al. 2004; Xu et al.
2008). In this study, the dry-climate populations (SB) of
Sour jujube showed significantly smaller leaves and
biomass, lower height and water consumption, but
higher WUE than the wet-climate population (YL) un-

bFig. 8 Effects of progressive soil drying (T1, on days 0, 3, 6, 9 and
12), sustained water supply (T2, on day 25) and re-watering
treatment (T3, on day 30) on superoxide dismutase (SOD) (a),
catalase (CAT) (b), peroxidase (POX) (c), ascorbate peroxidase
(APX) (d), and glutathione reductase (GR) (e) production in two
Sour jujube populations. Values are mean ± SE, N = 3.
Acronyms for treatment groups and populations: SB-CK control
group/dry-climate population, SB-WS drought treatment/dry-
climate, YL-CK control/wet-climate, YL-WS drought treatment/
wet-climate. Different small letters indicate significant differences in
two populations at all points in time of control and drought periods
(P < 0.05)
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der control conditions (Fig. 4; Table 2). This finding
indicates that SB Sour jujube have evolved to a small
size to reduce water transpiration and increase WUE
under drought environments. The small size of the
plants also contributes to avoiding potential damage
under intense radiation which always accompanies
drought stress (Yin et al. 2004; Ren et al. 2007). The
different morphological traits of SB and YL indicate
that internal constitutive differences exist between them,
and they may be considered as two ecotypes.

Plants suffer from drought-stress either when the
roots have difficulty obtaining water or when the tran-

spiration rate becomes very high (Reddy et al. 2004).
These two conditions often coincide under arid and
semi-arid climates. Under drought conditions, a de-
crease in RWC, stomatal closure and damage to the
photosynthetic apparatus may result in a decrease in
photosynthetic rates (Reddy et al. 2004), finally resulting
in the inhibition of plant growth. However, one early
morphological response of plants to drought stress is
believed to be a stress avoidance mechanism through the
adjustment of the plant growth rate such as a reduction
in shoot height (Chaves et al. 2009; Skirycz and Inzé
2010). In the present study, the shoot length and bio-

Fig. 9 Effects of progressive soil drying (T1, on days 0, 3, 6, 9 and
12), sustained water supply (T2, on day 25) and re-watering
treatment (T3, on day 30) on the content of glutathione (GSH) (a),
ascorbate acid (ASC) (b), carotenoids (Car) (e), total flavonoids
(f) and proline (g), and the reduction states of GSH (GSH %)
(c) and ASC (ASC %) (d) in two Sour jujube populations. Values

are mean ± SE, N = 3. Acronyms for treatment groups and
populations: SB-CK control group/dry-climate population, SB-WS
drought treatment/dry-climate, YL-CK control/wet-climate, YL-
WS drought treatment/wet-climate. Different small letters indicate
significant differences in two populations at all points in time of
control and drought periods (P < 0.05)
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mass accumulation in SB exhibited lower inhibition than
those in YL (Fig. 5a; Table 2), which is consistent with
studies of other plants (Li 2000; Yin et al. 2004; Lei et al.
2006). This indicated that growth of YL is more sensitive
to drought stress than SB. The lower inhibition in SB
growth is probably associated with its lower water
consumption and higher RWC which resulted to a
smaller degree of drought stress (Hsiao 1973).

The optimal/maximal photochemical efficiency of
PSII in the dark (Fv/Fm) indicates intrinsic PSII effi-
ciency (Flexas et al. 1998). Fv/Fm ranges from 0.80 to
0.83 in all higher plants under favorable conditions,
and the ratio decreases in photo-inhibited plants
(Maxwell and Johnson 2000). In this study, Fv/Fm in
Sour jujube seedlings remained higher than 0.81 during
the entire experiment (Fig. 6a), indicating that plants
have evolved resistant mechanisms to protect PSII from
drought stress-induced injury (Maxwell and Johnson
2000; Lu et al. 2003; Xu et al. 2008, 2014). DF/F 0

m
indicates the actual photochemical efficiency of PSII in

the light-adapted leaves (Maxwell and Johnson 2000).
qP reflects the proportion of the opened PSII reaction
centers or the proportion of the oxidized state of QA

(Genty et al. 1989; Lu et al. 2003). In the present study,
DF/F 0

m and qP in both SB and YL significantly declined
on day 9, which is perhaps associated with the accu-
mulation of ROS. However, DF/F 0

m and qP in SB
recovered to the control level on day 25 and increased
after the re-watering period, while those in YL did not
recover to the control level even during the re-watering
period (Fig. 6b, c). These results indicate that the dry-
climate population is superior in maintaining PSII
efficiency to overcome adverse conditions. NPQ is
conventionally used to estimate the harmless thermal
dissipation of excess excitation energy through the
xanthophyll cycle function (Demmig-Adams et al.
1996). Compared with the control, the NPQ of SB
population increased by 100 % under drought on day
9, which again indicates that the dry-climate popula-
tion possesses better protective mechanism by non-

Fig. 10 Principal component analysis of reactive oxygen species
and antioxidants in two populations under control and drought
treatments. a, b Loading plots of PC1–PC2 and PC3–PC4
variables. c, d Sample score plots of PC1–PC2 and PC3–PC4.
PC1–PC4, the first, second, third and fourth principal components,
respectively. S, dry climate Sour jujube; (Y) wet climate Sour
jujube; (0, 3, 6, 9, 12, 25, 30) onset day after treatment; (C) control
group; (W) water stress group. PC1 mainly includes catalase

(CAT), glutathione (GSH), proline, and flavonoids (a). PC2 mainly
includes peroxidase (POX), glutathione reductase (GR), carote-
noids (Car), the reduction state of GSH (GSH%) and hydroxyl
radical (ÆOH) (a). PC3 mainly includes hydrogen peroxide (H2O2),
superoxide dismutase (SOD), and superoxide radical (ÆO2

�) (b).
PC4 mainly includes ascorbate peroxidase (APX) and the state of
ASC (ASC%) (b)
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photochemical quenching to maintain PSII efficiency
(Colom and Vazzana 2003; Xu et al. 2008).

Better antioxidant ability in SB Sour jujube than YL
Sour jujube

The homeostasis of ROS in plants is easily disrupted.
The ROS levels will increase when plants have suffered
from adverse conditions, especially after the inhibition
of photosynthetic electron transfer (Foyer and Noctor
2012). In this study, YL showed larger increases in the
production rate of ÆO2

�, H2O2 and ÆOH than SB during
the T1 stage of drought stress (Fig. 7), indicating that SB
suffers from less oxidative damage than YL. Our results
are consistent with other reports that indicate more ROS
accumulate in drought-sensitive plants and wet-origin
plants under drought (Cia et al. 2012; Wang et al. 2012).

To counteract the damaging effects of ROS accu-
mulation, plants have evolved antioxidants such as ASC,
GSH, carotenoids, flavonoids, proline, and antioxidative
enzymes such as SOD, POX, CAT, APX, and GR
(Mittler 2002). Responses of antioxidants and antiox-
idative enzymes to drought depend on the plant species
and genotypes involved, the length and severity of water
deficit, as well as the age and stage of development of the
plant (Reddy et al. 2004). An et al. (2013) revealed that
the antioxidative system and proline play an important
role in drought adaptation of Periploca sepium, a native
woody vine on the Loess Plateau. Shan and Liang (2010)
demonstrated that ASC and GSH are important for
Agropyron cristatum to adapt to the dry climate of the
loess hills. Here, SB showed higher POX and APX
activities than YL at many measurement days under
control conditions and higher CAT, POX, APX and GR
activities at many measurement days under drought
stress (Fig. 8; Tables S14, S15, S16 and S17). These re-
sults indicate that SB has evolved better antioxidant
enzyme systems than YL. Compared with the control,
SOD and CAT activities in SB under drought stress
significantly increased at many measurement days
(Tables S13, S14); however, APX activity increased no-
tably in the first 6 days of drought stress, and POX and
GR increased largely after 6 days of drought stress.
These results indicate that all of these five antioxidant
enzymes, especially in combination, contribute to the
antioxidant capacity of SB, playing important roles in
the adaptation of SB plants to drought-prone environ-
ments. Our results were consistent with many earlier
research studies (Türkan et al. 2005; Xu et al. 2008;
Chugh et al. 2011; Cia et al. 2012; Wang et al. 2012),
which reported that when under drought stress dry-ori-
gin or drought-tolerant plants had higher antioxidant
enzyme activities than the wet-origin or drought-sensi-
tive plants. The longer active periods of SOD, CAT, and
POD in SB than those in YL indicate that the long active
period of antioxidant enzymes and early activation of
this period may also contribute to the antioxidant
capacity of SB.

ASC and GSH are considered to be important play-
ers in determining cellular redox status (Queval and
Noctor 2007; Foyer and Noctor 2011). Our results
showed that both populations increased GSH on day 12,
and the ASC content was enhanced in YL on day 9, and
in SB on day 12 (Fig. 9a, b), which confirmed this fact.
In addition, SB showed higher GSH and ASC content
than YL on day 12 under drought stress (Fig. 9a, b),
which suggests that SB might have higher accumulation
capability than the YL under more serious drought
conditions. GSH as an important cellular thiol–disulfide
buffer, plays an important role in protecting protein
thiol from oxidation by ROS (Foyer and Noctor 2011).
In our study, SB showed a continously higher reduced
state of GSH (except on day 12) in the stressed-group,
compared with the control (Fig. 9c). However, the re-
duced state of GSH in stressed YL showed strong fluc-
tuation. It was significantly lower than that in the
control group on days 12 and 25 (Fig. 9c). These results
indicate that SB possesses a better antioxidant system in
the ASC-GSH cycle than YL.

Carotenoids perform a major function in controlling
ROS accumulation in plastids, especially in singlet
oxygen levels within thylakoid membranes (Mittler
2002). In addition, carotenoids are very important in
protection against photo-oxidation (Lu et al. 2003; Xu
et al. 2008). As a large family of secondary plant
metabolites, flavonoids play a role in plant cell detoxi-
fication by the flavonoid–POX reaction (Yamasaki et al.
1997; Winkel 2002). An enhanced rate of proline
biosynthesis in chloroplasts during stress can maintain
the low NADPH:NADP+ ratio, contribute to sustain-
ing electron flow between photosynthetic excitation
centers, stabilize the redox balance, and reduce pho-
toinhibition and damage of the photosynthetic appara-
tus (Szabados and Savoure 2010). In this study, stressed
SB plants showed better Car accumulation ability than
YL on days 3 and 6, as well as after a long-term drought
treatment (day 25). This agrees with reports that plants
in drought-prone regions possess a better Car accumu-
lation ability that allows them to adapt to drought-
prone environments (Xu et al. 2008). Flavonoids and
free proline accumulated gradually in both SB and YL
in the T1 stage, but SB showed higher proline accumu-
lation than YL at the late stage of T1. These results
indicate that carotenoids, flavonoids and free proline
may also contribute to the antioxidant capacity of Sour
jujube, especially in SB.

Taken together, SB showed higher activities of sev-
eral antioxidant enzymes and accumulation of many
antioxidants than YL, explaining well why SB displays
less ROS level than YL under drought stress.

Conclusions

In summary, under drought conditions the dry-climate
populations exhibited lower growth and biomass inhi-
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bition, and more efficient water use strategy than the
wet-climate populations, indicating the higher drought
tolerance of the dry-climate population. Compared with
the wet-climate population, the dry-climate population
showed lower levels of ROS, better performance of the
photo-protective system, higher levels of antioxidative
enzymes and antioxidants under drought conditions;
this suggested the dry-climate population has a better
capacity to produce antioxidants. Our data provide
useful information related to the use of native species in
drought-prone regions.
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