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Physiological Strategies of Sunflower Exposed to Salt or Alkali
Stresses: Restriction of Ion Transport in the Cotyledon Node
Zone and Solute Accumulation
Xiaoping Wang, Peng Jiang, Ying Ma, Shujuan Geng, Shucai Wang,* and Decheng Shi
ABSTRACT
Agricultural productivity is severely affected by soil salinity. In
this study, seedlings of sunflower (Helianthus annuus L.) cultivar
Baikuiza 6 were treated with Na-based salts to induce salt stress
or alkali stress. Salt had no effect on sunflower growth, while
high concentrations of alkali significantly inhibited sunflower
growth. The main characteristic for sunflower in response of
salt or alkali stress was that it kept higher K+ concentration
and lower Na+/K+ ratio, which is closely related to regulation
of Na+ and K+ transport on cotyledon node zone (CNZ). The
CNZ of sunflower restricted Na+ transport resulting in less
Na+ in leaf than in root under both stresses, and it maintained
relatively low Na+/K+ ratio in leaf and high selectivity for K+
vs. Na+. However, CNZ slightly restricted NO3 – and H2PO4 –
transport under alkali stress compared with salt stress. This led
to enhanced organic acid content to remedy the shortage of
inorganic anions, and energy consumption is greater than for
salt stress, which might be one cause of reductions of relative
growth rate (RGR) under alkali stress.
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alinization and alkalinization play important
roles in soil degradation, and are major abiotic stresses
that adversely affect crop growth and yield (Takahashi et
al., 2007). Soil alkalization caused by alkaline salts NaHCO3
and Na2CO3 may be a more severe problem than soil salinization caused by neutral salts such as NaCl and Na2SO4. For
example, in northeastern China, nearly 70% of grasslands are
alkalized and the process is expanding (Shi and Wang, 2005).
In spite of considerable efforts to study soil salinization (salt
stress), soil alkalinization (alkali stress) is an important condition that has been largely neglected.
Salt or alkali tolerance in many crop plants is associated
with their ability to restrict Na+ transport from root to leaf,
to avoid accumulation at toxic levels, which can impair plant
growth (Garcia-Sanchez et al., 2005). However, little attention
has been paid to the part of plant that restricts ion transport.
The CNZ consists of an arrayed structure of xylem and phloem
cells that may determine special functions of parenchyma cells
for which it may play an important role in controlling Na+
transport and salt tolerance of plants. Salt or alkali tolerance is
related to the exclusion of Na+ in the leaves (Ashraf and Leary,
1995). Gorham et al. (1986) have reported that the efflux of
Na+ at the plasma membrane of root epidermal and cortical
cells, resorption of Na+ from xylem sap and its accumulation
by xylem parenchyma cells are the processes involved in Na+
exclusion. In addition, intracellular Na+/K+ balance is an
important factor in salt or alkali tolerance because selectively
uptaking and maintaining a high level K+ restricts the entry of
Na+ in the roots (Blumwald, 2000).
Organic acids (OAs) present in the cytoplasm are critical
intermediate products of metabolism in many crop plants
and are regarded as important regulators in abiotic stress.
Organic acid metabolism has been previously studied (Renato
and Paulo, 1997; Sasaki et al., 2004). Recently, it has been
shown that some alkali-tolerant halophytes accumulate high
concentrations of organic acids under alkali stress (Yang et al.,
2008a), but neither alkali-sensitive maize (Zea mays L.) (Qu
and Zhao, 2004) nor the halophyte Suaeda salsa (Linn.) Pall.
with weak alkali-tolerance (Qu and Zhao, 2003) accumulated

Abbreviations: CNZ, cotyledon node zone; DW, dry weight; OAs,
organic acids; RGR, relative growth rate.
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organic acids. These reports clearly demonstrated that organic acids
accumulation has an important role in the mechanism of alkali
tolerance in coping with imbalance of charges and high pH stress.
Sunflower has been developed into a valuable source
of edible oil and meal. Its cultivars range from being very
sensitive to semi-tolerant in soil salinization (Francois, 1996).
Sunflower crops grow well on a wide range of soils, such as
sandy loam, black, and alluvial soils. The ideal soil pH for
growth is from 6.5 to 8. That is, the resistance to alkali stress
of sunflower is stronger than that of other glycophytes. There
are very few reports about sunflower resistance to salt or alkali
stress. Ahmed et al. (2005) have reported that sunflower
cultivars having a high concentration of K+ maintain a low
concentration of Na+ in their leaves under saline conditions.
Besides this report, little is known about ion transport and
OAs accumulation in sunflower under salt or alkali stresses
(Liu and Shi, 2010; Yan et al., 2005). In the present study,
a cultivar of sunflower, Baikuiza6 (Liu and Shi, 2010), was
selected to investigate which part of the whole plant restricts
ion transport and ion accumulation in relation to growth of
sunflower plants under salt or alkali stresses. In addition, we
have analyzed the role of OAs accumulation in keeping ionic
balance and pH homeostasis under alkali stress.
MATERIALS AND METHODS
Plant Materials
Seeds of sunflower cultivar Baikuiza 6 were provided by
the Sunflower Institute, Jilin province, China. Seeds were
sown equidistantly in four holes per 17-cm diam. plastic
pot containing 2.5 kg of thoroughly washed sand with two
seeds per hole (the germination rate of seeds was 99% above
in distilled water). Each pot was considered one replicate,
and each treatment had five replicates. One seedling per
hole had been left finally when seedlings had the second
real leaf. Seedlings were sufficiently watered with Hoagland
nutrient solution once a day till the plants were 4-wk old. The
Hoagland solution containing macronutrients (mol m–3): 5.0
Ca(NO3)2 , 5.0 KNO3, 2.0 KH2PO4, 2.0 MgSO4.7H2O, and
micronutrients (mmol m–3): 42.6 H3BO3, 9.2 MnCl2 .4H2O,
0.76 ZnSO4.7H2O, 0.104 Na2MoO4, 0.30 CuSO4.5H2O and
17.9 Fe-EDTA (Pankovic et al., 2000).
Plants were grown in greenhouse under 16 h of light
(250 mmol m–2 s–1 minimum) and 8 h of darkness period, with
humidity of 60 to 80%. Temperatures during the experiment
were 24 to 28°C during the day and 17 to 20°C at night.

used for determining dry weight (DW) at the beginning of
each treatment.
Tissue and Tissue Sap Collection
Plants were harvested in the following morning after 9 d of
treatment, and washed with distilled water. Length of roots
and shoots were measured by the ruler and recorded. Then
roots and leaves were separated, half of the roots and leaves
per pot were oven-dried at 80°C for 15 min, separately, then
vacuum-dried at 40°C to constant mass, and the DW was
recorded to compute RGR according to Kingsbury et al.
(1984); and the other half per pot were frozen at –20°C for
24 h, then the samples were placed in a dryer for 2 h to thaw.
Finally, tissue saps of thawed samples were squeezed with a
50 mL syringe to determine each solute concentration.
The RGR was determined according to Kingsbury et al.
(1984) as follows:
RGR = (ln DW at the end of stress
treatment – ln DW at the start of stress
treatment)/total treatment duration
where the DW values at the end of stress treatment were the
sum of all materials in a pot.
Relative length was determined as follows:
Relative length = Length of root or shoot from
stress treatment/from control treatment × 100%.
Xylem Sap Collection
Xylem sap was sampled using the detopping technique
(López-Millán et al., 2009). Plant shoots were cut just below
or above cotyledon node zone using a piece of razor blade,
and xylem sap was left to exude. The sap collected during the
first 5 min was discarded to avoid contamination, the surface
was washed with distilled water and blotted dry, and sap was
then collected for 60 min using a micropipette and put into
eppendorf tubes kept on ice, then weighed and recorded.
Xylem bleeding rate was determined as follows:
Xylem bleeding rate = Total xylem sap weight/
(Total plants × Total time collecting for sap)
where total xylem sap weight is the sum of all materials in a pot.

Treatments

Ion Measurements

Two neutral salts (NaCl and Na2SO4) or two alkaline
salts (NaHCO3 and Na2CO3) were added into Hoagland
nutrient solution at a 9:1 molar ratio to reach a concentration
desired and used for salt or alkali treatment. The salt treatment
concentrations were 30, 60, and 90 mM with pH 6.51, 6.52,
and 6.53, respectively; alkali treatment concentrations were
30, 60, and 90 mM with pH 8.22, 8.90, and 9.21, respectively.
Four-week-old plants were subjected to treatments, and
treatments were performed by watering the plants with
Hoagland nutrient solution containing neutral salts or alkaline
salts at desired concentrations once a day for 9 d. Hoagland
nutrient solution alone was used as a control. Five pots were

Tissue and xylem sap was filtrated by the filter membrane
with 0.22 mmol diam. size, and the filter liquor used to
determine the contents of free inorganic ions and OAs. Cl–,
SO42–, NO3–, H2PO4 – and oxalic acid concentrations
in the tissue and xylem sap were determined by ion
chromatography (DX-300ion chromatographic system,
AS4A-SC chromatographic column, CDM-II electrical
conductivity detector, mobile phase: Na 2CO3/NaHCO3
= 1.7/1.8 mM; DIONEX, Sunnyvale, CA). Organic acids
malate, citrate, succinate, acetate, formate, tartrate, and lactate
were also determined by ion chromatography (DX-300 ion
chromatographic system; ICE-AS6 ion-exclusion column,
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CDM-II electrical conductivity detector, AMMSICE II suppressor, mobile phase: 0.4 mmol L–1
heptafluorobutyric acid; DIONEX, Sunnyvale, CA).
An atomic absorption spectrophotometer (TAS990, Purkinje General, Beijing) was used to determine
the concentrations of Na+, K+, Ca2+, and Mg2+ in the
tissue and xylem sap.
Statistical Analysis
The experiment was based on five replicates. Data
were analyzed by one-way and three-way ANOVA
using the statistical software SPSS 14.0 (SPSS Inc.,
Chicago, IL). The treatment mean values were
compared by Student–Newman–Keuls (q test). The term
significant indicates differences for which P ≤ 0.05.
RESULTS
Salt and Alkali Stresses Affected
Sunflower Growth
Previous study has shown that sunflower is semitolerant to salt and alkali stresses (Shi and Sheng,
2005). To further examine and compare the effects of
salt and alkali stresses on sunflower growth, we treated
Fig. 1. Effects of salt and alkali stresses on plant growth. Sunflower plants
4-wk-old sunflower plants with salt and alkali at the
were treated with salt (NaCl/Na2SO4 = 9:1) and alkali (NaHCO3/Na2CO3 =
same concentrations for a period of 9 d, then measured 9:1) at different concentrations. Data represent mean ± SE of five replicates.
Different letters represent significant differences among columns at P £ 0.05,
root and shoot length after treatment to determine
according to Student–Newman–Keuls (q test).
the effects of salt and alkali. As shown in Fig. 1A and
1B, plant growth was less affected by salt stress than
alkali stress at the same concentration. All the concentrations
and alkali concentrations decreased xylem-bleeding rate. The
of salt had no obvious effect on plant growth, while alkali
addition of salt to the medium did inhibited xylem-bleeding
significantly inhibited plant growth at 90 mM. We also
rate even at lower concentrations and slightly promoted plant
collected samples before and after treatments to calculate RGR
growth. Xylem-bleeding rate was greatly inhibited by salt and
of plant based on biomass accumulation, and similar results
alkali at 90 mM, which made it difficult to collect enough sap
with plant growth were obtained (Fig. 1C and 1D).
for ion examination. For subsequent experiments we used a
concentration of 60 mM salt and alkali that still did have an
Salt and Alkali Stresses Affected Xylem Sap Flow
effect on plant growth (P £ 0.05) (Fig. 1).
Xylem sap flow can be considered an indirect measure of root
Salt and Alkali Stresses Affected
pressure which can reflect the degree of plant root response to
Inorganic Ions Accumulation
stresses based on an inversely proportional relationship to the
concentration of soil solution (Rastogi, 1997). We therefore
In general, the accumulation of inorganic ions in the cells
examined xylem bleeding rate of sunflower in response to salt
is one of the main physiological responses of plant to salt
and alkali stresses. As shown in Fig. 2, increase in both salt
or alkali stress. Having shown that sunflower is tolerant to

Fig. 2. Effects of salt and alkali stresses on xylem-bleeding rate. Sunflower plants were treated with salt (NaCl/Na2SO4 = 9:1, 60 mM)
and alkali (NaHCO3/Na2CO3 = 9:1, 60 mM) stresses. Data represent mean ± SE of five replicates. Different letters represent significant
differences among columns at P £ 0.05, according to Student–Newman–Keuls (q test).
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both salt and alkali stresses (Shi and Sheng, 2005), we then
examined ion type accumulation in sunflower in response
to salt and alkali. We found that in control plants, the
accumulation of Na+ was 15-fold and H2PO 4 – twofold
higher in roots than in leaves, respectively (Fig. 3). Ions K+,
Ca 2+, Mg 2+, and Cl– accumulated in leaves 2 to 10-fold more
than in the roots (Fig. 3). The results of a three-way ANOVA
showed that the effects of salt treatment, salt concentration,
and organ on the strain indexes were significant, and the
effect of organ was greatest; the significance were found
in salt treatment × salt concentration interactions, in salt
treatment × organ interactions (except the strain index:
H2PO 4 – content), in salt concentration × organ interactions
(except the strain: H2PO 4 – content) and in salt treatment
× salt concentration × organ interactions (Table 1). When
treated with salt or alkali, Na+ contents increased three- to
fourfold in roots, but remained largely unchanged in the
leaves. The Cl– increased about threefold in both roots and
leaves when treated with salt, which is possibly due to the
extra amount of Cl– introduced by salt treatment in the
nutrient solution. Other ions examined either remained
unchanged or changed slightly in both roots and leaves.

considered as important regulators in abiotic stress. We were
able to detect several organic acids including tartrate, citrate,
malate, formate, lacate, acetate, succinate, and oxalate in
sunflower roots and leaves (Fig. 5 and Table 3). Salt stress had
little effect on the accumulation of citrate (Fig. 5B), malate
(Fig. 5C), formate (Fig. 5D), lactate (Fig. 5E), and total OA
(Fig. 5I) in both roots and leaves. However, salt stress led to
an increase in the presence of tartrate (Fig. 5A), acetate (Fig.
5F), and succinate (Fig. 5G) in roots and oxalate in leaves
(Fig. 5H). Alkali stress strongly stimulated the accumulations
of all OAs in roots and leaves (Fig. 5), except acetate and
oxalate in leaves (Fig. 5F and H). And citrate (Fig. 5B), malate
(Fig. 5C), and total OA (Fig. 5I) accumulations in leaves were
greater than in roots, namely, the main OAs component were
citrate and malate in leaves (the high values were up to 49.30
and 46.95%, respectively) (Table 3), while the main OAs
component was acetate in roots (the high value was up to
57.11%) (Table 3).
Keeping Ion Balance and Osmotic
Adjustment to Salt and Alkali Stresses

Cotyledon Node Zone Restricted
Sodium Transport not other Ions
Previous studies of plants with salt tolerance suggested
that Na+ intrusion into the shoot might be restricted
(Matsushita and Matoh, 1991; 1992). The CNZ is a special
place where an array structure of xylem and phloem may
determine special functions of parenchyma cells. To test
whether the CNZ is a barrier for ion transport under salt
and alkali stresses, we collected and analyzed the xylem
sap from below and above the CNZ (Fig. 4). In control
plants, all of the ions examined have similar concentrations
in sap collected from both below and above CNZ. The
concentrations of all the ions examined were however altered
by either salt, alkali, or both treatments indicating that
salt and/or alkali stresses affected ion transport. We also
found that although most of the ions (i.e., K+, Mg 2+, Cl–,
H 2PO 4 –, and SO 4 2–) examined have similar concentrations
in saps collected from both below and above CNZ from
plants treated with salt or alkali treatment, concentrations of
Na+ in sap collected above CNZ are only about one-fourth
of that collected from below CNZ, suggesting that CNZ
restricted Na+ in salt and alkali stressed plants (Fig. 4). Table
2 showed that the effects of salt treatment, salt concentration
and CNZ on the strain indexes were significant, and the
effect of above/below CNZ on Na+ regulation was most
significant; the significance were found in salt treatment
× salt concentration interactions, in salt treatment ×
CNZ interactions (except the strain indexes: inorganic
anion contents), in salt concentration × CNZ interactions
(except the strain: Cl– content) and in salt treatment × salt
concentration × CNZ interactions.
Alkali but not Salt Stress Enhanced
Organic Acids Accumulation
Organic acids in the cytoplasm are significant intermediate
products of metabolism in many plants, and may be
2184

Keeping ion balance and osmotic adjustments are
specialized complex mechanisms that allow adaptation
to salt and alkali stress conditions. Solutes vary in their
contributions to osmotic adjustment (Table 4). The
percentage of contributions of Na+, K+, Cl–, and NO3 – were
higher than that of other solutes in roots (87.62%), and the
sums of K+, Cl–, and NO3 – were higher in leaves (82.69%)
under salt stress. However, alkali stress enhanced the
contribution of OAs (increased to 180.2% in roots, 156% in
leaves) and diminished the contributions of Cl– and NO3 – in
both roots and leaves compared to salt stress.
As shown in Table 5, the main contributors to cation
charge were Na+ and K+ in roots under salt (up to 96.23%)
and alkali (up to 94.68%) stresses, only K+ was the main
contributor in leaves under salt (up to 83.20%) and alkali (up
to 77.03%) stresses. The NO3 – was the largest component
to keep anion charge in roots and leaves under both stresses.
However, compared with salt stress, alkali stress enhanced
the contribution of OAs and reduced the contributions of Cl–
and NO3 –.
DISCUSSION
Growth
Baikuiza 6, the sunflower cultivar used in this work, is
relatively tolerant to salt/alkaline stress (Shi and Wang,
2005). We did not observe any significant effect in RGR
of sunflower under salt stress and alkali stress at lower
concentrations, however, alkaline concentrations of
90 mM did significantly inhibited plant growth. Low
concentrations of salt or alkaline has previously been shown
to inhibit growth of salt/alkaline-non-tolerant wheat
(Triticum aestivum L.) (Yang et al., 2008b; 2009) and
tomato (Lycopersicon esculentum Mill.) plants (Wang et
al., unpublished data, 2011). It is generally considered that
salt or alkali stress inhibits plant growth (de Lacerda et al.,
2003; Ghoulam et al., 2002), but in salt/alkaline-tolerant
species, plant growth is only moderately inhibited, or even
stimulated, by salt or alkali stress (Cramer et al., 1986;
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Fig. 3. Concentrations of ions, Na+/K+ ratio and Na+/Ca2+ ratio in roots and leaves tissue sap of sunflower after 9 d exposure to salt
and alkali stresses. Sunflower plants were treated with salt (NaCl/Na2SO4 = 9:1, 60 mM) and alkali (NaHCO3/Na2CO3 = 9:1, 60 mM)
stresses. Data represent mean ± SE of five replicates. Different letters represent significant differences among columns at P £ 0.05,
according to Student–Newman–Keuls (q test).

Marcum, 1999). Analysis of plant growth in high salt and
alkali conditions indicated a more reduced growth under
alkali stress than salt stress, which is consistent with previous
reports (Shi and Sheng, 2005; Shi and Wang, 2005; Shi and
Agronomy Journal
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Yin, 1992, 1993). Further effect of alkali stress impacting
plant homeostasis was supported by the change of xylembleeding rate (Fig. 2A and 2B). In fact, xylem-bleeding
rate can be used to measure root pressure indirectly, as the
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Table 1. Result of three-way variance analysis (ANOVA) of salt treatment, salt concentration, and organ (root/leaf) for the strain indexes
selected. The values presented in the table are mean squares.
Salt treatment
Salt treatment
Salt
× salt
Salt
Salt
× salt
Salt treatment concentration
concentration ×
Strain index
treatment concentratio
Organ
concentration
× organ
× organ
organ
786.98**
214.89**
14,373.07**
20.12**
803.18**
38.93**
5.49**
Na+
48.7**
69.39**
37,841.98**
52.24**
156.25**
43.30**
7.98**
K+
385.91**
119.24**
2,302.52**
24.97**
387.53**
35.61**
4.77**
Na+/K+
1539.03**
1416.20**
16,907.48**
132.98**
737.83**
102.63**
21.10**
Ca2+
2963.14**
181.67**
49,589.34**
161.48**
2912.99**
56.30**
31.22**
Na+/Ca2+
1621.22**
1356.27**
46,964.32**
110.83**
1020.53**
56.13**
7.40**
Mg2+
743.52**
189.30**
1,084.21**
1033.91*
35.52**
35.22**
8.44**
Cl–
97.61**
89.40**
1,045.46**
87.54**
186.40**
22.50**
14.46**
NO3–
251.03*
70.39 **
587.45**
28.79**
1.12
1.24
2.85*
H2PO4–
200.57**
24.99**
1,290.74**
20.74**
235.82**
25.68**
12.49**
SO42–
* P £ 0.05.
** P £ 0.01.

xylem sap was collected from the decapitated stem. The root
pressure is a driving force for water transport (Kodur et al.,
2010) and can reflect root vigor. The root cells accumulate
minerals against concentration gradient by active absorption
to decrease the water potential of surrounding cells and then
the root pressure is generated, so the root pressure could
be considered as the pressure that develops in xylem vessels
as a result of metabolic activity of roots (Rastogi, 1997;
Stocking, 1956). The higher values of root pressure indicate
the metabolism of root cells is more vigorous, that is, the
root vigor is higher and vice versa. However, the value of
root pressure is negatively related to the concentration of soil
solution (Rastogi, 1997) and then its value could reflect the
extent of stress in the soil. In this study, the presence of salt
or alkali surrounding sunflower roots in soil environment
decreased the value of root pressure and the xylem-bleeding
rate (Fig. 2). The root vigor best reflects the extent of stresses
the plant is sustaining and impacts the quantity and velocity
of flow in xylem sap. Especially under alkali stress, sunflower
not only has to regulate the intracellular pH to keep ionic
balance, but also has to spend materials and energy by
secreting some acid to neutralize CO32– and HCO3 – to
regulate pH in their environment (Yan et al., 2005).
Restriction of Ion Transport in
Cotyledon Node Zone
Compared to other salt/alkaline non-tolerant plants, such as
wheat (Yang et al., 2008b, 2009) and tomato plants (Wang et
al., unpublished data, 2011), in which Na+ concentration are
obviously higher than K+ concentration, the main difference
for sunflower in response to salt or alkali stress is that it always
keeps higher K+ concentration (Fig. 3B) and lower Na+/K+
ratio (Fig. 3C) in leaves. The concentrations of Na+ and K+
might possess organ specificity (Table 1). This characteristic
reflects a specific adaptability of sunflower under long-term
stress. The sunflower plants accumulated a large amount of K+
instead of Na+, which not only reduced the water potential
to achieve osmotic adjustment, but also reduced Na+ toxicity
(Munns, 2002). This kind of specific adaptability of sunflower
is closely related to the regulation of Na+ and K+ transport in
the CNZ. Specifically, CNZ restricted Na+ transport (Fig.
2186

4A), but not K+ (Fig. 4B), which resulted in high uptake of
K+, and maintained a lower Na+/K+ ratio. And the effect of
CNZ on Na+ transport was more significant than other ions
(Table 2). This differs in salt/alkaline non-tolerant tomato
plants (Wang et al., unpublished data, 2011), in which CNZ of
tomato plants had no restriction of Na+ and K+ transport.
In the present study, the Na+ transport and accumulation
patterns in sunflower under salt or alkali stress were tested
(Fig. 3 and 4A). Several mechanisms could explain the
decrease in the Na+ concentration in the leaves of sunflower
compared to roots and in the xylem sap above CNZ
compared to below CNZ: Na+ exclusion by sunflower roots;
minimization of Na+ loading to the xylem or maximization
of retrieval before reaching the leaves by CNZ restriction;
and Na+ retention within CNZ. Lower Na+ concentrations
in the xylem sap above than below CNZ were obtained (Fig.
4A). The decrease in Na+ concentration was possibly due to
the maximum retrieval from the xylem before it reaches the
sensitive tissues in the leaves (Tester and Davenport, 2003).
However, the exact mechanisms of Na+ removal from xylem
sap in the CNZ are unclear. This process may involve the
xylem parenchyma (Kramer, 1983). About 10 to 15% of the
surface area of the xylem tracheids is in contact with the
xylem parenchyma at structures called bordered pits (Tester
and Davenport, 2003). This large surface area can easily
accommodate the large quantities of ions and water that must
be passed from the root to the shoot, even on salt or alkali
stress. It is possible that Na+ can be removed from xylem sap
in the CNZ via channels or transporters in these parenchyma
cells. A likely pathway is via a Na+-permeable channel, an
inwardly rectifying channel in the xylem parenchyma cells
like for barley (Hordeum vulgare L.) (Wegner and Raschke,
1994). AtHKT1;1 is generally accepted to mediate the
retrieval of Na+ from the xylem sap (Davenport et al., 2007;
Sunarpi et al., 2005). SKC1 (renamed OsHKT1;5) is a plasma
membrane K+-independent, Na+-selective transporter that is
preferentially expressed in the parenchyma cells surrounding
xylem vessels (Brini and Masmoudi, 2012). Moreover, the
pumping of Na+ into the vacuole may be achieved by a
vacuolar Na+/H+ antiporter, whose activity increases on
addition of Na+ in the roots of cotton (Gossypium hirsutum
Agronomy Journal
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Fig. 4. Concentrations of ions, Na+/K+ ratio and Na+/Ca2+ ratio in xylem sap of sunflower after 9 d exposure to salt and alkali stresses.
Sunflower plants were treated with salt (NaCl/Na2SO4 = 9:1, 60 mM) and alkali (NaHCO3/Na2CO3 = 9:1, 60 mM) stresses. Data
represent mean ± SE of five replicates. Different letters represent significant differences among columns at P £ 0.05, according to
Student–Newman–Keuls (q test).

L.) (Wu et al., 2004) and Medicago (Zahran et al., 2007).
Thus, the removal of excess salts from the xylem would allow
leaves to be protected from Na+ toxicity.
The K+ is essential for many metabolic processes and
lower Na+/K+ ratio is an important factor of salt or alkali
Agronomy Journal
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tolerance in plants (Wakeel, 2013). In the present study,
high K+ concentrations in leaves were observed under
control and the two stress conditions (Fig. 3B). This result
showed that sunflower had efficient mechanisms for K+
acquisition and transport from root to leaf in the presence
2015
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Table 2. Result of three-way variance analysis (ANOVA) of salt treatment, salt concentration, and above/below cotyledon node zone
(CNZ) for the strain indexes selected. The values are presented in table are mean squares.
Salt treatment
Salt treatment
Salt
× salt
Strain
Salt
Salt
× salt
treatment
Salt concentration
concentration
index
treatment
concentration
CNZ
concentration
× CNZ
× CNZ
× CNZ
230.63**
103.99**
1695.22**
69.12**
132.07**
26.62**
3.57*
Na+
57.90**
168.93**
13.85**
48.66**
8.56*
3.70*
5.96*
K+
577.86**
118.65**
8590.80**
114.97**
343.54**
15.81**
3.79*
Na+/K+
4225.27**
116.67**
983.13**
42.67**
48.86**
52.45**
19.12**
Ca2+
43.81**
92.76**
1213.02**
50.34**
29.06**
45.20**
20.14**
Na+/Ca2+
52.20**
56.27**
12.53**
9.89**
31.93**
5.16**
8.12*
Mg2+
1546.28**
511.72
18.91**
3.91*
1.36
4.11*
1.46
Cl–
354.62**
190.30**
94.80**
17.46**
1.43
2.40*
24.87**
NO3–
84.41*
78.79**
164.03**
30.68**
0.001
1.67
12.98**
H2PO4–
34.57**
14.65**
4.07*
19.66**
0.127
24.98**
11.38**
SO42–
* P £ 0.05.
** P £ 0.01.

of salt or alkali. It may have high affinity K+ transporters,
and the CNZ did not restrict K+ transport from root to
leaf, however, Na+ transport had been restricted, which
resulted in a lower Na+/K+ ratio in leaves (Fig. 3 and 4C).
Furthermore, K+ concentrations below and above the CNZ
under salt and alkali were higher than those of control,
however, there was no difference in leaf K+ concentrations
among the treatments. This indicated that sunflower not
only had efficient mechanisms for K+ acquisition but also
could maintain the proper concentration of K+ required for
normal growth in the stress conditions. As reported before
(Liu and Wu, 1999), superfluous K+ showed significant
injury on plant growth by decreasing the activity of proton
pump at plasma membrane. In addition, salt stress did not
induce the accumulation of Ca 2+ in roots and leaves (Fig.
3D), but led to a higher Na+/Ca 2+ ratio than alkali stress
(Fig. 3F), which is consistent with previous studies (Aziz
and Khan, 2001; Munns, 2002). Compared to salt stress,
alkali stress did stimulate the accumulation of Ca 2+ in roots
and leaves (Fig. 3D). The accumulation of Ca 2+ in roots
might contribute to the increase in Na+/K+ selectivity under
alkali stress. Although there was no difference in Mg 2+
concentration above CNZ between salt and alkali stresses,
the concentration in leaves was higher under alkali stress
than salt stress, just as Ca 2+ (Fig. 3 and 4F). This might be
due to enhancement of chlorophyllase activity by high pH
under alkali stress (Reddy and Vora, 1986), which caused
reduction in chlorophyllase level (Sudhakar et al., 1991)
and subsequent increase in free Mg 2+ concentration of
sunflower cells.
Salt and alkali stresses not only affected the metabolism
of cations, but also interfered with the transport and
accumulation of inorganic anions (Fig. 3 and 4G–4J). The
CNZ did not restrict Cl– transport from root to leaf which
permitted a higher Cl– concentration in leaves than in roots
(Fig. 3 and 4G). Rauf et al. (1989) reported that the increase
in leaf Cl– concentration with increase under salinity. The
increase in Cl– concentration was attributed to massive
uptake of Cl– by the plants as well as reduced growth under
adverse environment. However, CNZ slightly restricted
2188

NO3 – and H 2PO 4 –, leading to lower concentrations in
leaves than in roots (Fig. 3 and 4H and 4I), which indicated
NO3 – and H 2PO 4 – uptake in the root and transport from
root to shoot might be suppressed by the presence of Cl–,
consistent with previous studies (Abdelgadir et al., 2005).
The NO3 – and H 2PO 4 – accumulation was found to be lower
under alkali stress compared to salt stress, although the
energy consumption from synthesizing organic compounds
is more than from absorbing inorganic ions.
Organic Acid Accumulation
Plants under saline or alkaline conditions usually
accumulate inorganic ions in vacuoles to decrease cell water
potential, as energy consumption from synthesizing organic
compounds is more than from absorbing inorganic ions. In
this study, the synthesis of OAs was enhanced in sunflower
under salt and alkali stress (Table 4), which is consistent
with previous reports in halophytes Kochia sieversiana
(Pallas) C.A. Mey. (Yang et al., 2007) and seepweed
[Suaeda glauca (Bunge) Bunge] (Yang et al., 2008a). The
accumulation of organic acids may be not only a result
caused by ionic imbalance (Table 5), but also a response to
the pH of the treatment solution. As seen in Fig. 5, organic
acid concentrations in sunflower seedlings increased with
increasing pH of different treatment solutions. The total
organic acid concentrations in leaves are higher than those
in roots under salt or alkali stresses (Fig. 5I). Plant cells in
stress conditions accumulated OAs to neutralize Na+ and
other cations, and regulate intracellular pH, possibly to
keep ion balance and a stable pH. This could maintain the
cellular metabolism and homeostasis and reduce damages
on photosynthetic organs and cell membrane systems
(Yan et al., 2005).
In addition, the pattern of OA accumulation varied in
different organs. Sunflower accumulated mainly citrate
and malate in leaves (Fig. 5, Table 3). However in roots, less
citrate and malate accumulated, and acetate accumulation
was enhanced significantly (Fig. 5, Table 3), which indicates
roots and leaves might use different mechanisms to modulate
OA metabolism. As an alkali-semi-tolerant plant, sunflower
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Fig. 5. Concentrations of various organic acids in roots and leaves tissue sap of sunflower after 9 d exposure to salt and alkali stresses. Sunflower
plants were treated with salt (NaCl/Na2SO4 = 9:1, 60 mM) and alkali (NaHCO3/Na2CO3 = 9:1, 60 mM) stresses. Data represent mean ± SE of
five replicates. Different letters represent significant differences among columns at P £ 0.05, according to Student–Newman–Keuls (q test).

may have evolved unique mechanisms to regulate OAs
metabolism. Under alkali stress, high pH would easily result
in soil hardening, which might make less oxygen available for
sunflower roots to carry out aerobic respiration.
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In conclusion, sunflower CNZ had obvious restriction on
Na+ transport, which resulted in reduced Na+ transport to
leaf and increased salt or alkali tolerance of sunflower. High
uptake of K+, and maintenance of lower Na+/K+ ratio and K+
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C
S
A

1.29 ± 0.05
1.10 ± 0.05
0.98 ± 0.07

45.51 ± 0.59
49.30 ± 0.80*
41.01 ± 1.45*

40.10 ± 0.94
37.63 ± 0.49*
46.95 ± 1.05*

2.09 ± 0.22
2.16 ± 0.21
1.64 ± 0.49

1.83 ± 0.01
1.90 ± 0.02
1.39 ± 0.02

3.03 ± 0.24
2.67 ± 0.13
2.60 ± 0.12

5.31 ± 0.09
4.27 ± 0.07
4.87 ± 0.12

0.85 ± 0.04
0.97 ± 0.02
0.57 ± 0.01

* P £ 0.05.
** P £ 0.01.

L

C
S
A

0.39 ± 0.02
0.42 ± 0.01
0.38 ± 0.01

56.89 ± 3.57
52.80 ± 2.90**
54.83 ± 3.70*

1.66 ± 0.09
1.22 ± 0.07
2.47 ± 0.10

4.33 ± 0.17
3.91 ± 0.07
5.52 ± 0.16

5.41 ± 0.09
11.38 ± 0.9**
5.73 ± 0.16*

19.87 ± 1.37
18.51 ± 1.20*
13.76 ± 0.81**

0.39 ± 0.02
0.74 ± 0.04
0.76 ± 0.05

2.39 ± 0.16
2.39 ± 0.18
3.07 ± 0.18

8.67 ± 0.07
8.64 ± 0.09
13.48 ± 0.12**

Table 4. Percentage of each solute molarity in total determined molarity in sunflower under salt and alkali stresses. Data were calculated according to means of each treatment. R: Root, L: Leaf,
C: Control, S: Salt stress, A: Alkali stress.
Organ
Treatment
Na+
K+
Ca2+
Mg2+
Cl–
NO3–
H2PO4–
SO42–
Organic acid
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– [%] ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
C
9.47 ± 0.86
38.91 ± 1.75
0.27 ± 0.02
1.13 ± 0.11
2.21 ± 0.08
36.04 ± 2.74
2.18 ± 0.06
5.19 ± 0.39
4.61 ± 0.26
R
S
23.37 ± 1.97**
26.15 ± 2.36**
0.19 ± 0.01
0.89 ± 0.07
7.05 ± 0.10**
31.05 ± 2.53**
1.36 ± 0.11
4.27 ± 0.26
5.66 ± 0.19
A
32.42 ± 1.15**
19.48 ± 1.98**
0.40 ± 0.01
1.05 ± 0.05
1.85 ± 0.11
29.81 ± 1.74**
0.86 ± 0.05
3.92 ± 0.23
10.20 ± 0.45**

* P £ 0.05.
** P £ 0.01.

L

Table 3. Percentage of each organic acid in total organic acids in sunflower under salt and alkali stresses. Data were calculated according to means of each treatment. R: Root, L: Leaf, C:
Control, S: Salt stress, A: Alkali stress.
Organ Treatment
Tartrate
Citrate
Malate
Formate
Lactate
Acetate
Succinate
Oxalate
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– [%] ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
C
5.56 ± 0.07
10.01 ± 0.12
2.23 ± 0.14
5.94 ± 0.04
4.99 ± 0.04
57.11 ± 2.91
12.31 ± 0.35
1.84 ± 0.08
R
S
8.21 ± 0.11
13.17 ± 0.18*
2.45 ± 0.36
4.37 ± 0.14
3.80 ± 0.05
53.87 ± 3.34**
12.61 ± 0.59*
1.53 ± 0.09
A
10.65 ± 0.46
17.60 ± 0.67**
7.31 ± 0.77
3.89 ± 0.11
2.99 ± 0.08
44.68 ± 1.99**
12.01 ± 1.09*
0.87 ± 0.01

NO3
H2PO4–
SO42–
Organic acid
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– [%] –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
18.50 ± 0.18
76.04 ± 1.91
1.06 ± 0.03
4.40 ± 0.11
3.84 ± 0.03
62.71 ± 2.81
3.79 ± 0.13
18.05 ± 1.01
11.61 ± 0.81
45.22 ± 0.36** 50.59 ± 1.38**
0.73 ± 0.02
3.46 ± 0.08
12.44 ± 1.01
54.79 ± 1.90**
2.40 ± 0.14
15.05 ± 0.98
15.32 ± 1.09
59.14 ± 1.81** 35.54 ± 2.19**
1.48 ± 0.09
3.84 ± 0.12
3.21 ± 0.04
51.88 ± 2.01**
1.50 ± 0.10
13.66 ± 1.11
29.75 ± 1.78
0.56 ± 0.01
82.13 ± 1.90
4.81 ± 0.10
12.50 ± 1.14
10.54 ± 0.90
38.73 ± 1.07
0.76 ± 0.01
9.31 ± 0.07
40.66 ± 2.09
0.66 ± 0.03
83.20 ± 1.15**
3.83 ± 0.18
12.31 ± 1.10
20.11 ± 1.09
32.72 ± 1.89**
1.31 ± 0.09
8.47 ± 0.03
37.40 ± 1.65
0.53 ± 0.04
77.03 ± 1.69**
6.94 ± 0.23
15.50 ± 0.98
9.83 ± 0.39*
23.61 ± 1.01**
1.31 ± 0.89
10.52 ± 0.90
54.75 ± 1.29**

This work was supported by grants from the National Natural
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