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Abstract
An alkali-resistant halophyte, Chloris virgata, which naturally grows on salt-alkalinized soils in northeast China, was studied.
According to the characteristics of salt-alkalinized soil, in which four harmful salts NaCl, Na2SO4, NaHCO3 and Na2CO3 coexist, the
single and mixed stresses of the four salts were applied to C. virgata. By measuring physiological indices such as matter
accumulation rate (MAR), energy accumulation rate (EAR) and net photosynthetic rate (PN), we compared the differences among the
stresses of the four single salts and their various mixtures to show a relaxation effect of mixed anions. The MAR, EAR and PN of
C. virgata decreased with increased intensity (electrical conductivity) of various salt stresses, but the reduction rates were different at
the same salinity (P < 0.05). The experiment indicated that the importance of stress effects of the four single salts on C. virgata were
Na2CO3 > NaHCO3 > NaCl > Na2SO4, respectively. After mixing four single salts, the stress effects of mixtures were significantly
lower than the combined effects of the single salts of the mixture, which implied an interaction among the different anions, and as a
result, their stress impacts were abated. Therefore, mixed salts had a relaxation effect on plants compared to single salt stress. The
relaxation effect decreased with increased salinity levels, and increased at higher alkalinity levels of the mixed salt. This study has
theoretical significance in physiological ecology and agricultural research.
Keywords: Mixed anion, Mixed salt stress, Relaxation effect, Single salt stress, Na2CO3, NaHCO3, NaCl, Na2SO4.
Abbreviations: ASV: Actual strain value, EAR: Energy accumulation rate, MAR: Matter accumulation rate, PN: Net photosynthetic
rate, PSV: Predictive strain value.

Introduction
Agricultural productivity is severely affected by soil salinity
(Läuchli and Lüttge, 2002). Natural salt-alkalinized soils are
complex and include various ions, such as Na+, Ca2+, Mg2+, K+,
Cl–, SO42–, HCO3–, CO32– and NO3– (Läuchli and Lüttge,
2002). In different soil patches, the components, concentration
and proportions of salts are very different, which makes soil
salt–alkalinization complex. NaCl, Na2SO4, NaHCO3 and
Na2CO3 are the main harmful salts in many inland areas such
as China (Ge and Li, 1990; Kawanabe and Zhu, 1991).
Alkaline salts (NaHCO3 and Na2CO3) have been shown to be
more damaging to plants than neutral salts (NaCl and Na2SO4)
(Shi and Yin, 1993; Shi et al., 2002a; Yang et al., 2007). Salt
stress in the soil generally involves osmotic stress and ion
injury (Munns, 2002). The alkali stress exerts the same stress
factors but with the added influence of high-pH stress. Alkali
stress is combination of salt stress and high pH stress. HighpH stress is the main reason of injurious effect of alkali stress
on plants, which is greater than salt stress at similar salt
concentrations. The differential response of plants to salt stress
and alkali stress are mainly due to high-pH stress. Therefore,
comparing salt stress and alkali stress is important for
understanding the high-pH or alkali tolerance. In many areas,
such as in China, natural salt–alkalinized soils contain both
neutral (NaCl and Na2SO4) and alkaline salts (NaHCO3 and
Na2CO3), so stresses are mostly mixed salt–alkaline stresses.
However, research on plant salt-resistance physiology has

mainly focused on the single salt stress of NaCl (Apse et al.,
1999; Ghoulam et al., 2002; James et al., 2006; Khan et al.,
2000; Koca et al., 2007; Munns, 2002; Parida and Das, 2005;
Patel and Pandey, 2007; Shi et al., 2002b; Soussi et al., 1998;
Wang et al., 2007; Charkazi et al., 2010; Jemâa et al., 2011;
Ibraheem et al., 2011). There are few reports on effects of
different harmful salts and their interactions on plants. Some
reports have demonstrated that different single salts have
different influences on growth (Mozafar and Goodin, 1985),
and gene expression (Liu et al., 2006) of plants. At the same
concentration, the effects on plants of mixed salt stresses in
different proportions are also different (Shi and Wang, 2005;
Shi and Sheng, 2005).
There are many alkali-resistant halophytes living on natural
salt–alkalinized soil. This fact implies that the stress impact of
mixed salts on plants might be not as severe as previously
thought. These phenomena indicate that the ion species and
salt composition of a stress salt are closely related to the stress
impact on plants, indicating that there may be interactions
among various ions (Cramer et al., 1986; Shi and Zhao, 1997).
Thus, it is necessary to compare the stresses of various single
salts and their mixtures on plants, which can correctly explain
the natural effects of salt or salt-alkaline stress. Eragrostioid
(Chloris virgata) grows widely in alkalinized grassland of
northeast China and is a gramineous with high resistance to
salt and alkali stresses. In its habitat, there are high
839

concentrations of four sodium salts (NaCl, Na2SO4, NaHCO3
and Na2CO3), which are the main harmful salts to C. virgata
(Zheng and Li, 1999). Because Na+ is the same cation for the
four salts, any change in stress effects of their mixtures can be
regarded as the result of anion interactions. The matter
accumulation rate (MAR), energy accumulation rate (EAR)
and net photosynthetic rate (PN) from plants are ideal indices
that reflect the vital status of plant. They are also considered
as optimum indices for measuring degrees of stress and the
plant responses to various stresses. Any change in these
indices can be used to objectively evaluate the effects of
various stresses on plants. Previous studies confirmed that
different plants differed in effects of salt stress, but there are
few reports on comparison of effects of various single salts
and their mixtures on C. virgata. Especially, alkali stress has
been neglected in the previous (Yang et al., 2007; Yang et al.,
2008). In this study, we compared the effects of four single
salts (NaCl, Na2SO4, NaHCO3 and Na2CO3) and their mixtures
on the MAR, EAR and PN of C. virgata.
Results
In this experiment, electrical conductivity of solutions and
total salt concentrations were all positively correlated (Table
3), so electrical conductivity was used to represent salt stress
intensity.
Growth and photosynthesis
The changing trends of MAR, EAR and PN were similar under
single salt stresses or mixed stresses (Fig. 1). They all
decreased with increased stress intensity (all tests: P < 0.01).
Under four single salt stresses, the decreases from the most
extreme (at the same stress intensity) were Na2CO3 > NaHCO3
> NaCl > Na2SO4. The MAR values decreased similar to the
sequence mentioned above but the reduction of different stress
intensity were as flows: 85.00%, 82.65%, 85.29% and 82.35%,
compared to control treatment. In the EAR values, the
decreases in greatest degree were 70.17%, 69.67%, 73.33%
and 70%, respectively. In addition, PN decreased by 88.57%,
84%, 81.14% and 71.14% of the greatest degree. Under mixed
salt stresses, when pH was 6.60–8.74 (MA, MB and MC
treatments) the decrease of the three indices caused by pH
were small (Fig. 1). In MA treatment, the decreases of MAR,
EAR and PN in greatest degree were 77.06%, 80% and
61.71%, respectively. In MB treatment, the decreases in
greatest degree were as flows: 73.53%, 74.33% and 66.86%.
For MC treatment, the values decreased by 75.29%, 77.33%
and 69.71%, respectively. The MD and ME treatments, when
the pH was > 8.74 (at the same salinity), the pH ascent
induced decrease of the three indices, MAR, EAR and PN, in
which the most decreases were 79.71%, 85% and 93.14%,
respectively. Even in the event of plant death occurred by
ME5, the most decreases for MAR, EAR and PN, were
82.94%, 88.33% and 89.14%, respectively (Fig. 1). The
abating rate of mixed salt stress decreased with increased
salinity, and increased with increased pH (Fig. 2) (all tests: P
< 0.01).
Linear regression analysis between physiological indices and
intensity of stress
To compare the stress effects of different single salts and their
mixtures, it was necessary to define the mathematical
relationships, firstly between stress intensities (electrical
conductivity of treatment solutions) and the physiological

Table 1. Salt compositions and molar proportions of various
mixed salt stress treatments.
Treatment
Salt composition and molar proportions
groups
NaHCO3
Na2CO3
NaCI
Na2SO4
MA
1
1
0
0
MB
1
2
1
0
MC
1
9
9
1
MD
1
1
1
1
ME
9
1
1
9
index (i.e. strain) of the responding plant, and then to calculate
the strain value caused by one unit stress intensity (i.e. strain
rate). There were good linear relationships between each
physiological index and stress intensity (Fig. 1). The linear
regression analyses were performed between stress intensity
(assigned the independent variables x) and each strain index
(assigned the dependent variables y). The strain rate (equation
slope) was obtained from the regression equation. The strain
rate, namely the decrease value caused by one unit of stress
intensity (dy/dx) represents the stress action degree of the salts
on C. virgata. A larger value of dy/dx would indicate a stronger
stress action. For linear regressions the R2 > 0.9 indicated
useful equations (Table 4). Based on dy/dx values (Table 4) the
inhibiting actions of the four single salts on PN, MAR and
EAR of C. virgata in decreasing order were Na2CO3 >
NaHCO3 > NaCl > Na2SO4. Under mixed salt stresses, the
strain rates of the four indices increased with increasing
alkalinity (pH).
Discussion
Differences between single salt stresses and their mixed
stress impacts
NaCl, Na2SO4, NaHCO3 and Na2CO3 are the main harmful
salts in many inland areas. In our experiment, the stress effects
of the four single salts were clearly different. Although the
four single salts all inhibited photosynthesis and the
accumulations of matter and energy, the degrees of inhibition
were different, from strong to weak as follows: Na2CO3,
NaHCO3, NaCl and Na2SO4 (Fig. 1; Table 4). The explanation
of different injurious effects of the four single salts may be
attributed to different mechanisms of actions. Neutral salts
such as NaCl and Na2SO4 are mainly involved in water
deficiency and ion toxicity (Ghoulam et al., 2002; Khan et al.,
2000; Koca et al., 2007; Munns, 2002; Parida and Das, 2005;
Patel and Pandey, 2007; Soussi et al., 1998; Wang et al., 2007).
However, alkaline salts such as NaHCO3 and Na2CO3 exert
the same stress factors as neutral salts, but with the added
influence of high pH stress (Shi and Wang, 2005). The high
pH environment surrounding the roots can directly cause some
ions (e.g. Ca2+, Mg2+ and others) to precipitate (Shi and Zhao,
1997), which may destroy the nutrient supply and ion balance
around the roots. Because the four salts are all sodium salts
and strong electrolytes, they exist principally as free ions in
the soil environment surrounding roots. Therefore, the
differences in the four single salt stresses depend on their
anions, in which physicochemical properties may determine
their harmful effects. The results showed that the most
harmful effect on C. virgata was from CO32– followed in order
by HCO3–, Cl– and SO42– (Table 4). The stress effects of either
various single or mixed salts in various proportions were
different (Shi and Wang, 2005; Shi and Sheng, 2005),
indicating that the stress impact of mixed salts on plants are
closely related to their salt composition.
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Fig 1. Effects of various single-salt (SA to SD) and mixed-salt stresses (MA to ME) on matter accumulation rate (MAR) (A, B),
energy accumulation rate (EAR) (C, D) and net photosynthetic rate (PN) (E, F) of C. virgata. The values are means (±S.E.) of three
replicates. Treatments include: SA (NaCl); SB (Na2SO4); SC (NaHCO3); SD (Na2CO3); MA (NaCl:Na2SO4:NaHCO3:Na2CO3
=1:1:0:0; pH 6.60 − 6.85); MB (NaCl:Na2SO4:NaHCO3:Na2CO3 =1:2:1:0; pH 8.27 − 8.46); MC (NaCl:Na2SO4:NaHCO3:Na2CO3
=1:9:9:1; pH 8.63 − 8.74); MD (NaCl:Na2SO4:NaHCO3:Na2CO3 =1:1:1:1; pH 9.62 − 9.74); ME (NaCl:Na2SO4:NaHCO3:Na2CO3
=9:1:1:9; pH 10.33 − 10.69).
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The four salts used in this study were the sodium salts and
therefore, the stress impact caused by their mixtures should be
due to their anion interactions. Various neutral and alkaline
salts were mixed, and the stress effects of their mixtures on
plants were not a simple combination of the effects from the
four single salts, but were influenced by interaction of
different anions. To demonstrate this, we could first suppose
that there were no interactions among the salts and those
mixed salt stresses were the simple combination of the
separate effects of the four single salts.
The predictive strain values (PSV) of various mixed salt
stress treatments were calculated based on the components,
proportions and concentrations of salts in various mixtures
(Table 1), the regression equation between electrical
conductivity and salinity (Table 3), and the strain rates of
different single salt stress (dy/dx) (Table 4). For example, the
calculation of PSV of MC3 treatment was as follows: The
total salinity of MC3 treatment is 180 mM (Table 1), this
treatment included 9 mM NaCl, 81 mM Na2SO4, 81 mM
NaHCO3 and 9 mM Na2CO3. Based on Table 3, the electrical
conductivity of the corresponding concentration was
calculated for each single salt. Based on calculated electrical
conductivity and dy/dx of the corresponding single salt (Table
4) the predictive strain value was calculated for each single
salt. Thus, a sum of the predictive strain values due to the four
single salts was obtained, and the sum was the PSV of the
MC3 treatment. Comparing the PSV with actual strain value
(ASV) of various physiological indices (Table 5), showed that
PSV > ASV. Thus, the actual stress effects of mixed salts on C.
virgata were lower than the combined effects of the separate
single salts contained i.e. mixing of the different single salts
abated their harmful effects. To elucidate the relation between
the relaxation action and salt composition, the abating rate of
mixed salt can be defined as:
Abating rate (%) = (PSV – ASV) × 100/ PSV
The abating rate of mixed salt stress decreased with rise of
salinity, and increased with pH ascent (i.e. from MA to ME;
Fig. 2). MAR, EAR and PN are ideal indices for reflecting
stress effects of different treatments on C. virgata. Based on
the analysis of the physiological indices (Table 5, Fig. 2), it
was shown that the mixing of various single salts weakened
their harmful effects on C. virgata, i.e. a mix could abate

MAR abating rate (%)
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Table 2. pH of various mixed salt stress treatments.
pH
Salinity (mM) MA MB MC MD ME
60
6.65 8.27 8.63 9.62 10.33
120
6.60 8.40 8.66 9.74 10.47
180
6.85 8.46 8.74 9.73 10.50
240
6.84 8.45 8.71 9.72 10.51
300
6.82 8.44 8.70 9.71 10.69
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The more amount of a composition with a stronger stress in
the mixed salts, the more stress impact they have. This
conclusion was also evident in previous reports (Shi and Wang,
2005; Shi and Sheng, 2005). Under mixed salt stresses, at the
same salinity, the increase of alkalinity depends on the rate of
alkaline salt to neutral salt, which reportedly induces a sharp
decrease of relative growth rates on different plant such as
Aneurolepidium chinense (Shi and Wang, 2005) and
sunflower (Shi and Sheng, 2005). In this paper, the response
of C. virgata was different from the previously reported
results. When pH was 6.60–8.74 (when MA, MB and MC
treatments applied), increased pH or alkalinity did not
significantly decrease EAR, MAR and PN of C. virgata.
However, only at pH above 8.74 the effects of mixed salt
stresses on C. virgata sharply increased with the pH rise (Fig.
1). These results implied that effect of mixed salt stresses were
more complex than single salts, and the stress effects on plants
were not a simple combination of the effects of every single
salt in the mixture.
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Fig 2. Effects of various mixed salt stresses on the abating rate
in matter accumulation rate (MAR) (A), energy accumulation
rate (EAR) (B) and net photosynthetic rate (PN) (C) of C.
virgata. MA (NaCl:Na2SO4:NaHCO3:Na2CO3) =1:1:0:0; pH
6.60 − 6.85); MB (NaCl:Na2SO4:NaHCO3:Na2CO3) =1:2:1:0;
pH 8.27 − 8.46); MC (NaCl:Na2SO4:NaHCO3:Na2CO3)
=1:9:9:1; pH 8.63 − 8.74); MD
(NaCl:Na2SO4:NaHCO3:Na2CO3) =1:1:1:1; pH 9.62 − 9.74);
ME (NaCl:Na2SO4:NaHCO3:Na2CO3) =9:1:1:9; pH 10.33 −
10.69);
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Table 3. Regressive equation between electrical conductivity (y, dS m-1) and salinity (x, mM).
Saline treatment groups
Regressive equation
R2
MA
y=0.119x+3.68
0.996
MB
y=0.112x+3.58
0.998
MC
y=0.108x+3.54
0.998
MD
y=0.107x+3.32
0.998
ME
y=0.113x+3.09
0.999
SA
y=0.100x+3.18
0.999
SB
y=0.172x+2.64
0.999
SC
y=0.0689x+2.96
1.000
SD
y=0.149x+2.66
0.997
Note: MA-ME: mixed salt stress; SA-SD: single salt stress; R2: the square of total correlation coefficient.
Table 4. Result of linear regression analysis between each physiological index and intensity of stresses.
Y
Saline treatment group
Regression equation
R2
dy/dx
MA
y=-0.355x+19.3
0.977
-0.355
MB
y=-0.372x+18.9
0.984
-0.372
MC
y=-0.395x+18.7
0.994
-0.395
MD
y=-0.476x+18.1
0.985
-0.476
PN
ME
y=-0.528x+17.1
0.921
-0.528
SA
y=-0.456x+19.3
0.991
-0.456
SB
y=-0.245x+18.1
0.948
-0.245
SC
y=-0.625x+18.2
0.960
-0.625
SD
y=-1.032x+19.5
0.933
-1.032
MA
y=-0.136x+6.07
0.991
-0.136
MB
y=-0.135x+6.12
0.985
-0.136
MC
y=-0.149x+6.30
0.985
-0.149
MD
y=-0.155x+5.85
0.962
-0.155
EAR
ME
y=-0.187x+5.91
0.953
-0.187
SA
y=-0.162x+6.17
0.985
-0.162
SB
y=-0.089x+5.62
0.905
-0.089
SC
y=-0.209x+6.05
0.954
-0.209
SD
y=-0.350x+6.73
0.986
-0.35
MA
y=-0.0075x+0.333
0.990
-0.0075
MB
y=-0.0074x+0.336
0.985
-0.0074
MC
y=-0.0082x+0.346
0.985
-0.0082
MD
y=-0.0085x+0.321
0.962
-0.008
MAR
ME
y=-0.0103x+0.325
0.953
-0.0103
SA
y=-0.0089x+0.339
0.985
-0.0089
SB
y=-0.0049x+0.309
0.905
-0.0049
SC
y=-0.0115x+0.332
0.954
-0.0115
SD
y=-0.0192x+0.370
0.986
-0.0192
Note: x = Stress intensity; y = Strain index (PN, EAR and MAR); R2: the square of total correlation coefficient; SA-SD: single salt
stress; MA-ME: mixed salt stress. PN: net photosynthetic rate; EAR: Energy accumulation rate; MAR: Matter accumulation rate.
single salt toxicity. In this experiment, the four salts were
sodium salts, containing the same cation but different anions.
Therefore, the mix of single salts can be regarded as a mix of
different anions. The abating action of the mix should be the
result of anion interactions. The different anions have different
physicochemical properties and toxicities to plants. The
abating action of their mixture on stress might be resulted
from some action, such as decreasing single ion toxicity,
abating the difficulty of intracellular ion balance, or other
effects. The exact reason could even be very complex, and
perhaps related to ion species and mechanism of plant
resistance to different salts, and should be further investigated.
The abating rate decreased at higher salinity levels might be
related to reduced activity and interactions of ions due to
increased salinity (Cramer et al., 1986; Shi and Zhao, 1997).
The abating rate increased at higher alkalinity might be due to
Cl– and SO42–, which probably abate the severe ionic
imbalance caused by HCO3– and CO32–. Whatever the reason
is, the relaxation mechanisms should be further studied. Most

of the stresses caused by natural salt–alkaline habitats are
mixed salt stresses. This experiment demonstrated that mixed
salt caused a relaxing effect on the stress impact, and the
mixed salt stress was different from single salt stress. Thus,
reconsidering the research direction of plant salt-stress
physiology is recommended.
Materials and methods
Plant materials
Seeds of C. virgata were collected from native grassland in
Changling County, Jilin Province, northeast China, and sown
in 17-cm diameter plastic pots containing 2.5 kg of washed
sand. Each pot contained 10 seedlings and seedlings were
sufficiently watered with Hoagland nutrient solution every 2 d.
Evaporation was compensated by distilled water any time
required. All pots were placed outdoors and sheltered from
rain. Temperatures during the experiment were 22–26°C
during the day and 19–22°C at night.
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Table 5. Predictive strain value and actual strain value of mixed salt stress treatments.
EAR(KJ pot-1 d-1)
MAR(g pot-1 d-1)
Treatments
PN[µmol (CO2) m-2s-1]
PSV
PSV - ASV
PSV
PSV - ASV
PSV
PSV - ASV
MA1
4.729
0.891
1.698
0.226
0.0932
0.012
MA2
7.361
0.991
2.646
0.202
0.1451
0.0104
MA3
9.994
1.092
3.594
0.178
0.1971
0.0087
MA4
12.626
1.192
4.542
0.154
0.249
0.0071
MA5
15.258
1.292
5.49
0.13
0.301
0.0055
MB1
6.541
2.717
2.287
0.888
0.1258
0.0496
MB2
9.135
2.809
3.205
0.894
0.1763
0.0504
MB3
11.728
2.9
4.123
0.9
0.2269
0.0511
MB4
14.322
2.992
5.041
0.906
0.2774
0.0519
MB5
16.916
3.084
5.959
0.912
0.3279
0.0527
MC1
9.588
5.634
3.307
1.82
0.1814
0.0992
MC2
12.486
5.976
4.315
1.868
0.2368
0.1014
MC3
15.384
6.318
5.323
1.916
0.2921
0.1037
MC4
18.282
6.66
6.331
1.964
0.3475
0.1059
MC5
21.18
7.002
7.339
2.012
0.4029
0.1081
MD1
10.958
6.324
3.769
2.258
0.2068
0.1247
MD2
15.227
7.539
5.239
2.732
0.2875
0.1508
MD3
19.495
8.753
6.709
3.206
0.3683
0.177
MD4
23.764
9.968
8.179
3.68
0.449
0.2031
MD5
28.032
11.182
9.649
4.154
0.5298
0.2293
ME1
12.329
7.115
4.231
2.387
0.2322
0.1305
ME2
17.968
9.172
6.163
3.053
0.3384
0.1669
ME3
23.606
11.228
8.095
3.719
0.4446
0.2033
ME4
29.245
13.285
10.027
4.385
0.5508
0.2396
ME5
34.884
15.342
11.959
5.051
0.6570
0.2760
Note: MA1-ME5: mixed salt stresses with different concentrations. PN: net photosynthetic rate; EAR: Energy accumulation rate;
MAR: Matter accumulation rate; PSV: Predictive strain value; ASV: Actual strain value.
Design of single salt stresses
The four single salt stress groups of NaCl, Na2SO4, NaHCO3
and Na2CO3 were denoted by SA, SB, SC and SD. Within
each group five concentration treatments were utilized. From a
preliminary experiment, concentrations of the four single salt
stresses were determined: NaCl of 60, 120,180, 240 and 300
mM; Na2SO4 of 30, 90,120, 150 and 300 mM; NaHCO3 of 60,
120,180, 240 and 300 mM; Na2CO3 of 30, 45, 60, 75 and 90
mM.

a single replicate. One set was used as an untreated control. A
second set was used for determining dry and fresh weights at
the beginning of treatment and the remaining 45 sets were
treated with the various stress treatments. Stress treatments
were performed daily at around 17:00–18:00 by thoroughly
watering treated plants with 500 mL of treatment solution per
pot, in three portions. Control plants were maintained by
watering with nutrient solution. The total treatment duration
was 15 days.

Design of salt–alkaline mixed stresses

Measurement of physiological indices

The four salts used in single salt stresses were mixed in
various proportions according to the tolerance of C. virgata to
salt–alkaline stress and the ranges of salinity and pH in the soil.
Five treatment groups (labeled MA–ME) were set with
gradually increasing alkalinity. The salt compositions of the
five treatment groups are shown in Table 1 and the pH in
Table 2. All treatment groups had a 1:1 molar ratio of
monovalent salts (NaCl + NaHCO3) to divalent salts (Na2SO4
+ Na2CO3); therefore, if the individual molar concentrations
were the same, then the total ion concentrations were become
similar throughout the treatments. Within each group, five
concentration treatments were utilized, namely 60, 120, 180,
240 and 300 mM totaling 25 salt–alkaline mixed stress
treatments (labeled MA1–ME5) with varying salinity and pH.
This produced a wide range of salt–alkali conditions, with
total salt concentrations of 60–300 mM and pH 6.60–10.69.

All plants were harvested at the morning after the final
treatment. The plants were first washed with tap water, and
then distilled water. Roots and shoots were separated and the
fresh weights (FW) were determined for each plant. A portion
of the fresh samples was taken to measure the physiological
indices. The remainder of the samples was oven-dried at 80°C
for 15 min, then vacuum-dried at 40°C to a constant weight
and the dry weights (DW) were recorded. Net photosynthetic
rates (PN) of leaves were determined between 08:30 and 10:30,
from fully expanded third blades, using a portable open flow
gas exchange system LI-6400 (LICOR, USA). The
photosynthetic active radiation (PAR) was 1200 µmol m–2 s–1.
The results were expressed as µmol CO2 m–2s–1. Total calorific
value was determined using a bomb calorimeter (PARR1281,
USA), and expressed in as kJ pot–1. The energy accumulation
rate can be defined as follows: Energy accumulation rate
(EAR) = (Total calorific value after treatment – Total calorific
value before treatment)/ duration of treatment (d). The results
were expressed as kJ pot–1 d–1. Matter accumulation rate
(MAR) = (Total dry weight after treatment – Total dry weight
before treatment)/ duration of treatment (d). The results were
expressed as g pot–1 d–1.

Stress treatment
The seedlings were subjected to stress treatment at 6-weekold. The 141 pots of uniformly growing seedlings were
randomly divided into 47 sets, three pots per set. Each pot was
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Statistical data analysis
Data were analyzed by one-way analysis of variance
(ANOVA) and linear regression analysis using the statistical
software SPSS 13.0. All treatments were repeated three times,
and the means and standard errors (SE) calculated. The level
of significance was P < 0.05.
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