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† Background and Aims The source of nitrogen plays an important role in salt tolerance of plants. In this study, the
effects of NaCl on net uptake, accumulation and transport of ions were investigated in Nerium oleander with
ammonium or nitrate as the nitrogen source in order to analyse differences in uptake and cycling of ions within
plants.
† Methods Plants were grown in a greenhouse in hydroponics under different salt treatments (control vs. 100 mM

NaCl) with ammonium or nitrate as the nitrogen source, and changes in ion concentration in plants, xylem sap
exuded from roots and stems, and phloem sap were determined.
† Key Results Plant weight, leaf area and photosynthetic rate showed a higher salt tolerance of nitrate-fed plants com-
pared with that of ammonium-fed plants. The total amount of Naþ transported in the xylem in roots, accumulated in
the shoot and retranslocated in the phloem of ammonium-fed plants under salt treatment was 1.8, 1.9 and 2.7 times
more, respectively, than that of nitrate-treated plants. However, the amount of Naþ accumulated in roots in nitrate-
fed plants was about 1.5 times higher than that in ammonium-fed plants. Similarly, Cl2 transport via the xylem to
the shoot and its retranslocation via the phloem (Cl2 cycling) were far greater with ammonium treatment than with
nitrate treatment under conditions of salinity. The uptake and accumulation of Kþ in shoots decreased more due to
salinity in ammonium-fed plants compared with nitrate-fed plants. In contrast, Kþ cycling in shoots increased due to
salinity, with higher rates in the ammonium-treated plants.
† Conclusions The faster growth of nitrate-fed plants under conditions of salinity was associated with a lower trans-
port and accumulation of Naþ and Cl2 in the shoot, whereas in ammonium-fed plants accumulation and cycling of
Naþ and Cl2 in shoots probably caused harmful effects and reduced growth of plants.
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INTRODUCTION

Nerium oleander is an evergreen sclerophyllous C3 shrub,
native to arid regions in a broad area from Morocco to
southern China, and planted widely as an ornamental
plant in many warm parts of the world, including hot
desert areas (Huxley, 1992). It is of interest for revegetation
and landscaping, because of its ornamental value and its
capacity to acclimate to adverse environmental conditions.
Several investigators have reported remarkable drought tol-
erance of N. oleander (Björkman and Powles, 1984;
Demmig et al., 1988). Salinity can inhibit plant growth
by a range of mechanisms, including low external water
potential, ion toxicity and interference with the uptake of
nutrients, particularly Kþ (Munns, 1993; Tester and
Davenport, 2003). Previous studies have indicated that the
salt tolerance of N. oleander is achieved by inhibition of
uptake of Naþ and Cl2 and their accumulation in the
shoot, as well as maintenance of a high Kþ/Naþ ratio in
plants (Hajji, 1979; Abdolzadeh et al., 1998).

Plant metabolism of nitrogen is influenced by the inor-
ganic form of nitrogen supplied. Since salinity affects the
uptake and assimilation of nitrogen in various plant

species, the nitrogen source plays an important role in salt
tolerance of plants. In most studied species, including
wheat (Leidi et al., 1991), maize (Lewis et al., 1989),
peanuts (Silberbush and Lips, 1988), pea (Speer et al.,
1994; Frechilla et al., 2001), muskmelon (Adler and
Wilcox, 1995) and sunflower (Ashraf, 1999), plants grown
with ammonium as the nitrogen source show a higher
level of salt sensitivity than those grown with nitrate.
Similarly, a study of salt tolerance of N. oleander with
different nitrogen sources indicates that ammonium-fed
plants show a greater reduction in dry weight under saline
conditions than those grown with nitrate. One of the main
reasons for such a difference might be related to a different
distribution and accumulation of Naþ and Cl2 in roots and
shoots (Abdolzadeh et al., 1998). These different patterns
were suggested to be the result of the relative contribution
of xylem and phloem import and of export via the
phloem. It is generally accepted that an increased Kþ/Naþ

ratio and reduced Naþ translocation from the root to the
shoot contribute to the overall salt tolerance in glycophytes
(Tester and Davenport, 2003; Parida and Das, 2005). It is of
interest, therefore, to evaluate the rate of phloem and xylem
transport between roots and shoots to quantify the effects of
NaCl on uptake and transport of ions within intact plants
using different nitrogen sources. In Ricinus communis,
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Lupinus albus and Banksia prionotes, small amounts of
phloem exudate can be collected after a small incision is
made in the aerial part of plants. Most of our knowledge
about transport of ions comes from these species
(Marschner, 1995; Jeschke and Pate, 1995). The same prop-
erty was found in N. oleander; it spontaneously exudes
phloem sap that can be collected by making shallow
incisions in the stem (A. Abdolzadeh, pers. obs.).

Armstrong and Kirkby (1979) used a model that assumes
Ca2þ is not translocated in the phloem. Such an assumption
may not be completely valid, as illustrated by the finding of
45Ca in a part of the root system that was not supplied with
labelled Ca2þ in a spilt-root experiment (Lambers et al.,
1982); however, the Ca2þ concentration in phloem sap in
comparison with other macronutrients is, indeed, negli-
gible. Thus, the xylem flux of Ca2þ can be estimated
from the accumulation of Ca2þ in shoots. The xylem
fluxes of other ions are then calculated from the Ca2þ

flux and the ion/Ca2þ ratios in the xylem sap. Finally, the
phloem fluxes are calculated from the difference between
accumulation rates and xylem fluxes (Armstrong and
Kirkby, 1979; Touraine et al., 1988; Gouia et al., 1994,
Lu et al., 2005; Niu et al., 2007).

In the present study, growth and changes in ion concen-
trations in whole plants, xylem sap exuded from roots and
stems, and phloem sap were determined in N. oleander
exposed to saline conditions and grown with either
ammonium or nitrate. Based on the above model, the
uptake and flows of major ions in shoots and roots were
estimated in order to elucidate the relationship between
some mineral cycling and salinity tolerance as influenced
by different nitrogen sources.

MATERIALS AND METHODS

Plant material and growth conditions

Plants were grown in a greenhouse from shoot cuttings of a
single tree of N. oleander L. (Rosebay). Plants of a similar
size were transferred to a hydroponics culture with
ammonium or nitrate as the nitrogen source. The nutrient
solution was made with tap water and contained 0.5 mM

MgSO4, 0.5 mM KH2PO4 and micronutrients (Gibson,
1987) in all treatments. Other nutrients included 2.5 mM

KNO3 and 1.5 mM Ca(NO3)2 for the nitrate treatment, and
1.5 mM CaCl2, 2.75 mM (NH4)2SO4 and 2.5 mM KCl for
the ammonium treatment. The pH of the nutrient solution
was adjusted daily to 6.3+ 0.2 with 0.1 M KOH or
H2SO4, and the nutrient solution was changed every
week. Salinity treatments (100 mM NaCl) were started 3
weeks after transfer to nutrient solution. Salinity treatments
were started with 25 mM NaCl and increased in three steps
to 100 mM to avoid osmotic shock. The average daily
maximum and minimum temperature in the greenhouse
during the growing period were 32 and 188C, respectively.
The relative humidity was between 42 and 75%. Four plants
in each treatment were harvested at days 1, 3, 7, 15 and 30
after starting the salt treatment for growth assessment and
chemical analyses. The phloem and xylem sap collections
were carried out on the same days (days 1, 3, 7, 15 and

30 after starting the salt treatment). Leaf area was deter-
mined by an automatic leaf area meter (Model AAM-7
Hyashi Denkoh Co. Ltd, Tokyo, Japan).

Gas exchange measurements

CO2 assimilation (net photosynthesis) and transpiration
rates of attached leaves were measured using a portable gas
exchange system (ADC Infrared Gas Analyzer type LCA4
with PLC4 chamber, Hertfordshire, UK) at various time inter-
vals during the study. Measurements were taken from 1000 h
to 1500 h, at a CO2 concentration of approx. 360 mmol mol21,
vapour pressure deficit of 1.2 kPa and a photosynthetuic
photon flux density of 1000 mmol m22 s21. Each measure-
ment took approx. 7 min, and the parameters were recorded
every 30 s. The mean of the values obtained during the
stable part of the experiment (lasting 4 min) was used as
one value. Water-use efficiency (mmol CO2 fixed per mmol
water lost) was calculated by dividing net photosynthesis by
transpiration rates.

Xylem and phloem sap collection

Phloem exudate was collected from 0900 h to 1100 h by
making shallow incisions in the middle of the stem using a
sharp razor blade. Phloem sap exuded from the incisions
almost immediately in small droplets. The first drop of
sap may contain cell sap and was discarded (Jeschke and
Pate, 1995). Approximately 50–100 mL of phloem sap
was collected by a Hamilton syringe over a 2–3 min
period, and pooled into small plastic vials. Total carbon,
nitrogen and carbohydrate concentrations were measured
in the exuded sap. The total C and N concentration was
determined in freeze-dried phloem sap after the dried
powder was mixed with 4 g of cobalt oxide using a C-N
Corder (Yanaco Co. Type TNC-600, Kyoto, Japan).
Hippuric acid was use as a standard. The freeze-dried
samples were dissolved in 7 mL of distilled water and
passed through an ion exchange column (Amberlite
CG-120 cation exchange resin and Amberlite CG-400
anion exchange resin, Sigma, Tokyo, Japan) before quanti-
fication of soluble sugars by high-performance liquid
chromatography (HPLC; Shimazu Co., Kyoto, Japan).
The mobile phase was water, and separation was carried
out at 808C at a flow rate of 0.5 mL min21. Xylem sap
was collected from stems (from 1000 h to 1200 h) and
roots separately. In stems, after collection of phloem sap
the external tissue of the vascular cambium, including the
phloem, was peeled off, and then the stem was cut and
the exuded sap was collected. After approx. 1–2 min,
about 100 mL of xylem sap was collected. In the case of
small volumes for plants under a prolonged period of sal-
inity, the stem segments were gently pressurized with air.
For roots, one or two of the main cut roots were sealed in
a pressure chamber and mildly pressurized with air, and
the exuded sap was collected. For evaluation of the purity
of the xylem sap, the concentration of carbohydrates was
measured in xylem sap as described above. All sap
samples were stored at –208C until inorganic ion analysis.
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Chemical analyses

At each harvest, about 0.8 g of plant material was ground
in liquid nitrogen, extracted with distilled water, mixed with
a homogenizer, boiled for 15 min in a water bath and the
supernatant was separated by centrifugation. Extractions
were performed three times and the resulting supernatants
were pooled. The supernatants were analysed for the con-
centration of ions by ion chromatography (Abdolzadeh
et al., 1998).

Empirical model for uptake, transport and accumulation of
ions

The uptake of ions between day 15 and day 30 was cal-
culated from the increment of the ion content in plant
organs and divided by 15 (mmol per organ per day) from
the following equation

DK ¼ ðDKl=15Þ þ ðDKr=15Þ þ DKst=15Þ ð1Þ

where DK is the increment of Kþ from day 15 to 30 during
the experimental period, and the subscripts ‘l’, ‘r’ and ‘st’
indicate leaves, roots and stems, respectively.

Based on the model introduced by Armstrong and Kirkby
(1979), flows of ions were calculated. This method is based
on the following assumptions: (a) transport between organs
occurs exclusively through the xylem and phloem; (b)
transport occurs by mass flow and any two compounds
are translocated in proportion to their molar ratio; and (c)
phloem transport of Ca2þ is assumed to be negligible. In
shoots, the sum of the increment of any ion, e.g. DKs

(mmol per organ per day), during a defined period equals
the difference between the flows of the xylem (Jion, x) and
phloem (Jion, p). For example, for Kþ

DKs ¼ Jk;x � Jk;p ð2Þ

Assuming that Ca2þ was not transported in the phloem,
its xylem transport was estimated from the absolute Ca2þ

increase in shoots, and this equation simplifies to

DCa2þ
s ¼ JCa;x ð3Þ

Assuming mass flow in the xylem, the ratio of the flows
of Kþ and Ca2þ are equal to their molar ratio in the xylem

JK;x=JCa;x ¼ ðK
þ=Ca2þÞx ð4Þ

Using eqn (3) substituting DCa2þ
s for JCa, x in eqn (4), the

flow of Kþ in the xylem is then

Jk;x ¼ DCas � ðK
þ=Ca2þÞx ð5Þ

Xylem transport of Kþ in roots and shoots was then cal-
culated by multiplying the Ca2þ increment in the shoot by
the Kþ/Ca2þ molar ratios in the xylem sap exuded from
excised roots and intact shoots. The recirculation of ions

in the phloem was the difference between xylem transport
and accumulation in shoots. Therefore, the flow of Kþ in
the phloem (separately in the root and shoot) can be esti-
mated using eqn (2)

Jk;p ¼ Jk;x � DKs ð6Þ

Flows of other ions could be estimated correspondingly.
The mean of the ion/Ca2þ molar ratio between days 15 and
30 as determined by analysis of xylem sap exuded from
excised roots and from the middle part of stems was used
for calculation of flows in root and shoot. The higher flow
of an ion in the shoot xylem compared with that in the
root xylem indicates release of this ion into the xylem in
the shoot from the phloem (cycling). The release was calcu-
lated from the difference of the ion flow in the xylem in the
shoot and root. Similarly, a lower flow of an ion in the shoot
xylem than in the root xylem indicates resorption of this ion
from the xylem sap during ascent (observed only for Naþ).
The resorption of ions was calculated from the difference of
the ion flow in the xylem in the root and shoot. All values
obtained for the uptake and accumulation rates were divided
by the mean dry weight over days 15–30 assuming linear
growth during these days, and all numbers in the models
are presented as mmol g21 d. wt d21 (Armstrong and
Kirkby, 1979; Touraine et al., 1988; Gouia et al., 1994;
Lu et al., 2005; Niu et al., 2007). This allows comparison
of flows in plants of different sizes and the opportunity to
highlight the specific effects of NaCl and nitrogen source
on these flows that cannot be accounted for by differences
in biomass.

Statistical analysis

The experiments were carried out using a completely ran-
domized factorial design. Statistical analyses of data were
carried out using SAS statistical software (SAS Institute
Inc., 2001). All data subjected to analysis of variance,
and comparisons of means were performed using the l.s.d.
test.

RESULTS

Growth and gas exchange

The total dry weight of plants increased similarly over time
in both nitrogen treatments under non-saline conditions
(Fig. 1). However, the response of plants to salinity
depended on the nitrogen source. There was no significant
difference in total dry weight of NO3-fed plants due to sal-
inity, but salinity markedly reduced the total dry weight of
NH4-fed plants. The effect of salinity was more severe in
roots of NH4-fed plants. At the end of the experimental
period, root dry weight of the NH4-fed plants was 43.8%
lower than that of NO3-fed plants under conditions of
salinity.

The decrease in total leaf area due to salinity was more
severe in NH4-fed plants than in NO3-fed plants
(Table 1). At day 30, total leaf area of the NH4-fed plants
under treatment with saline was 44% lower than that of
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control plants, whereas in the NO3-treated plants it was only
29% lower. The decline in photosynthetic rate was also
more severe under saline treatment in NH4-fed plants than
in NO3-fed plants. Transpiration was slightly higher in
NH4-fed plants than in NO3-fed plants under control con-
ditions, but there was no change due to salinity in either
nitrogen treatment. Water-use efficiency was lower in
NH4-fed plants in control conditions, but declined similarly
with both nitrogen sources with saline treatment.

Ion concentration in plants

The concentrations of Naþ and Cl2 were very low in
control plants, but increased significantly with increasing
time of exposure to salinity (Table 2). The concentrations
of Naþ and Cl2 in roots were much higher than those in
leaves. The concentrations of Naþ and Cl2 in leaves and

stems were significantly higher in NH4-fed plants than in
NO3-fed plants after 15 d of exposure to salinity;
however, after 30 d of the salt treatment, a significant differ-
ence remained only in stems. The concentration of both
Naþ and Cl2 in roots was significantly higher in NO3-fed
plants than in NH4-fed plants, and increased with time of
exposure to salinity.

The concentration of Kþ was significantly higher in
NO3-fed plants than in NH4-fed plants in all organs under
control conditions (Table 2). Salinity induced a significant
reduction in the Kþ concentration in both nitrogen treat-
ments, and this pattern was not affected by time of
exposure. The decrease in Kþ concentration in leaves due
to salinity was similar in both nitrogen treatments. In con-
trast, the decrease in concentration of Kþ in roots was
more severe in NO3-fed plants than in NH4-fed plants.
The Kþ/Naþ ratio with saline treatment was higher in
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FI G. 1. Effect of salinity on dry weight of leaves, roots and stems of Nerium oleander plants grown for 30 d at 100 mM NaCl as affected by ammonium or
nitrate as the nitrogen source. Vertical bars represent s.e. (n ¼ 4) for the total dry weight of plants. Columns not sharing the same letter within each group

indicate significant differences between treatments for total dry weight according to the l.s.d. test (P , 0.05).

TABLE 1. Effect of salinity on rate of photosynthesis and transpiration, water-use efficiency and total leaf area in Nerium
oleander plants after about 1 month of exposure to 100 mM NaCl as affected by ammonium or nitrate as the nitrogen source

NH4
þ-N NO3

2-N

0 100 0 100

Photosynthetic rate (mmol CO2 m22 s21) 8.0+0.44a 4.7+0.54b 7.6+0.29a 5.3+0.46b

Transpiration rate (mmol H2O m22 s21) 5.4+0.27a 5.4+0.41a 4.7+0.26a 4.7+0.32a

Water-use efficiency (mmol CO2 fixed per mmol water lost) 1.48+0.13ab 0.87+0.14c 1.62+0.12a 1.13+0.15bc

Leaf area (cm2) 1740+106a 981+74b 1644+73a 1178+93b

Values are means+ s.e. of four replicate plants. Rows not sharing the same letter indicate significant differences between treatments according to
the l.s.d. test (P , 0.05).
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leaves and stems and lower in roots of NO3-fed plants com-
pared with thoise fed NH4. At day 30, the Kþ/Naþ ratio was
4.5 in leaves of NO3-fed plants under saline conditions
compared with 3.4 in NH4-treated plants

The concentration of Ca2þ decreased similarly in leaves
and stems due to salinity in both nitrogen treatments, but
did not change markedly in roots (Table 2).

The concentration of ions in xylem and phloem sap

The concentration of sugars in xylem sap exuded from
roots and shoots was negligible, as expected (Table 3).
The equivalent sum of anions and cations was lower in
xylem sap exuded from roots than in xylem sap exuded
from the stem. Salinity induced a marked increase in the
equivalent sum of anions and cations in xylem sap of
both roots and stems, especially in NH4-fed plants. The
phloem exudate had a high dry matter content
(.100 g L21), a high carbon (99–130 g L21) and nitrogen
(3–7 g L21) concentration, with a C/N ratio of around 20, a
high sugar concentration (72–83 g L21) and a high concen-
tration of anions and cations, especially potassium,

phosphate and chloride. Salinity caused a marked reduction
in the phloem sap carbon and nitrogen concentrations in
NH4-fed plants, compared with those in NO3-fed plants.

The concentration of Naþ and Cl2 in xylem sap exuded
from roots or stems, and that in phloem sap was negligible
in control conditions, but increased drastically due to sal-
inity. However, the increase in Naþ concentration in sap
due to salinity was much lower in xylem sap exuded from
stems in comparison with that exuded from roots (Fig. 2).
In contrast to Naþ, with salinity treatment the Cl2 concen-
tration was less in xylem sap exuded from roots than in that
exuded from stems. The smallest increase in concentration
of Naþ was observed in phloem sap in both nitrogen treat-
ments under conditions of salinity. The increase in Naþ

concentration due to salinity was markedly lower in
xylem sap exuded from stems and phloem sap of NO3-fed
plants than in that from NH4-fed plants. No significant
difference was observed in Naþ concentration in xylem
sap exuded from roots between nitrogen treatments due to
salinity, except at day 30 when the Naþ concentration
was markedly higher in NH4-fed plants. Similarly to Naþ,
with saline treatment the concentration of Cl2 in NO3-fed

TABLE 2. Naþ, Kþ, Ca2þ and Cl2 concentration (mg g21 d wt) and the Kþ: Naþ ratio in Nerium oleander plants at days 15
and 30 of salt treatments (control vs. 100 mM NaCl) with ammonium or nitrate as the nitrogen source

NH4
þ-N NO3

2-N

Harvest day 0 100 0 100

Leaf
Naþ 15 0.70+0.20 (321) 1.74+0.08 (584) 0.87+0.05 (561) 1.33+0.44 (832)

30 0.46+0.11 (327) 2.34+0.23 (1310) 0.69+0.05 (583) 2.43+0.15 (1766)
Kþ 15 11.3+0.50 (3040) 8.7+0.49 (1725) 14.4+0.59 (5477) 10.7+1.77 (3653)

30 10.4+0.28 (4287) 7.9+1.29 (2589) 14.7+0.75 (7275) 10.9+0.79 (4795)
Ca2þ 15 1.97+0.04 (518) 1.16+0.36 (223) 1.51+0.17 (608) 0.91+0.20 (325)

30 1.67+0.11 (672) 0.96+0.15 (310) 1.78+0.45 (860) 1.03+0.08 (429)
Cl2 15 1.94+0.12 (576) 6.41+0.52 (1397) 1.48+0.40 620) 3.37+0.38 (1366)

30 1.27+0.37 (581) 5.83+0.20 (2117) 1.28+0.19 (697) 5.78+0.12 (2730)
Kþ/Naþ 15 9.47 2.95 9.76 4.39

30 13.11 1.98 12.48 2.72
Root
Naþ 15 0.64+0.05 (209) 7.88+0.40 (1094) 0.73+0.50 (163) 10.43+0.60 (2584)

30 0.58+0.17 (322) 12.43+0.51 (2769) 0.60+0.05 (184) 16.00+0.10 (6268)
Kþ 15 9.4+2.32 (1792) 4.9+1.09 (402) 18.4+1.17 (2538) 5.1+0.34 (737)

30 8.6+0.80 (2785) 4.7+0.11 (618) 20.0+2.56 (3612) 4.3+0.21(1452)
Ca2þ 15 0.35+0.10 (65) 0.40+0.07 (32) 0.52+0.12 (66) 0.74+0.36 (106)

30 0.57+0.15 (182) 0.67+0.08 (85) 0.81+0.09 (143) 0.72+0.02 (161)
Cl2 15 2.00+0.27 (420) 10.65+0.60 (959) 1.31+0.68 (189) 16.04+1.24 (2579)

30 1.71+0.36 (611) 10.53+0.96 (1521) 1.39+0.15 (277) 13.70+1.20 (3484)
Kþ/Naþ 15 8.59 0.37 15.57 0.29

30 8.65 0.22 19.63 0.23
Stem
Naþ 15 0.44+0.06 (137) 2.50+0.08 (471) 0.74+0.45 (288) 1.54+0.43 (619)

30 0.49+0.88 (246) 3.49+0.87 (1039) 0.85+0.57 (383) 2.35+0.56 (1221)
Kþ 15 9.3+0.61 (1697) 10.0+1.72 (1109) 15.6+1.61 (3561) 11.7+1.45 (2764)

30 10.4+0.96 (3053) 7.9+2.19 (1378) 15.7+1.86 (4181) 10.6+0.03 (3228)
Ca2þ 15 0.73+0.03 (130) 0.81+0.18 (88) 0.87+0.07 (193) 0.59+0.06 (136)

30 1.17+0.10 (336) 0.96+0.20 (163) 1.16+0.02 (300) 0.90+0.09 (269)
Cl2 15 1.74+0.15 (351) 4.65+1.22 (569) 1.60+0.42 (404) 2.71+0.43 (970)

30 1.44+0.12 (469) 5.17+0.77 (999) 1.51+0.10 (442) 4.09+0.04 (1378)
Kþ/Naþ 15 12.39 2.35 12.36 4.47

30 12.41 1.33 10.92 2.64

Values are means+ s.e. of four replicate plants.
Values in parentheses represent the ion content (mmol organ21).
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plants was lower than that in NH4-fed plants in both xylem
and phloem sap.

The concentration of Kþ was very low in xylem sap
exuded from roots, increased markedly in xylem sap
exuded from stems, and exhibited the highest concentration
in phloem sap in both nitrogen treatments (Fig. 3). In
control plants, the concentration of Kþ was markedly
higher in NO3-fed plants than in NH4-fed plants at day 30
in both xylem and phloem sap. Salinity increased the Kþ

concentration in both xylem and phloem sap. There was
no significant difference in the Kþ concentration between
NH4- and NO3-fed plants in xylem sap exuded from roots
and stems under saline conditions. However, under saline
conditions, the Kþ concentration in phloem sap was signifi-
cantly higher in NO3-fed plants.

The Ca2þ concentration increased in xylem sap exuded
from roots which had undergone saline treatment, with
higher concentrations in NO3-fed plants than in NH4-fed
plants (Fig. 3). The Ca2þ concentration did not show any
significant changes in xylem sap exuded from stems and
phloem sap with both nitrogen sources under salinity
treatment.

Modelling of flow

The total increments of ions during 15 d per plant organ
were determined (Table 2), and the sum of the increments
in different organs (mmol per plant from day 15 to 30)
was considered the total net uptake of ions (Table 4).
Means of the ion/Ca2þ molar ratio on day 15 and 30 from
analysis of xylem sap exuded from roots and stem are pre-
sented in Table 5. Both the Naþ/Ca2þ and the Cl2/Ca2þ

molar ratio increased under saline conditions in both
phloem and xylem sap. However, the increase due to sal-
inity was much lower in NO3-fed plants than in NH4-fed
plants. The Kþ/Ca2þ ratio did not change markedly in

xylem sap exuded from roots due to either salinity or nitro-
gen treatment, but it did increase due to salinity in xylem
sap exuded from the stem.

Total uptake of Ca2þ and its flow in the xylem was
reduced by salinity in both nitrogen treatments (Fig. 4).

The flow of Kþ in the root xylem (based on the Kþ/Ca2þ

ratio in xylem sap exuded from the root) was much lower
than the flow in shoot xylem (based on the Kþ/Ca2þ ratio
in the xylem sap exuded from the shoot; Fig. 5). The
only possible way to explain these differences in flows
between roots and shoots would be release of this ion
from phloem to xylem and its retranslocation back to the
shoot (cycling). The cycling of Kþ in shoots, i.e. the
amount of Kþ loading into the xylem from the phloem in
the shoot before entering the root, was calculated from
the difference in ion flow in the xylem in the shoot and
that in the root. There was not a great difference in the
uptake of Kþ between the two sources of nitrogen, but
uptake of Kþ in the shoot was reduced by .54% due to sal-
inity in NH4-fed plants compared with 47% in NO3-fed
plants. The xylem root transport of Kþ under saline con-
ditions decreased markedly under both nitrogen treatments.
The transport of Kþ via xylem and phloem in shoots was
more than three times higher than that in roots under both
nitrogen treatments, and was increased by salinity.

The lower flow of Naþ in shoot xylem compared with
that in roots under control conditions indicates resorption
of Naþ from the xylem during the ascent of sap (Fig. 6).
The resorption was calculated by the difference in ion
flow in root xylem and shoot xylem. However, the greater
flow of Naþ in shoot xylem compared with that in the
roots under saline conditions indicates a greater release of
Naþ from phloem to xylem during sap ascent. The Naþ

uptake due to salinity was higher when plants received
NO3 rather than when they were supplied with NH4, but
most Naþ accumulated in the roots. In the NO3 treatment

TABLE 3. Effect of salinity (control vs. 100 mM NaCl) on total C, N, amino acids, soluble sugars and the sum of equivalent
anion (Cl2, SO4

22, NO3
2 and PO4

32) and equivalent cation (Naþ, Kþ, Ca2þ, Mg2þ and NH4
þ) concentrations in phloem sap

and xylem sap exuded from excised roots and from the middle part of stems of Nerium oleander plant after 30 d exposure to
100 mM NaCl as affected by ammonium or nitrate as nitrogen source

NH4
þ-N NO3

2-N

0 100 0 100

Phloem sap
Total C (mg mL21) 130.8+6.44 99.6+8.28 121.2+4.76 113.4+4.93
Total N (mg mL21) 7.06+1.11 3.95+1.37 4.44+0.68 5.22+1.32
C/N ratio 18.52 25.23 27.30 21.73
Sugar (mg mL21) 83.2+5.33 75.4+6.12 78.6+9.62 72.8+12.02
S Anion (meq L21) 111.1 183.1 83.2 156.4
S Cation (meq L21) 103.9 144.3 114.8 171.4
Xylem sap root
Sugar (mg mL21) 1.34+0.77 2.92+1.34 1.32+0.68 2.14+1.35
S Anion (meq L21) 13.0 67.8 13.3 56.6
S Cation (meq L21) 10.55 78.8 19.5 67.1
Xylem sap shoot
Sugar (mg mL21) 1.23+0.97 3.04+1.82 1.40+1.11 2.03+1.58
SAnion (meq L21) 72.4 131.6 59.6 82.5
S Cation (meq L21) 70.6 169.1 90.7 114.4

Values are means+ s.e. of four replicate plants.
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under saline conditions, about 81% of absorbed Naþ accu-
mulated in roots, as compared with 70% in NH4-fed plants.
Also, with saline treatment, transport of Naþ in both the
xylem stream and the phloem in NH4-fed plants was
almost twice that in NO3-fed plants. Under saline con-
ditions, cycling of Naþ was markedly higher in NH4-fed
plants than in NO3-fed plants.

Cl2 uptake was higher in NH4-fed plants than in those
fed NO3, and increased further due to salinity. The Cl2

flow in xylem and phloem was much higher in both shoot
and root in NH4-fed plants than in NO3-fed plants under
control conditions, and increased much more under saline

conditions in the NH4 treatment than in NO3-fed plants
(Fig. 7). Cycling of Cl2 in shoots was more than twice
that in roots in both nitrogen treatments.

DISCUSSION

The objective of this study was to evaluate the effect of sal-
inity on uptake, transport and accumulation of ions in
N. oleander grown with either ammonium or nitrate. The
higher salt tolerance of NO3-fed plants confirmed
the results of a previous study (Abdolzadeh et al., 1998).
The photosynthetic rate decreased more severely with

0

8

16

24

32

40

48
Xylem root

0

5

10

15

20

25

30

35
Xylem shoot

0

1

2

3

4

5

6

7

0 5 10 15 20 25 30
Time (d)

N
a+

 c
on

ce
nt

ra
tio

n 
(m

M
)

N
a+

 c
on

ce
nt

ra
tio

n 
(m

M
)

N
a+

 c
on

ce
nt

ra
tio

n 
(m

M
)

C
I–  

co
nc

en
tr

at
io

n 
(m

M
)

C
I–  

co
nc

en
tr

at
io

n 
(m

M
)

C
I–  

co
nc

en
tr

at
io

n 
(m

M
)

Phloem

0

15

30

45

60

75

90
Xylem root

0

20

40

60

80

100

120

140

160
Xylem shoot

0

40

80

120

160

200

0 5 10 15 20 25 30
Time (d)

Phloem

NH4-0

NH4-100

NO3-0

NO3-100

FI G. 2. Changes in Naþ and Cl2 concentrations in xylem sap exuded from roots and stems, and phloem sap of Nerium oleander plants grown for 30 d at
100 mM NaCl as affected by ammonium or nitrate as the nitrogen source. Values are the means+ s.e. of four replicate plants.

Abdolzadeh et al. — Ion Uptake and Transport with Salinity and N Source 741



saline treatment in NH4-fed plants. A higher transpiration
rate and lower water-use efficiency were observed in
NH4-fed plants compared with NO3-fed plants, even under
control conditions. It has been reported that NH4-N increases
stomatal conductance in white clover (Høgh-Jensen and
Schjoerring, 1997), and enhances the transpiration rate in
alfalfa (Khan et al., 1994) and sunflower (Ashraf, 1999). In
both alfalfa and sunflower, leaf water and osmotic potential
were lower than those of plants grown with NO3 under
saline conditions, as was described previously in
N. oleander (Abdolzadeh et al., 1998).

Under conditions of salinity, the concentration of Naþ in
xylem sap exuded from roots was lower than that in the root
medium, suggesting high Kþ selectivity and/or Kþ/Naþ

exchange across the plasmalemma of the root epidermis
and cortex in both nitrogen treatments (Adler and Wilcox,
1995). The Naþ concentration in xylem sap exuded from
the roots was higher than that in xylem sap exuded from
stems, with a stronger decrease in NO3-fed plants than
in those fed NH4. The prevention of Naþ accumulation in
shoots by the maintenance of a low Naþ concentration in
the ascending xylem sap can be realized by minimizing
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Naþ entry into the xylem from the root symplast, or by
maximizing retrieval from the xylem before reaching sensi-
tive tissues in the shoot. In this way, a Hþ/Naþ antiporter or
Naþ uniporter could be responsible for the control of Naþ

translocation to the shoot (Fortmeier and Schubert, 1995;
Tester and Davenport, 2003). As a result, Naþ accumulated
mostly in roots in NO3-fed plants and was transported less
to shoots. In contrast, a higher amount of Naþ was trans-
ported to and accumulated in shoots in NH4-fed plants,
probably causing toxicity.

The phloem exudate, which was collected by making
shallow incisions in the stem of N. oleander, had a
high carbon and nitrogen concentration, with a C/N
ratio of around 20, a high sugar concentration and a
high concentration of anions and cations (Table 3).
These features are similar to those of phloem sap from
a number of other species, including R. communis
(Hall and Baker, 1972), L. albus (Pate and Sharkey,
1974), Brassica oleracea (Shelp, 1987), Nicotiana
glauca (Hocking, 1980), Lactuca sativa (Van Helden
et al., 1994) and Eucalyptus globulus (Pate et al.,
1998), confirming that the collected fluid was, indeed,
phloem sap.

TABLE 4. Increase in Naþ, Kþ, Ca2þ and Cl2 (mmol g21

d. wt d21) in Nerium oleander plants from day 15 until day
30 (ion uptake) after the start of salt treatment (control vs.
100 mM NaCl) as affected by ammonium or nitrate as

nitrogen source

NH4
þ-N NO3

2-N

0 100 0 100

Ca2þ

Shoot 2.24 1.47 1.72 1.28
Root 0.77 0.86 0.84 0.50
Total 3.01 2.32 2.56 1.78
Naþ

Shoot 0.81 11.47 0.75 7.79
Root 0.75 26.86 0.23 33.38
Total 1.56 38.33 0.98 41.17
Kþ

Shoot 15.91 8.80 11.28 7.97
Root 6.58 3.46 11.75 6.48
Total 22.48 12.26 24.47 14.45
Cl2

Shoot 0.87 9.79 0.56 8.41
Root 1.26 9.01 0.96 8.20
Total 2.13 18.81 1.52 16.61

Ion uptake was calculated by subtracting the ion content of 30-d-old
plants from that of 15-d-old plants (Table 2). All values were divided by
the mean dry weight between days 15 and 30.

TABLE 5. Change in the ion/Ca2þ molar ratio (mean of days
15 and 30) of phloem sap and xylem sap exuded from excised
roots and intact shoots of Nerium oleander plants due to
100 mM NaCl as affected by ammonium or nitrate as nitrogen

source

NH4
þ-N NO3

2-N

0 100 0 100

Phloem sap
Naþ/Ca2þ 1.55 3.15 1.61 2.05
Kþ/Ca2þ 72.99 77.34 110.05 101.37
Cl2/Ca2þ 66.99 96.47 49.47 74.77
Xylem root
Naþ/Ca2þ 0.90 9.79 1.17 6.17
Kþ/Ca2þ 8.83 6.75 7.57 6.36
Cl2/Ca2þ 6.67 23.17 1.99 11.51
Xylem stem
Naþ/Ca2þ 0.65 11.94 0.65 8.27
Kþ/Ca2þ 23.35 41.68 30.92 43.60
Cl2/Ca2þ 17.12 40.30 13.67 26.63

Control

100 mM

Control

100 mM

NO3
–-N

1·72

1·28

0·84

0·50

Phloem
flow

Ca2+ Model

1·72 0
1·28 0

0
1·28

2·56
1·78

0
1·72

Accumulation

Accumulation

3·01
2·32

Shoot
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NH4
+ -N

NO3
–-NNH4

+ -N

2·24

1·47

0·77

0·87

Xylem
flow

1·47

Accumulation

0
0

0
0

2·24
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2·24

Accumulation

Xylem
flow

Phloem
flow

Control

100 mM

Control

100 mM

11·28

7·97

13·18

6·08

Phloem
flow

K+ Model

53·19 41·91
55·79 47·82

1·74
8·14

24·47
14·05

0·17
13·03

Accumulation

Accumulation

22·48
12·26

Shoot

Root

15·91

8·80

6·58

3·46

Xylem
flow

9·90
19·73

Accumulation

36·29
52·29

1·09
3·83

52·19
61·10

Accumulation

Xylem
flow

Phloem
flow

32·46
51·20

40·17
47·65

FI G. 4. Effect of salinity (control vs. 100 mM NaCl) on the flow profile of
net uptake, transport and accumulation of Ca2þ and Kþ in Nerium oleander
plants. Net uptake and accumulation were calculated from the difference in
ion content at days 15 and day 30. Transport was calculated from the ion/
Ca ratio obtained from analysis of xylem sap exuded from roots and stems.

All numbers denote mmol g21 d. wt d21.
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Using a modelling technique (Armstrong and Kirkby,
1979; Touraine et al., 1988; Gouia et al., 1994), it has
been possible to determine flows and accumulation of
cations and Cl2 via phloem and xylem in whole plants of
N. oleander. Using this approach a minor error is inevitable
when assuming zero Ca2þ transport in the phloem. Several
investigators reported that calcium is taken up by roots from
soil solution and delivered to the shoot via xylem and
cannot be redistributed in the plant via the phloem (White
and Broadley, 2003). Lambers et al. (1982) reported the
finding of 45Ca in a part of the root system that was not sup-
plied with labelled Ca in a split-root experiment. However,
this error must be small considering the vastly different
concentrations of Ca2þ and other ions in phloem and
xylem sap. A similar assumption was made for calculation

of nutrient flows in bean and cotton (Gouia et al., 1994),
tobacco (Lu et al., 2005), wheat (Peng and Li, 2005) and
maize (Niu et al., 2007). There was a large difference
between flows of ions in roots and shoots via xylem and
phloem. Cycling of ions from xylem to phloem and vice
versa was the only way to balance transport. Three different
cycling pathways were observed. First, the ions cycled only
in shoots and did not enter the roots. In this way, translo-
cated ions (mostly Kþ and Cl2) in the phloem were again
released into the xylem in the shoot. A change in concen-
tration and composition of the phloem sap along the
pathway between source and sink has been reported in
several plants (Marschner, 1995). Secondly, ions translo-
cated in the phloem towards the root via the phloem were
transferred to the xylem (part of Kþ, Naþ and Cl2). In
this pathway, cycling occurred in the whole plant.
Comprehensive studies on mineral nutrient cycling in
whole plants have been carried out in white lupin and
castor bean (Jeschke and Pate, 1991; Jeschke et al., 1992;
Peuke et al., 1996). Thirdly, cycling occurred only in
roots; transported ions (Naþ) in root xylem transferred to
the phloem in roots (resorption) did not enter the shoot
xylem stream. The short-term cycling of recently absorbed
nutrients and long-term cycling by retranslocation of mobi-
lized Kþ have been reported in L. albus (Jeschke et al.,
1992). Resorption (unloading) of Naþ from the xylem to
living cells along the pathway of the xylem sap ascending
from the roots to shoots has been reported by several inves-
tigators (Fortmeier and Schubert, 1995; Tester and
Davenport, 2003).

In control plants, Naþ cycling occurred mostly in roots in
both nitrogen treatments. However, under salinity, Naþ

cycling in whole plants increased in both nitrogen treat-
ments. In NO3-fed plants, a large amount of Naþ accumu-
lated in roots and did not cycle in plants. Consequently,
cycling of Naþ was higher in NH4-fed plants than in
NO3-fed plants. It is generally accepted that reduced Naþ

translocation from the root to the shoot contributes to the
overall salt tolerance in glycophytes (Tester and
Davenport, 2003). Jeschke and Pate (1991) reported
marked retention of Naþ in the root of R. communis,
leading to low intake of this ion by young leaves. The
difference in cycling pattern of Naþ via xylem and
phloem in NH4- and NO3-fed plants that caused the differ-
ent accumulation of Naþ in roots and shoots plays an
important role in salt tolerance of N. oleander. Probably,
higher cycling and accumulation of Naþ in shoots led to
higher toxicity, and this would be partly responsible for
growth reduction in NH4-fed plants.

The Kþ and Cl2 concentrations indicated a similar
pattern of cycling, presumably because these ions have a
similarly high mobility in xylem and phloem (Marschner,
1995). Most cycling of these ions between phloem and
xylem occurred in shoots, and only a small amount was
translocated to roots and then recycled via the xylem. For
Kþ under NH4 nutrition, cycling plays an important role
in maintenance of the charge balance in shoots and roots
for NH4 uptake (Speer et al., 1994). The value of Kþ

uptake and accumulation in the shoot decreased most in
NH4-fed plants compared with control plants with the salt
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FI G. 5. Effect of salinity (control vs. 100 mM NaCl) on the flow profile of
net uptake, transport and accumulation of Naþ and Cl2 in Nerium oleander
plants.. Net uptake and accumulation were calculated from the difference
in ion content at days 15 and day 30. Transport was calculated from the
ion/Ca ratio obtained from analysis of xylem sap exuded from roots and

stems. All numbers denote mmol g21 d. wt d21.
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treatment, which indicates a more harmful effect of salinity
in these plants. However, cycling via xylem and phloem
increased in shoots and decreased in roots due to salinity
with both nitrogen treatments. Cycling of nutrients is a
process that smoothes out fluctuations in external supply
(Cooper et al., 1989).

The Cl2 concentrations indicated a high mobility, and its
flow via both xylem and phloem was high even in treat-
ments without salinity, especially in NH4-fed plants. It
seems that a high rate of transport of Cl2 was not related
to restriction of a high concentration of this ion from
active leaves. However, Cl2 might play a role in cation–
anion balance during transport or in pH regulation
(Jeschke et al., 1995). In NO3-fed plants, cycling of Cl2

was not increased to the same extent by salinity as it was
in NH4-fed plants. Jeschke et al. (1992) reported a
marked increase in Naþ and Cl2 flows and uptake in the
presence of NaCl in white lupin. Also, increases in Naþ

and Cl2 concentrations in phloem sap have been reported
in maize under saline conditions (Lohaus et al., 2000).
These authors estimated that 13–36% of Naþ and Cl2

imported into the leaves through the xylem was exported
again via the phloem. High cycling and accumulation of
Cl2 might also increase toxicity and inhibition of growth
in NH4-fed plants.

Modelling of flows provides new information on possible
causes of salt damage under different nitrogen sources.
Better acclimation of NO3-fed plants was probably related
to a lower transport to and accumulation of Naþ and Cl2

in the shoot, and a better balance of Kþ accumulation in
both shoots and roots. On the other hand, in NH4-fed
plants, increased accumulation and cycling of Naþ and
Cl2 and decreased accumulation of Kþ in shoots due to sal-
inity probably led to harmful effects.
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