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Effect of various salt–alkaline mixed stress conditions on
sunflower seedlings and analysis of their stress factors
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Abstract

Sunflower seedlings were treated under 30 different conditions of alkalinity and salinity, which were established by mixing
NaCl, NaHCO3, Na2SO4, and Na2CO3, at various proportions. The treatments included a salt concentration range of 50–250 mmol
and pH values from 7.12 to 10.72. Several physiological indices of seedlings stressed—including relative growth rate (RGR),
leaf area, electrolyte leakage rate, proline content, citric acid content, and contents of Na+ and K+—were determined to analyze
the characteristics of the stresses due to the salt–alkali mixes and their main stress factors.

The results showed that the physiological responses of sunflower closely correlated not only with salinity (the total concen-
tration of stress salt) but also with the pH (or alkalinity) of the treatment solution. RGR, leaf area, and of K+ content decreased
with increasing salinity and pH. Electrolyte leakage rate, proline content, citric acid content, and Na+ content increased with
increasing salinity and pH. The deleterious effects of a high pH value or salinity alone were significantly less than those of high
pH in combination with salinity. This result suggested that for a salt–alkali mix stress, a reciprocal enhancement between salt
stress and alkali stress was a characteristic feature.
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The buffer capacity of the treatment solution was taken as a stress factor in order to simplify the stress factor ana
esults of the statistical analysis showed that for the stress factors of the salt–alkali mix stress, [CO3

2−] and [HCO3
−] could be

ully represented by the buffer capacity; [Na+] could be fully represented by salinity; whereas [SO4
2−] was negligible. Therefore

our factors, salinity, buffer capacity, pH and [Cl−], could reflect all of stress factors. Perfect linear correlations were obs
etween all strain indices and the four stress factors. However, the effects of the four stress factors on the strain in
ignificantly different in magnitude. Buffer capacity and salinity were dominant factors for all strain indices. Thus, it is rea
o consider the sum of salinity plus buffer capacity as the strength value of salt–alkali mix stress. Furthermore, the rel
etween different strain indices and various stress factors were shown to be different.
2004 Published by Elsevier B.V.
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1. Introduction

Salinity stress is a widespread environmental prob-
lem. Although considerable effort has been devoted to
solve this problem, two very important aspects have
been neglected, i.e. salt–alkali stress and complex salt
stress. Even though the world’s land surface occupies
about 13.2× 109 ha, no more than 7× 109 ha are po-
tentially arable, and only 1.5× 109 ha are currently
cultivated. Of the cultivated area, about 0.34× 109 ha
(23%) are saline and another 0.56× 109 ha (37%) are
sodic (Tanji, 1990). Actually, the problem of soil alka-
linization due to NaHCO3 and Na2CO3, may be more
severe than the problem of soil salinization caused by
the neutral salts, such as NaCl and Na2SO4. For ex-
ample, in the northeast of China, alkalinized grass-
land has reached more than 70% (Kawanabe and Zhu,
1991). Because soil salinization and alkalinization fre-
quently co-occur, the conditions in the naturally salin-
ized and alkalinized soil are very complex, the total
salt contents and composition of salts and the propor-
tion of neutral salts to alkaline salts may vary in dif-
ferent soils. Thus, the stresses imposed by these soil
media on plants could be very complex and difficult
to approach experimentally. Natural salt stresses are
mostly mixed salts stresses, and most of them contain
both neutral and alkaline salts. Therefore, the problems
of alkaline stress and salt–alkali mixed stress ought to
be recognized and investigated as thoroughly as salt
stress.
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are actually two distinct kinds of stresses (Shi and Yin,
1993). Based on our results, alkaline salt stress is best
called “alkali stress,” while “salt stress” only includes
the neutral salt stress.

The resistance to alkali stress of sunflower (He-
lianthus annuusL.) is stronger than that of other crops.
Some sunflower breeds are able to grow on alkalin-
ized soil. However, there are very few reports about
sunflower resistance to salt stress or alkali stress (Liu
and Baird, 2003). A cultivar of sunflower was selected
as the material to investigate the features and acting
factors of salt–alkali mixed stress.

The neutral salts NaCl and Na2SO4 and the alkaline
salts NaHCO3 and Na2CO3 are the main salt compo-
nents in the extensive alkaline soil over much of north-
east China (Ge and Li, 1990). Therefore, mixtures of
the aforementioned salts, in various proportions, were
used to simulate a range of mixed salt and alkaline
conditions. Thirty kinds of the mixed salt and alkaline
conditions with different salinities and pH values were
obtained to investigate the effect of mixed salt and al-
kaline stresses on sunflower seedlings and to analyze
the corresponding stress factors.

2. Materials and methods

2.1. Plant materials

H. annuusL. cv. Baikuiza 4 was provided by
the Baicheng Academy of Agriculture Sciences, Jilin
Province, China and was selected because of its tol-
erance to salt–alkaline conditions. Baikuiza 4 seeds
were sown in 24 cm diameter plastic pots containing
washed sand. Each pot contained six plants. All pots
were placed outdoors avoiding rainfall. Seedlings were
sufficiently watered with Hoagland nutrient solution
every 2 days. Evaporated water was replenished with
distilled water at other times.

2.2. Design of simulated salt and alkaline
conditions

Two neutral salts (NaCl and Na2SO4) and two alka-
line salts (NaHCO3 and Na2CO3) were selected based
on the salt components in the extent of salt–alkaline
soil over northeast China (Ge and Li, 1990). The four
selected salts were mixed in various proportions ac-
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To date, the research of salt stress still empha
aCl as the main subject, but it is deeply deve

ng towards various aspects such as Na+ metabolism
Serrano et al., 1999), molecular biology of sal
esistance genes (Holmstr̈om et al., 2000; Huang
l., 2000; Quesada et al., 2002), and salt stress sign

ransduction (DeWald et al., 2001), and so on. How
ver, there are only a few reports about stress by a
owever, there have been some studies about ca
us soils (Brand et al., 2002; Nuttall et al., 2003), al-
aline soil (Hartung et al., 2002; Yin and Shi, 199),
lkaline salt stress (Campbell and Nishio, 2000; El a
haddad, 1996; Shi and Yin, 1992, 1993), and mixed
alt stress (Shi et al., 1998). Furthermore, some repo
learly demonstrated the existence of alkali stress
howed that it is more severe than salt stress (Shi and
in, 1993; Tang and Turner, 1999). In previous studies

t was found that alkali salt stress and neutral salt s
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Table 1
The salt composition and its molar ratio of various treatments

Treatment group Salt composition and molar proportions

NaCl Na2SO4 NaHCO3 Na2CO3

A 1 1 0 0
B 1 2 1 0
C 1 9 9 1
D 1 1 1 1
E 9 1 1 9
F 1 1 9 9

cording to the tolerability of the Baikuiza 4 cultivar to
the salt–alkaline stress and the varying ranges of salin-
ity and pH in the soil. Six treatment groups (labeled
as A–F) were set with gradually increasing alkalin-
ity. The salt composition of the six treatment groups
is shown inTable 1. 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 the same through-
out the treatments. Within each group, five concentra-
tion treatments were utilized, namely 50, 100, 150, 200
and 250 mmol L−1 totaling 30 salt–alkali mixed stress
treatments (labeled as A1,. . ., F5) with varying salinity
and pH.

2.3. Stress treatments

When the seedlings were 4 weeks old, they were
subjected to stress treatments. Seedlings growing uni-
formly (in 96 pots) were selected, randomly divided
into 32 sets, 3 pots per set. Each pot was consid-
ered as one replicate with three replicates per set.
One set was used as a control; a second set was used
for growth index determination at the beginning of
treatment; and the remaining 30 portions were treated
with various stress treatments. Control plants were
maintained by watering with nutrient solution; plants
under all the various stress treatments were watered
with nutrient solution with added stress salt as the
t rmed
a ants
w ree
p eter-
m ter
d

2.4. Stain indices measurements

All plants were harvested carefully after 7 days of
treatment, washed with tap water first, then with dis-
tilled water. Water remaining on the surface of the
plants was blotted with filter paper. Roots and shoots
were separated in each plant. Eighteen plants from each
treatment (six per replicate) were sampled to determine
strain indices.

2.4.1. Growth measurement
The fresh weights (fr. wt.) of shoot and root were

weighed directly. The third leaf blade from each shoot
bottom was taken to determine leaf area with an area
meter (model 1671-VHA). The result of leaf area was
expressed in cm2 piece−1. Relative growth rate (RGR)
was determined as described inKingsbury et al. (1984)
using the following formula:

RGR=
ln biomass at end of treatment

−ln biomass at start of treatment

duration of treatment (days)
.

One gram of fresh leaf was taken from each pot to
determine the rate of electrolyte leakage. Other fresh
samples were oven-dried at 80◦C for 15 min, then
vacuum-dried at 40◦C to constant weight, then the dry
weight (dry wt.) was measured. The result of biomass
was expressed in g dry wt.
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reatment solution. Stress treatments were perfo
round 4–5 p.m., by watering thoroughly treated pl
ith 1000 ml of treatment solution per pot, in th
ortions. The amount of evaporated water was d
ined by weight and replenished with distilled wa
aily.
.4.2. Organic and inorganic solutes
eterminations

Dry samples were homogenized by powdering .
undred milligrams of dry shoot samples were take
etermine K+ and Na+ contents by flame photomet
Wang and Zhao, 1995), and 100 mg of dry shoot sam
les were used to measure proline content accordi
hu et al. (1983). The content of citric acid was dete
ined by the pentabromoacetone method with mo

ations (Shi et al., 2002). The results of K+ and Na+
ontents were expressed in mmol g−1 dry wt., proline
n �mol g−1 dry wt., and citric acid in mmol g−1 dry wt.

.4.3. Membrane permeability determination
Membrane permeability can be reflected by

ate of electrolyte leakage (REL). REL was de
ined as described byLutts et al. (1996). Fresh lea
iscs (1 g) were taken from each pot, and was
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three times with deionized water to remove surface-
adhered electrolytes. Leaf discs were divided equally
and placed into two closed vials containing 20 ml of
deionized water. One of the vials was incubated at
25◦C on a rotary shaker for 3 h, and then the elec-
trical conductivity of the solution (EC1) was deter-
mined with a conductivity gauge. The other vial was
autoclaved at 120◦C for 20 min and electrical con-
ductivity of the solution (EC2) was determined af-
ter equilibration to 25◦C. REL can be defined as
follows:

REL (%) = EC1

EC2
× 100.

2.5. Analysis of stress factors

It is commonly thought that salt stress involves both
osmotic effects and specific ion effects, the former
ones chiefly depending on salt concentration. For al-
kaline stress, besides these two kinds of effects, there
seems to be a high-pH effect. Preliminary results (Shi
et al., 1998) show that a special response of plants
to alkaline stress is the adjustment of their internal
and external pH and that the buffer capacity of the
treatment solution is an important factor for chang-
ing pH. Therefore, the stress factors of a salt–alkali
mixed stress should involve total salt concentration,
various ion concentrations, pH values, and buffer
capacity.
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3. Results

3.1. Salinity and pH coverage with various
treatment solutions

Fig. 1 shows that the pH values increase gradu-
ally from group A to group F. In addition, within the
same treatment group, pH values increase with increas-
ing total salt concentration. The range of pH values is
greater among groups than within a group. For Na+,
the main toxic ion, the concentrations used were 75,
150, 225, 300, and 375 mmol, corresponding to the
five salt concentrations in a treatment group. In sum,
30 salt–alkaline conditions with different salinity and
pH values were established. The salinity coverage was
from 50 to 250 mmol; [Na+] coverage was from 75 to
375 mmol; pH coverage was from 7.12 to 10.72.

Because of the salt component, salinity and pH val-
ues in the 30 simulated salt–alkaline conditions are
similar to the conditions in natural salt–alkaline soil.
These simulated salt–alkaline conditions reproduced

F f pH
a
=
=
=
=
9
1
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The total salt concentration and the concentra
f each ion such as [Na+], [Cl−], [SO4

2−], [HCO3
−]

nd [CO3
2−] in various treatment solutions were c

ulated based on the composition of the solutions.
H values of various treatment solutions were de
ined with a digital pH meter. The buffer capac
as determined using the method ofShi et al. (1998
ith buffer capacity defined as the millimolar amo
f H+ needed to drop the pH of 1 L of treatme
olution to the same pH as the control by titrat
ith HCl.

.6. Statistical data analysis

All data obtained were the average of three re
as. Statistical analysis on two-way variance ana
ANOVA), correlation coefficient, and multivariate r
ression was performed using Microsoft Excel.
ig. 1. Salinity and pH of various treatments. The values o
re means of three replicates. (A) NaCl:Na2SO4:NaHCO3:Na2CO3

1:1:0:0, pH 7.12–7.25; (B) NaCl:Na2SO4:NaHCO3:Na2CO3

1:2:1:0, pH 7.91–8.20; (C) NaCl:Na2SO4:NaHCO3:Na2CO3

1:9:9:1, pH 8.47–8.83; (D) NaCl:Na2SO4:NaHCO3:Na2CO3

1:1:1:1, pH 9.41–9.88; (E) NaCl:Na2SO4:NaHCO3:Na2CO3 =
:1:1:9, pH 10.18–10.46; (F) NaCl:Na2SO4:NaHCO3:Na2CO3 =
:1:9:9, pH 10.47–10.72.
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Table 2
Result of two-way variance analysis (ANOVA) of salinity (S) and
treatment group (T) for the strain indexes selected

Dependent variable Independent variable

S T

RGR (day−1) 41.94∗∗∗ 22.55∗∗∗
Leaf area (cm2 piece−1) 44.80∗∗∗ 25.06∗∗∗
Electrolyte leakage rate (%) 13.64∗∗∗ 32.65∗∗∗
Proline content (�mol g−1 dry wt.) 9.593∗∗ 4.495∗
Citric acid content (mmol g−1 dry wt.) 31.56∗∗∗ 16.81∗∗∗
Na+ content (mmol g−1 dry wt.) 43.26∗∗∗ 20.22∗∗∗
K+ content (mmol g−1 dry wt.) 36.84∗∗∗ 46.79∗∗∗

Numbers representF at 5% level.
∗ P < 0.05.

∗∗ P < 0.001.
∗∗∗ P < 0.0001.

the complex natural salt–alkaline conditions and can
be useful in the development of an applicable method
to approach the study of complex salt–alkaline stress
conditions in nature.

3.2. Strains in sunflower seedlings under various
salt and alkali mixed stresses

Among the many physiological indices of plant re-
sponses to salt or alkaline stress, seven were selected
in order to analyze the mechanism of salt–alkali mixed
stress. High salinity coupled with high pH caused all
the stressed plants in treatment groups F4 and F5 to die.
Therefore, the strain index data were obtained from the
survivor plants in the remaining 28 treatments.

A two-way variance analysis (ANOVA) of salin-
ity and treatment group for the data of strain indices
selected was performed and the results are shown in
Table 2.

3.2.1. Growth of sunflower seedlings under
various salt–alkali mixed stresses

RGR and leaf area were selected as growth param-
eters. RGR is an ideal index for evaluating seedling
growth, and leaf area closely relates to photosynthetic
production on which growth depends. Both growth
parameters of sunflower seedlings decreased with in-
creasing salinity and alkalinity except for treatment
group A1 (Fig. 2). RGR and leaf area of A1 are greater
than the control, which indicates that the growth of
s ted
u n-

flower seedlings was inhibited by high alkalinity and
this effect tended to be more serious with increasing
salinity (Fig. 2), for example, the RGR of D1 (salinity
= 50 mmol, pH 9.41) was 83% relative to the control,
but the RGR of D5 (salinity = 250 mmol, pH 9.88) was
−8.03%. On the other hand, the inhibition effects on
growth by salinity were increased with increasing al-
kalinity (Fig. 2), for example, at the same salinity, the
RGR of A5 (pH 7.25) was 51.8% relative to the con-
trol, whereas E5 (pH 10.46) was−12.2%. The results
of a two-way analysis of variance (ANOVA) showed
that the effects of salinity and treatment group on RGR
and leaf area were significant (Table 2).

3.2.2. Electrolyte leakage rate in the leaves of
sunflower under various salt–alkali mixed stresses

Leaf electrolyte leakage rate is a good strain in-
dex as it reflects the degree of plant injury by salt
or alkali stresses. Generally, plasma membranes are
injured more seriously with intensifying stress, lead-
ing to an increase in the electrolyte leakage rate. As
it happens with growth parameters, electrolyte leak-
age rate increased with rising salinity and alkalinity
(Fig. 3). These results indicated that increasing salinity
may have caused more serious injury on membranes,
and furthermore, given the same salinity values, the
injury is more serious with increasing alkalinity. The
results of a two-way ANOVA showed that the effects
of salinity and alkalinity on electrolyte leakage rate
were significant (P < 0.0001), and the effect of treat-
m nity
(
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unflower seedlings was not inhibited but stimula
nder low salinity and alkalinity. The growth of su
ent group (alkalinity) was greater than that of sali
Table 2).

.2.3. Solute contents in sunflower seedlings
nder various salt and alkali mixed stresses

In general, accumulation of inorganic and orga
olutes in the cell is one of the main physiological
ponses of plant to salt or salt–alkaline stress. The a
ulated solutes function as osmolytes, pH adjustm
gents and other roles. Most plants stressed by
bsorb Na+ abundantly, whereas their K+ contents de
rease. The contents of four important solutes, pro
itric acid, Na+, and K+, clearly changed in the r
ponse of sunflower seedlings to salt–alkaline st
herefore, these four solutes were selected for inv
ation.

The relationship between the contents of the fou
utes in the shoots of sunflower and versus salinity
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Fig. 2. Effects of various salt and alkali mixed stresses on the RGR and leaf area of sunflower seedlings. Four-week-old seedlings
were stressed with mixed salts for 7 days. The values are means of three replicates. (A) NaCl:Na2SO4:NaHCO3:Na2CO3 = 1:1:0:0, pH
7.12–7.25; (B) NaCl:Na2SO4:NaHCO3:Na2CO3 = 1:2:1:0, pH 7.91–8.20; (C) NaCl:Na2SO4:NaHCO3:Na2CO3 = 1:9:9:1, pH 8.47–8.83;
(D) NaCl:Na2SO4:NaHCO3:Na2CO3 = 1:1:1:1, pH 9.41–9.88; (E) NaCl:Na2SO4:NaHCO3:Na2CO3 = 9:1:1:9, pH 10.18–10.46; (F)
NaCl:Na2SO4:NaHCO3:Na2CO3 = 1:1:9:9, pH 10.47–10.72.

Fig. 3. Effects of various mixed salt and alkali stresses on electrolyte
leakage rate in the leaves of sunflower. Four-week-old seedlings
were stressed with mixed salts for 7 days. The values are means
of three replicates. (A) NaCl:Na2SO4:NaHCO3:Na2CO3 = 1:1:0:0,
pH 7.12–7.25; (B) NaCl:Na2SO4:NaHCO3:Na2CO3 = 1:2:1:0,
pH 7.91–8.20; (C) NaCl:Na2SO4:NaHCO3:Na2CO3 = 1:9:9:1,
pH 8.47–8.83); (D) NaCl:Na2SO4:NaHCO3:Na2CO3 = 1:1:1:1,
pH 9.41–9.88; (E) NaCl:Na2SO4:NaHCO3:Na2CO3 = 9:1:1:9, pH
10.18–10.46; (F) NaCl:Na2SO4:NaHCO3:Na2CO3 = 1:1:9:9, pH
10.47–10.72.

alkalinity was shown inFig. 4. The results of two-way
ANOVA (Table 2) showed that the effects of salinity
and alkalinity on the contents of the four solutes were
all significant, with P values below 0.0001, except for
proline content.

Proline contents increased with rising salinity;
the degree of increase also tended to be higher with
upsurges in salinity. Similarly, the extent of proline
accumulation also increased with increasing alka-
linity. Furthermore, the proline content increased
most steeply when both salinity and alkalinity were
high (salinity ≥150 mmol, pH > 8.8). These results
demonstrate that alkali stress also can cause heavy
accumulation of proline and that the physiological
functions of the proline accumulated in sunflower
under salt and alkali mixed stress may not be just
behave as an osmolyte and protectant but may also
have other roles related to alkali stress.

The citrate contents of all groups increased when
salinity was augmented; concomitantly, the extent of
citrate content increase tended to be higher with in-
creasing alkalinity. As it occurs with proline, citrate
content increased sharply when both salinity and alka-
linity were high.

中国科技论文在线 http://www.paper.edu.cn
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The Na+ contents of the all treatment groups in-
creased with incrementing salinity, this basically was
in agreement with the results from previous salt stress
experiments (Shi and Yin, 1992, 1993) (Fig. 4). The
degree of Na+ increase tended to be higher with in-
creasing alkalinity. Conversely, the K+ content of the
six groups decreased with increasing salinity, and the
extent of decrease diminished with increasing alkalin-
ity (Fig. 4).

F
w
=
8
N

3.3. Analysis of the acting factors of salt–alkali
mixed stresses

3.3.1. Data of stress factors for various mixed
salt–alkali stress treatments

All plants in the F4 and F5 groups died after stress
treatment surely because the stress strengths were over
their tolerability. The data of stress factors for the other
28 treatments can be seen inTable 3.

中国科技论文在线 http://www.paper.edu.cn
ig. 4. Effects of various salt and alkali mixed stresses on the con
eek-old seedlings were stressed with mixed salts for 7 days. The v
1:1:0:0, pH 7.12–7.25; (B) NaCl:Na2SO4:NaHCO3:Na2CO3 = 1:2:1:0,

.47–8.83; (D) NaCl:Na2SO4:NaHCO3:Na2CO3 = 1:1:1:1, pH 9.41–9.88;
aCl:Na2SO4:NaHCO3:Na2CO3 = 1:1:9:9, pH 10.47–10.72.
tents of proline, citric acid, Na+, K+ in the shoots of sunflower. Four-
alues are means of three replicates. (A) NaCl:Na2SO4:NaHCO3:Na2CO3

pH 7.91–8.20; (C) NaCl:Na2SO4:NaHCO3:Na2CO3 = 1:9:9:1, pH
(E) NaCl:Na2SO4:NaHCO3:Na2CO3 = 9:1:1:9, pH 10.18–10.46; (F)
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Table 3
Stress factors for various treatments

Treatment Salinity
(mmol L−1)

Buffer capacity
([H+], mmol)

pH [Cl−]
(mmol L−1)

[SO4
2−]

(mmol L−1)
[CO3

2−]
(mmol L−1)

[HCO3
−]

(mmol L−1)

A1 50 0.01 7.12 25 25 0 0
B1 50 8 7.91 12.5 25 0 12.5
C1 50 19.8 8.47 2.5 22.5 2.5 22.5
D1 50 28.9 9.41 12.5 12.5 12.5 12.5
E1 50 43.9 10.2 22.5 2.5 22.5 2.5
F1 50 50.2 10.5 2.5 2.5 22.5 22.5
A2 100 0.02 7.14 50 50 0 0
B2 100 17.2 8.01 25 50 0 25
C2 100 38.7 8.62 5 45 5 45
D2 100 57.8 9.49 25 25 25 25
E2 100 82.2 10.3 45 5 45 5
F2 100 106.4 10.5 5 5 45 45
A3 150 0.03 7.18 75 75 0 0
B3 150 26.8 8.09 37.5 75 0 37.5
C3 150 58.1 8.71 7.5 67.5 7.5 67.5
D3 150 86.8 9.62 37.5 37.5 37.5 37.5
E3 150 123.4 10.4 67.5 7.5 67.5 7.5
F3 150 159.6 10.6 7.5 7.5 67.5 67.5
A4 200 0.04 7.21 100 100 0 0
B4 200 33.5 8.16 50 100 0 50
C4 200 76 8.8 10 90 10 90
D4 200 113.1 9.75 50 50 50 50
E4 200 167 10.5 90 10 90 10
A5 250 0.05 7.25 125 125 0 0
B5 250 38.6 8.2 62.5 125 0 62.5
C5 250 97.3 8.83 12.5 112.5 12.5 112.5
D5 250 151 9.88 62.5 62.5 62.5 62.5
E5 250 196.5 10.5 112.5 12.5 112.5 12.5

Buffer capacity and pH data were measured experimentally and the mean of three replicates is reported; other values were calculated.

3.3.2. Correlativity between stress factors and
strain indices

Correlation coefficients between stress factors and
strain indices were calculated in order to study their
relationship and the results are shown inTable 4. All
the correlation coefficients between five stress factors
(pH, buffer capacity, salinity, [Na+], and [CO3

2−]),
and seven strain indices were statistically significant.
Buffer capacity showed the highest total correlation
strength among stress factors followed by [CO3

2−],
salinity, and [Na+]. For the seven strain indices, their
factor with the highest correlation was buffer capac-
ity. Thus, alkaline salts have a profound effect on
strain.

The correlativity between [SO42−] and the various
strain indices was the lowest among all the stress fac-
tors and none of its correlation coefficients reached a

level of significance. Therefore, the effect of [SO4
2−]

on strain indices could be overlooked. Two of the seven
correlation coefficients between [Cl−] and the seven
strain indices were statistically significant and there-
fore the impact of [Cl−] should not be neglected.

For the correlativity among various stress factors not
listed inTable 4, there was a full positive correlativity
between salinity and [Na+] (r = 1), and the correlation
coefficients of salinity and [Na+] with the seven strain
indices were the same. Therefore, salinity could effec-
tively represent [Na+]. Buffer capacity was dependent
on [CO3

2−] and [HCO3
−]. If the expression 2[CO32−]

+ [HCO3
−] is used to represent the total strength of

alkaline salt, the correlation coefficient between it and
buffer capacity is estimated as 0.9943. Thus, [CO3

2−]
and [HCO3

−] could be fully represented by the buffer
capacity.
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3.3.3. Multivariate regression analysis between
main stress factors and various strain indices

According to above analysis data, [SO4
2−] could

be neglected, osmosis and [Na+] could be represented
by salinity, and [HCO3−] and [CO3

2−] could be rep-
resented by buffer capacity. Thus, the four main stress
factors, buffer capacity, salinity, pH, and [Cl−], might
be enough to represent all the stress factors involved.

These four main stress factors were taken as inde-
pendent variables wherex1 = buffer capacity,x2 = salin-
ity, x3 = pH, andx4 = [Cl−]; and the strain indices were
taken as dependent variables, withY= RGR and so on.
Multivariance regression analysis was performed for
each strain index using the formulaY= a + b1x1 + b2x2
+ b3x3 + b4x4. The importance of each stress factor
was compared according to their standardized regres-
sion coefficients (b′) and the significance of regression
was estimated by the square of total correlation coeffi-
cient (R2).

The results of regression are shown inTable 5. It
showed that theR2 values were larger than 0.9, ex-
cept for proline (0.8437), indicating a high linear cor-
relativity between each one of the strain indices and
the four stress factors. The importance of the four fac-
tors was clearly shown by comparing the values ofb′
(Table 5). Among the absolute values of the fourb′,
those of buffer capacity (b′

1) were the highest for all
of the strain indices, except leaf area, seemingly indi-
cating that buffer capacity was a dominant factor for
all strain indexes. Furthermore, the absolute values of
b r
e inity
w city.
M
t t
f
t d for
o r
a inity
w , and
[

4

4

w m-
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′
2 were greater than those ofb′

3 and b′
4, except fo

lectrolyte leakage rate and proline; therefore, sal
as another dominant factor besides buffer capa
oreover, the significances of pH and [Cl−] were de-

ermined by analyzingb′
3 andb′

4. pH was an importan
actor for electrolyte leakage rate, proline, and K+ con-
ent, but was less important and could be neglecte
ther strain indices. The factor [Cl−] was negligible fo
ll stress indexes. In sum, buffer capacity and sal
ere both dominant factors, pH was less important

Cl−] was the least important one.

. Discussion

.1. Simulation of mixed salt–alkali conditions

Four salts (NaCl, NaHCO3, Na2SO4, and Na2CO3)
ere mixed at various proportions to simulate co
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plex salt–alkaline conditions. As a result, 30 kinds
of salt–alkaline conditions with different salinity and
pH values were established. The results showed that
the simulated 30 treatment conditions evenly covered
various salt–alkaline conditions in a range of total
salt concentration from 50 to 250 mM and pH from
7.12 to 10.72. The stressing conditions and interfer-
ence factors are very complex and unrestrainable in
natural salt–alkaline soils, and this greatly limits in-
vestigations on complex salt–alkaline stress. However,
through the methods used in this work we successfully
reproduced the complex salt–alkaline conditions under
artificial conditions and made the research of complex
salt–alkaline stress possible. These salt–alkaline condi-
tions created by mixing four salts were different from
the previous works of salt stress (Cheeseman, 1988)
and alkali stress (Shi and Yin, 1992, 1993) which in-
volved both salinity and alkalinity and produced a new
salt–alkali mixed stress. By utilizing this new method,
research on plant salt stress could be further expanded
approached in a closer way to natural soil conditions.

4.2. Responses of sunflower seedlings to
salt–alkali mixed stress

Baikuiza 4, the sunflower cultivar used in this work,
is relatively tolerant to salt; as a consequence, the
growth parameters of plants treated with low salt con-
centration solutions were better than the control (A1 in
Fig. 2). However, both RGR and leaf area decreased
w er
s d
h ib-
i ). It
i lant
g ng
o 99;
G
t in-
h t
a et
A s a
r

tress
e
t as
s e salt
c
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ith increasing salinity and alkalinity under all oth
tress conditions (Fig. 2), especially at high salinity an
igh alkalinity, treatments in which growth was inh

ted so intensely that all the plants died (F4 and F5
s generally considered that salt stress inhibits p
rowth by water deficiency and ion toxicity amo
ther factors (de Lacerda et al., 2003; Marcum, 19
houlam et al., 2002; Soussi et al., 1998), but in salt-

olerant species, plant growth is only moderately
ibited, or even stimulated, by salt stress (Cramer e
l., 1986; Marcum, 1999). The results of the plant s
1 confirmed that the sunflower variety used wa

elatively salt-tolerant one.
Changes in RGR are a consequence of salt s

ffects in intact plants. It can be seen inFig. 2 that
he growth inhibition effect of alkaline salt stress w
tronger than that of neutral salt stress at the sam
oncentration (cf. A3 and F3 inFig. 2). This was in
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agreement with the results of wheat growing in cal-
careous soil (Nuttall et al., 2003), onion (Sharma et
al., 2001), eucalyptus (James et al., 2002), pea (El and
Shaddad, 1996), among others. Therefore, our results
indicated that high pH and ion imbalance around rhizo-
sphere caused by alkaline salt (Campbell and Nishio,
2000; Shi et al., 1998) were also main factors in in-
hibiting plant growth, and this might be related to the
effects of high pH around the roots on the transport of
ABA (Degenhardt et al., 2000). However, the effects
of high pH were closely related to salt concentration,
i.e. the effects of high pH were clearly enhanced with
increasing salinity (cf. D1–D5 inFig. 2). Therefore, the
peculiar—and evident—feature of a salt–alkali mixed
stress is their reciprocal enhancement of its individual
components (salinity and alkalinity).

The permeability of the plasma membrane is an evi-
dent index that reflects the degree of stress-induced in-
jury to plants (Hong and Lin, 1996; Surjus and Durand,
1996). Electrolyte leakage rate data (Fig. 3) showed
that the permeability of the cell membrane of sunflower
seedlings was not only increased with rising salinity but
also with rising alkalinity. Thus, from the stress-caused
injury on plasma membrane, it can be seen that a recip-
rocal enhancement between salt stress and alkali stress
was an evident feature of the salt–alkaline mixed stress.

The primary physiological response of plants to salt
or osmosis stress is to undergo osmotic adjustments
by two processes: accumulation of ions in the vacuole
and synthesis of compatible solutes in the cytosol. The
c lings
u d
t es of
N ase
o ess,
s ress
i

ght
s tible
o in-
t -
m this
e sed
n ity
i
s re-
l
b ysi-

ological function of accumulated proline, in addition to
being and osmolyte and protecting agent, could be an
involvement in injury due to alkaline stress, an aspect
that ought to be investigated further.

Second, it has been found recently that citric acid
accumulation is related to aluminum toxicity (Li et al.,
2000), phosphorus deficiency (Neumann et al., 1999),
and several others adverse conditions. However, the
accumulation of citric acid under salt stress depends
on the chemical properties of the stress-inducing salt.
Citric acid accumulation is moderate or absent under
neutral salt stress (Francoise et al., 1991; Shi et al.,
2002), but it is heavy when the stress is due to alka-
line salts (Shi et al., 2002). The results of our exper-
iments (Fig. 4) proved again that alkali stress clearly
affects on organic acid metabolism in plants. The con-
tent of citric acid in the shoots of stressed sunflower
seedlings increased with increasing salinity and alka-
linity (Fig. 4). Citric acid is a small organic molecule
that certainly may function as an osmolyte. However,
previous work has also shown that the distribution of
citric acid accumulated under alkaline stress in plants
was very different from that of proline, i.e. while of
proline accumulation occurred mainly in the younger
tissue of alkali stressed plants, citric acid accumulated
mainly in older tissue and was associated with the dis-
tribution of Na+ (Shi et al., 2002). This suggested that
the function of the accumulated citric acid was differ-
ent from proline and mainly related to pH adjustment
in the cell. This is still unclear and further investigation
i

p
U ts
s f
s gh,
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k d to
p ly by
a
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s ature
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hanges of solutes in the shoots of sunflower seed
nder salt–alkali mixed stress (Fig. 4) corresponde

o plant responses to salt stress, namely, increas
a+, proline, and citric acid contents and a decre
f K+ content with increasing stress. Neverthel
alt–alkaline mixed stress was distinct from salt st
n some particular aspects:

First, proline accumulated under salt or drou
tress is usually considered as an organic-compa
smolyte and a protecting agent for the activity of

racellular macromolecule (Tang, 1989); proline accu
ulation is closely related to osmotic effects. In

xperiment, it is evident that proline content increa
ot only with rising salinity, but also when alkalin

ncreased at the same salt concentration (Fig. 4). This
uggests that the induction of proline synthesis is
ated not only to changes in water potential and [Na+],
ut also to high pH. Our results indicate that the ph
s required.
Third, the metabolism of Na+ and K+ is an im-

ortant component of salt stress (Cheeseman, 1988).
sually, Na+ increases and K+ decreases in plan
tressed by salt (de Lacerda et al., 2003). The results o
alt–alkaline mixed stress in this experiment, thou
howed that [Na+] increased and [K+] decreased no
nly with increasing salinity but also with rising a
alinity (cf. Fig. 4), a phenomenon perhaps relate
lasma membrane being destroyed more severe
lkaline stress. These changes in [Na+] and [K+] are
reflection of a reciprocal enhancement between

tress and alkali stress, which was the peculiar fe
f salt–alkali mixed stress. Moreover, [Na+] and [K+]
hanges also reflected the effects of salt–alkali m
tress on the metabolism of Na+ and K+ and indicate
hat the physiological responses of plant to salt–a
ixed stress were more complex than that of salt s
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alone. This is an aspect that should be researched more
deeply.

4.3. Salt stress and alkali stress synergism

According to our results, we concluded that the
mixed salt–alkaline stress not only caused stress due
to both salt and alkali, but, additionally, it displayed an
interaction between salt stress and alkali stress. If total
salt concentration (salinity) is taken as a measure of the
strength of the salt stress and pH (from group A to group
F) is taken as the strength of the alkali stress, a syner-
gism between salinity and pH can be found (Figs. 2–4).
The stress to sunflower seedlings due to salinity as a
singular factor (cf. groups A1–A5) or high pH as a sin-
gular factor (groups E1 and F1 approached the cases)
was smaller than that of salinity coupled with high pH
(cf. D5 and E5).

Usually, neutral salt stress or salt stress in general
involves osmotic effects, which depend on salt concen-
tration, and specific ion effects (Cramer et al., 1986;
Cheeseman, 1988). On the other hand, alkaline salt
stress or alkali stress alone, in addition to osmotic and
specific ion effects, also includes high-pH effects (Shi
and Yin, 1993). The mechanism of salinity tolerance
in plants mainly involves two processes: one, osmo-
sis adjustment, includes ion accumulation and syn-
thesis of compatible solutes, among other phenom-
ena; the other, ion toxic avoidance, includes specific
ion metabolism and compartmentation of toxic ions
( of
t pH
a ,
1 The
o tress
s ffer
c the
a ther
w tion
t cult
f f the
s Nev-
e the
h ch-
a and
d

n of
n .,

2000): lowering the soil’s salinity or pH based on its
salt components can reduce salt–alkaline soil’s harm
to the plant. Especially for barren land with high pH,
the recovery of vegetation is possible to be achieved by
decreasing its pH.

4.4. Salinity and buffer capacity were the
dominant factors of mixed salt and alkali stress

4.4.1. Action factors of mixed salt and alkali stress
One of the factors that causes the complexity of

natural salt and alkali mixed environmental conditions
is that the components, proportions, and contents of
contained salts are so varied. Different salts have dif-
ferent chemical properties and their actions on plant
are also different. The effective actions of mixed salts,
especially neutral salts mixed with alkaline salts, are
much more complex than those of a singular neutral
salt (Liu and Zhu, 1997) or a singular alkaline salt (El
and Shaddad, 1996; Shi and Yin, 1993; Shi et al., 2002).
In general, the stress factors of the neutral salt NaCl
are mainly the ion effects of Na+ as a dominant injur-
ing ion and the osmotic effects of low water potential
caused by high salt concentration (Cheeseman, 1988;
Cramer et al., 1986), but for the alkaline salt Na2CO3
there is an added stress factor, namely high pH (Shi
and Yin, 1993; Shi et al., 1998, 2002). However, when
various neutral salt and alkalic salt are mixed together,
the effects of the mixed salts are more than just a sim-
ple combination of the separate effects from the two
k ffer-
e al-
k d in
d

in
s ted
s re-
s the
t hy-
d tion
a nd
[
a ac-
i pH
a of
m -
t
t city
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Cheeseman, 1988), etc. Although the mechanism
olerance to alkalinity in plants is still unclear, a
djustment process is possibly involved (Shi and Yin
993), additionally to the above two processes.
smosis effects and ion toxic effects depend on s
alt concentration, while pH effects depend on bu
apacity, which in turn is closely related to both
lkalinity and concentration of the stress salt. In o
ords, the higher the alkalinity and the concentra

he greater the buffer capacity, and it is more diffi
or plants to adjust. Perhaps this is the cause o
ynergism between salt stress and alkaline stress.
rtheless, the phenomenon of salinity enhancing
arm of high pH is complex and is related to the me
nism of alkaline stress resistance in sunflower,
eserves further investigation.

Our results proved once more the relaxing actio
eutralization to the alkali stress (Shi, 1995; Yan et al
inds of salts due to the interactions between di
nt ions and so on. Thus, the effects of salt and
ali mixed stress should be experimentally analyze
epth.

The novel concept of buffer capacity is key
implifying stress factor analysis of the 30 simula
alt–alkaline conditions. Buffer capacity could rep
ent the concentration and proportion not only of
wo alkaline salts but also of the carbonate and
rocarbonate anions. According to above correla
nalysis data, [SO42−] could be neglected, osmosis a

Na+] could be represented by salinity, and [HCO3
−]

nd [CO3
2−] could be represented by buffer cap

ty. Thus, the four factors, buffer capacity, salinity,
nd [Cl−], could basically represent all the effectors
ixed salt and alkali stress (Table 4). The results of sta

istical analysis (Tables 4 and 5) proved convincingly
hat the introduction of the concept of buffer capa
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is correct and significant in bringing to light the mech-
anism of alkali stress on plant.

4.4.2. Relationship between various stress factor
and strain index

The magnitudes of different stress factors on sev-
eral strain indices were found to be different because
of the varying accruing mechanisms in plants. From
the regression analysis results of seven strain indices,
shown in Table 5, it was evident that both buffer
capacity and salinity were dominant and indispens-
able factors. The significance of buffer capacity was
much greater than salinity for six of the seven in-
dices, and only slightly smaller for one index (leaf
area). Thus, buffer capacity was a very important
strength index of mixed salt–alkaline stress, whereas
[Cl−] and pH were less significant and even negli-
gible in some cases. The results of regression also
showed that the degrees of impact of different stress
factors on several strain indices were not equal and
that the difference might be related to both the physi-
ological mechanisms of the plant’s responses to stress
and the physiological processes associated with strain
development.

4.4.3. Ideal strength index of mixed salt–alkaline
stress

It was very important to determine proper strength
indices in researching stress. Salt concentration, [Na+],
or specific conductance might be used to represent the
s -
p ress
s e
s flect
t
w city
a . Af-
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p
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