
Pak. J. Bot., 48(5): 1775-1782, 2016. 

EFFECTS OF SALT STRESS ON TILLERING NODES TO THE GROWTH  

OF WINTER WHEAT (TRITICUM AESTIVUM L.) 
 

YU QIONG1,2, GUO YUAN1,2, XIE ZHIXIA1, SUN KE1, XU JIN3, YANG TING1,2, LIU XIAOJING1* 

 
1Key Laboratory of Agricultural Water Resources, Center for Agricultural Resources Research, Institute of Genetics and 

Developmental Biology, Chinese Academy of Sciences, Shijiazhuang 050021, China 
2University of Chinese Academy of Sciences, 100049 Beijing, China 

3Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences, Mengla 666303, China 

*Corresponding author’s email: xjliu@sjziam.ac.cn; +86-0311-85871816 

 
Abstract 

 

In monsoon climate regions, the tillering nodes of winter wheat can be stressed by high salt accumulation on the soil 

surface in spring, thereby leading to salt-induced damage. To understand whether tillering nodes could be stressed by 

salinity and to estimate its effects on the growth of winter wheat under salt stress, the tillering nodes of two wheat cultivars, 

H-4589 (salt-sensitive) and J-32 (salt-tolerant), were treated with salinity to investigate the physiological and biochemical 

changes in seedling growth. The results indicated that salt stress on tillering nodes significantly reduced plant height and 

shoot dry weight; increased Na+ accumulation, soluble sugar and proline in both H-4589 and J-32; which demonstrated 

remarkable effects on the growth of winter wheatwhen the tillering nodes were under salt stress. Furthermore, equivalent 

Na+ accumulations were discoveredin two cultivarswhen tillering nodes were under salt stress, while remarkably different 

Na+ accumulations were discoveredin two cultivars when roots were under salt stress. Based on the results from anatomic 

analyses, we speculated that no anatomic differences in tillering nodes between two cultivars could give reason to the 

equivalent Na+ accumulations in two cultivarswhen tillering nodes were under salt stress; and more lignified endodermis in 

primary roots as well as larger reduction of lateral root number in salt-tolerant cultivars which contributed to preventing Na+ 

influx could explain the remarkably lower Na+ accumulation in salt-tolerant cultivar when roots were under salt stress. All of 

these results indicated that the tillering nodes could mediate Na+ influx from the environment leading to salt-induced 

damage to the growth of winter wheat. 
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Introduction 

 

Soil salinization has become increasingly serious, and 

the current global salinized area is growing (Munns, 

2002). High levels of salts can cause ion toxicity, 

hyperosmotic stress, nutrient imbalances and oxidative 

damage (Genc et al., 2007); ultimately, this leads to plant 

growth and yield limitation (Munns & Tester, 2008). 

Therefore, soil salinity is responsible for significant losses 

of agriculture productivity(Xiong et al., 2002). 

Wheat (Triticum aestivum L.) is a staple food crop 

cultivated in saline soil. The effective way to utilize saline 

soil is to breed salt-tolerant wheat cultivars. However, 

progress in developing salt-tolerant cultivars is limited by the 

genetic complexity of wheat. Hence, it is necessary to 

understand the salt-tolerant mechanisms in wheat.Many 

researchers have focused on exploring the mechanism of salt 

tolerance in wheat and have made many advances. As a 

glycophyte, wheat is a classic ‘salt excluder’, coping with 

salt stress by excluding Na+from shoots as much as possible 

(Genc et al., 2007). For example, bread wheat is generally 

more tolerant than durum wheat under salinity because of 

better Na+exclusion (Colmer et al., 2006); and the Na+-

exclusion capability of salt-tolerant wheat cultivars is 

stronger than salt-sensitive ones (Yang Hong-Bing, 2002). 

Meanwhile, wheat is moderately salt-tolerant. Under 100 

mM NaCl, wheat will still grow with reduced yield, but will 

die after 250 mM NaCl treatment as the accumulation of 

high Na+ concentration inhibits leaf function (Munns et al., 

2006). Previous research has demonstrated that Na+-

exclusion localization differs with the variation of salt-

tolerance in wheat. In salt-sensitive cultivars, Na+-exclusion 

occurred mainly at the root-stem junction, whereas the Na+-

exclusion sites in salt-tolerant cultivars were roots(Hong et 

al., 2001). The Na+-excluding mechanism included three 

processes(Min Chen, 2008). First, Na+ absorption can be 

prevented with a Na+/H+ pump and apoplastic barriers, such 

as a Casparian strip in the roots. Secondly, the absorbed Na+ 

can be retained in the roots to reduce the Na+ content of the 

shoots, protecting them from Na+ toxicity. Finally, the 

upward transportation of Na+ is impeded by the xylem or 

phloem cells; then, the Na+ is absorbed and secreted into the 

phloem, back to the roots. These processes occur in the stem 

but have little effect on Na+-exclusion(Munns, 2007). 

Therefore, the key is to control the upward transportation of 

Na+ from the roots to shoots. However, excluding Na+ alone 

is not always sufficient for salt tolerance.In wheat, 

maintaining K+ homeostasis is important for salt tolerance. It 

has been reported that a durum wheat mutant with salt 

tolerance is the result of a high ability to accumulate K+ in 

the shoots (Rascio et al., 2001). High Na+ concentrations 

could inhibit K+absorption due to excessive Na+ 

accumulation, which induces K+ leakage in the cytosol 

(Shabala et al., 2006). Therefore, the cytosolic K+/Na+ratio 

falls dramatically. Maintenance of a high K+/Na+ ratio is 

thought to be a key feature of plant salt tolerance (Maathuis 

& Amtmann, 1999). 

Most of the results on wheat salt tolerance in these 

studies were obtained under a treatment that only the 

roots were salt stressed. However, under field conditions, 

soil salt not only remains in root zones but also 

accumulates on the soil surface, especially during spring 

season in monsoon climate regions, such as the low plain 

around the Bohai sea saline area in China because of high 
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evaporation and low rainfall (Li et al., 2008). Therefore, 

we put forward a hypothesis that high salt levels in the 

topsoil around tillering nodes may generate high salt 

stress on tillering nodes and may lead to growth damage, 

thereby aggravating the salt injury in winter wheat during 

the reviving stage.  

In this study, we exposed the roots or tillering nodes 

of winter wheat seedlings to salt stress and investigated 

the growth, ion absorption, soluble sugar and proline 

accumulation, as well as root and node anatomy of two 

wheat cultivars differing in their degree of salt tolerance 

to identify whether tillering nodes are involved in the 

salt tolerance mechanisms of winter wheat at the 

reviving stage. 

 

Materials and methods 

 

Plant growth conditions and treatments: Seeds of two 

winter wheat cultivars, cvs. H-4589 (salt-sensitive) and J-

32 (salt-tolerant), were collected from Cangzhou City, in 

the Hebei province of northern China and were then 

stored at 4oC until use. The seeds were first treated with 

70% ethanol for 30 s, rinsed five times with sterile 

distilled water, and left to germinate on double-layer filter 

paper wetted with distilled water. The five-day-old wheat 

seedlings were transferred to 20 cm diameter pots 

containing vermiculite saturated with a half Hoagland 

nutrient solution. One week later, the tillering nodes of 

the wheat seedlings were treated with half Hoagland 

nutrient solution supplemented with 200 mM NaCl as the 

salt treatment (S), and a nutrient solution without salt 

served as the control (C) following the methods in Zhou 

et al., with modifications (Zhou et al., 2011). The detail 

treatment were showed in Fig. 1: given salt stress on 

tillering nodes was considered as TS treatment; given salt 

stress on roots was considered as RS treatment; neither 

salt stress on tillering nodes nor roots was considered as 

CK treatments. There were two plastic membranes, one 

was placed between the layers of roots and tillering nodes 

to prevent the movement of salt and water, the other was 

placed on the top of the pot to avoid soil water 

evaporation. The pots were maintained at field saturation 

capacity at a pH of 7.0 and irrigation was applied from the 

bottom of the pots when required. The plants were grown 

in a growth chamber at 23 ± 2oC, with 80% relative 

humidity under 16 h light/8 h dark. The plant materials 

from three biological independent experiments were 

analyzed. The plants were harvested by washing the 

culture surface with sterile, distilled water on the 15th day 

of growth. The roots, tillering nodes and leaves were 

separately collected and used for experimental studies. 
 

Determination of growth parameters: At the end of 

the treatment, the plant height of the seedlings, numbers 

of lateral roots, and length of primary and lateral roots 

were measured among twenty seedlings in each 

treatment. Twenty seedlings in each treatment were 

rinsed with distilled water twice. After absorbing water 

with filter paper, the seedlings were oven-dried at 105oC 

for 15 min., followed by 65oC for 48 h, and the dry 

weight (DW) was recorded to perform a biomass 

analysis per plant (Peng et al., 2009).  

 
 

Fig. 1. The different treatments in this experiment. 
 

Determination of K+ and Na+ concentrations: HCl was 

used to hydrolyze 0.5 g dried powder from the plant 

samples. Then, the supernatants of the K+ and Na+extracts 

were analyzed by atomic absorption spectrometry 

according to Peng et al. (2004). 
 

Determination of soluble sugar and proline: The leaves 

(0.5 g) were homogenized with 2 ml of 80% ethanol 

solution using a mortar and a pestle. After heating the 

homogenate in a water bath at 75oC for 10 min, the 

insoluble residue was removed by centrifuging at 5000 g 

for 10 min. The precipitate was re-extracted with 2 ml of 

80% ethanol at 75oC and re-centrifuged. The supernatants 

were pooled and dried under a stream of hot air, and the 

residue was re-suspended in 1 ml of water. The total 

soluble sugar were determined using the phenol–sulfuric 

acid method (Prado, Boero et al., 2000). The free proline 

content in the leaves was determined following the 

methods of Bates et al. (1973). Leaf samples (0.5 g) were 

homogenized in 5 ml of sulfosalicylic acid (3%) using 

mortar and pestle. Approximately 2 ml of extract was 

placed in a test tube and 2 ml of glacial acetic acid and 2 

ml of ninhydrin reagent were added. The reaction mixture 

was boiled in a water bath at 100oC for 30 min. After the 

reaction mixture cooled, 6 ml of toluene was added and 

then transferred to a separating funnel. After through 

mixing, the chromophore containing toluene was 

separated and the absorbance was read at 520 nm in a 

spectrophotometer against a toluene blank. The 

concentration of proline was estimated by referring to a 

standard curve of proline. 

 

Anatomic analyses of roots and tillering nodes: A 

series of fresh, free-hand cross sections of primary roots, 

lateral roots and tillering nodes were prepared at 1 mm 

intervals from the apex to the base. For lignin 

visualization in fluorescence microscopy, the free hand 

sections were stained with phloroglucinol–HCl(Lukačová 

et al., 2013). Auto-fluorescence of the lignin deposits was 

conducted using a microscope (Leica Digital Microscope 

DM5500B, Wetzlar, Germany). 
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Table 1. Comparison of plant height (A), shoot dry weight (B), primary root length (C), lateral root length (D), 

and number of lateral roots (E) under different treatments in two cultivars.  

Cultivars Treatments 
Plant height 

(cm) 

Shoot dry weight 

(mg) 

Root length 

(cm) 

Lateral root length 

(cm) 

Number of lateral 

roots 

J-32 

CK 36.62 ± 1.35a 46.30 ± 0.69a 28.75 ± 2.75a 2.77 ± 0.61ab 38.80 ± 2.57b 

TS 32.15 ± 1.60b 32.32 ± 0.67c 29.00 ± 3.00a 2.55 ± 0.58c 36.35 ± 3.51c 

RS 19.75 ± 1.12e 16.20 ± 1.14e 13.60 ± 1.50c 1.09 ± 0.56d 20.35 ± 3.38e 

H-4589 

CK 31.35 ± 2.18c 41.70 ± 2.61b 23.00 ± 2.18b 2.97 ± 0.86a 41.15 ± 2.25a 

TS 25.42 ± 1.51d 29.22 ± 1.50d 21.75 ± 1.77b 2.55 ± 0.58c 37.00 ± 4.39bc 

RS 15.7 ± 1.17f 12.78 ± 1.24f 13.00 ± 3.31c 0.94 ± 0.40d 27.40 ± 4.00d 

Means (n=3 per treatment ± SD) with at least one equivalent letter are not significantly different at p<0.05. 

 
Statistical analysis: All of the data in the experiment were 
analyzed using one-way analyses of variance (ANOVA). 
Differences in the means were determined for significance 
using the Duncan test at p<0.05. Each data point was the 
mean of three biological replicates (n = 3) and comparisons 
with p<0.05 were considered significantly different. In all 
of the figures, the results were expressed as a mean and 
standard deviation of the mean. 
 

Results 

 
Growth performance under salt stress: The growth 
parameters collected in this experiment, such as shoot dry 
weight, plant height, primary root length, lateral root length 
and number of lateral roots, are listed in Table 1. Plant 
growth, such as plant height and shoot dry weight, decreased 
notably when the tillering nodes were exposed to salt stress. 
The decreases of plant height in J-32 and H-4589 were 
12.22% and 18.90%, respectively; and the decreases of shoot 
dry weight in J-32 and H-4589 were 29.92% and 30.20%, 
respectively. However, when the roots were treated with salt 
stress, the decreases of plant height in J-32 and H-4589 were 
46.07% and 49.92%, respectively; and the decreases of shoot 
dry weight in J-32 and H-4589 were 69.34% and 65.01%, 
respectively. Although the decreases of plant height and 
shoot dry weight in both J-32 and H-4589 caused by tillering 
nodes were lower than the decreases caused by roots under 
salt stress, the salinity imposed on tillering nodes could 
significantly inhibit the growth of winter wheat. Moreover, 
the reduction of plant heightand shoot dry weightin H-4589 
was larger than J-32 when tillering nodes were under salt 
stress, suggesting that salt-induced inhibition caused by 
tillering nodes in J-32 was lower which was accordingto its 
salt tolerance. In addition, the primary root length, lateral 
root length and number of lateral roots were investigated 
when tillering nodes were exposed to salt stress. Different 
from the results that large reductions in primary root length, 
lateral root length and number of lateral roots were observed 
especially in J-32 when roots were under salt stress; primary 
root length, lateral root length and number of lateral roots 
exhibited little change when when tillering nodes were 
exposed to salt stress. 

 
Contents of soluble sugar and proline: As shown in 

Figs. 3 and 4, when tillering nodes were subjected to salt 

stress, the contents of soluble sugar and proline in H-4589 

and J-32 increased notably. Furthermore, the contents of 

soluble sugar and proline in J-32 were larger than the 

contents of soluble sugar and proline in H-4589, which 

was also observed after roots were exposed to salt stress. 

Compared to the treatment when roots were subjected to 

salt stress, soluble sugar and proline in both cultivars were 

less upregulated when tillering nodes were treated with 

salt stress. Although the upregulation of soluble sugar and 

proline caused by roots was larger than the tillering nodes 

in response to salt stress, the contents of soluble sugar and 

proline in winter wheat were remarkably affected when 

tillering nodes were under salt stress. 

 
Na+, K+ concentrations and K+/Na+ ratio: Salt stress had 
significant effects on the concentrations of Na+, K+ and the 
K+/Na+ ratio in the roots, tillering nodes and leaves of both 
cultivars when tillering nodes were exposed to salt stress 
(Fig. 2). The remarkable increase of Na+ contents was found 
in roots, tillering nodes and leaves when tillering nodes were 
exposed to salt stress. Similar results were also found in the 
treatment when roots were exposed to salt stress, but the 
increases caused by tillering nodes was lower compared to 
the increases caused by roots under salt stress. Furthermore, 
the increase in Na+ contents caused by tillering nodes under 
salt stress presented no difference in the two cultivars, while 
the increase in Na+ caused by roots was much higher in the 
salt-sensitive cultivar H-4589 than in the salt-tolerant cultivar 
J-32. This study also documented that the K+ content of both 
cultivars significantly decreased when tillering nodes were 
under salt stress. The decrease in K+ content in both cultivars 
caused by tillering nodes was less than that caused by roots. 
Salinity also caused a reduction in the K+/Na+ ratio in both 
cultivars when tillering nodes were under salt stress. The 
reductions in both cultivars caused by tillering nodes were 
less than those caused by roots under salt stress, which was 
consistent with the changes in K+ contents. 
 

Anatomic analysis of tillering nodes and roots: To 
explain the difference between equivalentNa+ accumulation 
caused by tillering nodes and inequivalent Na+ 
accumulation caused by roots in two cultivarsunder salt 
stress, freehand cross sections of the tillering nodes and 
roots in J-32 and H-4589 were observed with a 
fluorescence microscope to detect the lignification level. 
From Fig. 5A and 5B, it was determined that no difference 
existed in the structures and lignification of tillering nodes 
between the two cultivars, which may shed light on the 
equivalentNa+ accumulation caused by tillering nodes in 
two cultivarsunder salt stress from an anatomical 
perspective. Moreover, high lignification of the outermost 
layer in the tillering nodes was detected in both cultivars 
(Fig. 5B) and the lignification in the tillering nodes was 
higher compared to the roots. According to the anatomical 
analysis of the roots, high and integrated lignification 
around the endodermis in well-developed roots was found 
in J-32, whereas a comparatively low and incomplete 
lignification around the endodermis was observed in H-
4589 (Fig. 5C and 5D).  
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Fig. 2. Comparison of Na+ concentration, K+ concentration and the K+/Na+ ratio in roots (A), tillering nodes (B), and leaves (C) under 

different treatments in two cultivars. Means (n=3 per treatment ± SD) with at least one equivalent letter are not significantly different 

at p<0.05. 

 

 
 
Fig. 3. Comparison of soluble sugar content in roots (A), tillering nodes (B), and leaves (C) under different treatments between H-

4589 (H) and J-32 (J). Means (n=3 per treatment ± SD) with at least one equivalent letter are not significantly different at p<0.05. 
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Fig. 4. Comparison of proline content in roots (A), tillering nodes (B), and leaves (C) under different treatments between H-4589 (H) 

and J-32 (J). Means (n=3 per treatment ± SD) with at least one equivalent letter are not significantly different at p<0.05. 

 

 
 
Fig. 5. Freehand cross-sections of wheat tissues were viewed under fluorescence and bright-field illumination. Cross-sections of 

tillering nodes in the position close to the root under fluorescence (A) and bright-field (B) illumination are shown; primary roots at a 

position of approximately 2/3 of the total length of the root under fluorescence (C) and bright-field (D) illumination are shown for J-

32 (J) and H-4589 (H).  

 

Discussion 

 
Many studieshave reported the effects of salt stress 

on plants (Hernandez et al., 1995; Kasuga et al., 1999; 

Zhu, 2003; Chaves et al., 2009), includingion toxicity, ion 

imbalance,oxidative damage, nutrient deficiency, which 

then leads to photosynthesis inhibition and membrane 

damage, resulting in plant growth reductions, and even to 

death. It has been concluded that the greater the 

accumulation of toxic ions, the larger the damage from 

salt stress on plants. In our study, salt stress on tillering 

nodes significantly reduced the growth of winter wheat, 

such as biomass, plant height, and root length as well as 

root number. However, the reduction caused by tillering 

nodes exposed to salt stress was lower than that caused by 

roots, as the amount of Na+ accumulation through tillering 

nodes was relatively lower compared to roots. From the 

growth parameter results, although the effects caused by 

tillering nodes is not as great as which caused by roots 

under salt stress, salt stress on tillering nodes is seen to 

affect the growth of winter wheat. Furthermore, a 

reduction in plant growthin the salt-sensitive winter wheat 

cultivar was larger than the salt-tolerant winter wheat 

cultivar when tillering nodes were exposed to salt stress, 

suggesting that the salt-induced inhibition was compatible 

with the salt tolerance in winter wheat. 
Salinity on tillering nodes not only resulted in growth 

inhibition in winter wheat but also caused remarkable 
increases in the content of soluble sugar, proline and Na+, 
notable decreases in K+ content as well as the K+/Na+ ratio 
in both winter wheat cultivars. Soluble sugar and proline 
are the osmotic regulators in plant cell. The accumulation 
of proline and soluble sugar under salt stress could protect 
the cell from environmentaldamage (Sairam et al., 2002). 
When the tillering nodes were subjected to salt stress, the 
contents of soluble sugar and proline in both cultivars were 
notably upregulated. Furthermore, the contents of soluble 
sugar and proline in the salt-tolerant winter wheat cultivar 
were larger than in the salt-sensitive winter wheat cultivar, 
which was also observed after the roots were exposed to 
salt stress. Although the upregulation of soluble sugar and 
proline caused by roots was larger than the tillering nodes 
in response to salt stress, the contents of soluble sugar and 



YU QIONG ET AL., 1780 

proline in winter wheat were remarkably affected when 
tillering nodes were under salt stress.From the Na+ content 
results obtained under salt treatment, salinity caused 
significant increases in Na+ content, especially in leaves. 
The increase in Na+ content in leaves when tillering nodes 
were salt stressed indicated that Na+ could enter through 
tillering nodes under salt stress, although the tillering node 
was not the normal organ for nutrient and water absorption. 
However, it was found that Na+ accumulation through 
tillering nodes was smaller than through roots, 
demonstrating that the uptake of Na+ through tillering 
nodes was inferior to roots. Because roots are the normal 
organ for nutrient and water absorption, it is reasonable that 
Na+ influx through roots is larger than through tillering 
nodes. Moreover, the increase in Na+ caused by tillering 
nodes under salt stress presented no difference between the 
two cultivars, whereas the increase in Na+ contents caused 
by roots was much higher in the salt-sensitive cultivar H-
4589 than in the salt-tolerant cultivar J-32. The equivalent 
Na+ accumulation in two different cultivars suggested that 
the Na+ entry through tillering nodes under salt stress 
exhibited no variation in cultivars, especially in the degree 
of salt tolerance. Much higher increases in Na+ in the leaves 
of salt-sensitive cultivars under salt stress caused by roots 
are consistent with previous reports that the salt-tolerant 
cultivar is more efficient in excluding Na+ than the salt-
sensitive cultivar when roots are subjected to salinity 
(Gorham et al., 1990; Bilkis et al., 2016). K+ is essential to 
balancing membrane potential, activating enzymes, 
regulating osmotic pressure, and stoma movement (Chérel, 
2004). Moreover, maintaining a high K+/Na+ ratio is of 
great importance for the adjustment of cell osmoregulation, 
stomata function, enzyme activation, protein synthesis, 
oxidants metabolism and photosynthesis to increase plant 
salt tolerance (Maathuis & Amtmann, 1999; Shabala et al., 
2003). The present study documented that the K+ contents 
of both cultivars significantly decreased due to salt stress, 
which agrees with the results reported by Yanhui et al. 
(Yanhai et al., 2008). The decrease in K+ contents in both 
cultivars caused by tillering nodes was less than that caused 
by roots. Salinity also caused a reduction in the K+/Na+ 
ratio in both cultivars. The reductions in both cultivars 
caused by salinity through tillering nodes was also less than 
roots, which was similar to the changes in the K+ contents. 
The more accumulation of Na+, the larger the decline of K+ 
would be found. The salinity induced decreasing of K+ 
accumulation possibly due to the competition between Na+ 
and K+ in K+ transport system resulting in Na+ influx and 
decrease of K+ absorption(Peng et al., 2004); or it is also 
possible that the damage to the cell membrane was caused 
by salt stress leading to K+ leakage . 

In most plants, ions are absorbed mainly through 
symplast and apoplastic pathways. When subjected to 
unfavorable environmental conditions, plants can develop 
various anatomical and physiological strategies, such as 
enhancing selective absorption of ions through a symplast 
pathway (Cheeseman, 1988; Kronzucker et al., 2006; 
Munns & Tester, 2008) or increasing the apoplastic 
barriers to hamper the entry of ions (Gong et al., 2006; 
Redjala et al., 2011) to fight against stress. As most 
monocotyledonous crop species are glycophytes that are 
sensitive to salinity, they usually exclude external salt 
ions with specific mechanisms to reduce salt damage. 
Previous studies have demonstrated that the apoplastic 

pathway plays an important role in hampering the uptake 
of ions due to apoplastic barriers (Yeo et al., 1987; 
Schreiber et al., 1999) such as Casparian bands and 
suberin lamellae, or from other types of lignification in 
plants located in the endo- and exo-dermis(Perumalla & 
Peterson, 1986; Peterson & Lefcourt, 1990; Barnabas & 
Peterson, 1992; Enstone & Peterson, 1997; Schreiber et 
al., 1999; Roppolo et al., 2011). It is known that the 
development of apoplastic barriers is affected by 
environmental stresses. Increasing research has shown 
that earlier formation of Casparian bands and suberin 
lamellae along the root axes (Vaculík et al., 2009), 
increased deposition of suberin and lignin (Lee et al., 
2009), and extensive development of apoplastic barriers 
to reduce Na+ uptake (Krishnamurthy et al., 2011; 
Ranathunge et al., 2011) were involved in abiotic stress 
resistance. Furthermore, it has been found that suberin 
lamellae was more efficient than in Casparian bands in 
preventing the diffusion and transport of ions and 
compounds in spite of similar chemical compositions 
between them (Schreiber et al., 1999; Ranathunge et al., 
2005; Franke & Schreiber, 2007). All of this evidence 
demonstrates the significant function of lignification in 
preventing ion uptake through nonselective apoplastic 
bypass. Through the analysis of anatomical structure in 
tillering nodes and roots, we revealed that no difference in 
tillering nodes was found between cultivars, but the 
endodermis of primary roots in a salt-tolerant cultivar was 
distinct from that of the salt-sensitive cultivar, which 
could explain why Na+ accumulation only varied in the 
two wheat cultivars when Na+ entered through roots. The 
lignin deposition of the endodermis was found to be 
thicker in the salt-tolerant cultivar compared to the salt-
sensitive cultivar; and we also found that the lignification 
of tillering nodes was greater than roots, indicating that 
the higher the lignification, the less accumulation of Na+ 
in plants. This corresponded with results indicating that 
the degree of lignification in plants determined the 
capacity for ion uptake in previous studies (Colmer & 
Bloom, 1998; Schreiber et al., 2005; Krishnamurthy et 
al., 2009; Krishnamurthy et al., 2011). Furthermore, the 
anatomical data indicates that the continuity of the endo- 
and exo- dermis was temporarily interrupted by the 
emergence of lateral roots at the primary root–lateral root 
junctions, and the lateral roots lacked impregnation with 
lignin.In monocots, the disruption of endo- and exo- 
dermis continuity by lateral roots could generate leakage 
of water and minerals into primary roots (Ma et al., 
2001). Researchers have reported that lateral root 
development is down-regulated by salt stress in 
Arabidopsis (Burssens et al., 2000) and that most of the 
Na+ enters into shoots through the so-called ‘open 
windows’ created by the initiation of lateral roots at the 
primary root–lateral root junctions(Ranathunge et al., 
2004). Moreover, Zhou detected a significantly net Na+ 
influx at the lateral root zone during initial development 
by using the scanning ion-selective electrode technique 
(Zhou, Wang et al., 2011). It has also been suggested that 
lateral roots may admit the entry of Na+ as they lack 
lignin and suberin (Faiyue et al., 2010). Based on these 
anatomical results from previous studies, we could 
conclude that the initiation of lateral roots may allow 
significant influx of external Na+ from the apoplastic 
barriers of the endo-/exo-dermis. Furthermore, the results 
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for lateral root growth under salt stress demonstrated a 
greater decrease in lateral root numbers developed from 
the primary roots in the salt-tolerant cultivar compared 
with the salt-sensitive cultivar, which could help to 
maintain a significantly lower Na+ content in the salt-
tolerant cultivar. These results suggested that the 
difference in Na+ content entering the leaves through the 
roots was strongly influenced by the amount and 
continuity of apoplastic barriers in the roots.  

 

Conclusions 

 
In this study, when tillering nodes were treated with 

salt stress, plant growthand K+ content as well as K+/Na+ 
ratio were significantly reduced; and Na+ accumulation, 
soluble sugar and proline were remarkably increased in 
winter wheat. Although all of the salt-induced changes 
brought by tillering nodes were not as great as those from 
roots, the effects caused by tillering node on the growth of 
winter wheat when tillering nodes were under salt stress is 
notable. Our investigation also documented that a 
significant accumulation of Na+ caused by salt stress 
through tillering nodes was observed despite that the lower 
accumulation of Na+ caused by tillering nodes than roots 
under salt stress. Moreover, Na+ accumulations caused by 
tillering nodes exhibited no difference between winter 
wheat cultivars with different salt-tolerances, whereas the 
Na+ accumulations caused byroots were remarkably 
different. According to anatomical analyses, these may be 
due to no anatomical differences that exist in the tillering 
nodes in the cultivars, but more lignified endodermis of 
primary roots and reduction in lateral root numbers were 
observed in the salt-tolerant cultivar, which could 
contribute to the prevention of Na+ influx. All of these 
results indicated that tillering nodes inferior to roots could 
mediate Na+ influx from the environment and the Na+ 
influx through tillering nodes exhibited no variation among 
wheat cultivars differing in salt tolerance, then leads to salt-
induced damage to the growth of winter wheat. This 
implies that high salt accumulation on the soil surface 
could generate salt stress on tillering nodes, aggravating the 
damage of salinity on winter wheat in the reviving stage.  

 

Acknowledgements  
 

This work was supported by the National Key 

Technologies R&D Program of China 

(2013BAD05B002). 

 
References 

 

Barnabas, A.D. and C.A. Peterson. 1992. Development of 

Casparian bands and suberin lamellae in the endodermis of 

onion roots. Can. J. Bot., 70(11): 2233-2237. 

Bates, L.S., R.P. Waldren and I.D. Teare. 1973. Rapid 

determination of free proline for water-stress studies. Plant 

Soil, 39(1): 205-207. 

Bilkis, A., M. Islam, M. Hafiz and M. Hasan. 2016. Effect of 

NaCl induced salinity on some physiological and 

agronomic traits of wheat. Pak. J. Bot., 48(2): 455-460. 

Burssens, S., K. Himanen, B. Van De Cotte, T. Beeckman, M. 

Van Montagu, D. Inzé and N. Verbruggen. 2000. 

Expression of cell cycle regulatory genes and 

morphological alterations in response to salt stress in 

Arabidopsis thaliana. Planta, 211(5): 632-640. 

Chaves, M., J. Flexas and C. Pinheiro. 2009. Photosynthesis 

under drought and salt stress: regulation mechanisms from 

whole plant to cell. Ann. Bot., 103(4): 551-560. 

Cheeseman, J.M. 1988. Mechanisms of salinity tolerance in 

plants. Plant Physiol., 87(3): 547-550. 

Chérel, I. 2004. Regulation of K+ channel activities in plants: 

from physiological to molecular aspects. J. Exp. Bot., 

55(396): 337-351. 

Colmer, T. and A. Bloom. 1998. A comparison of NH4+ and 

NO3- net fluxes along roots of rice and maize. Plant, Cell 

Environ., 21(2): 240-246. 

Colmer, T.D., T.J. Flowers and R. Munns. 2006. Use of wild 

relatives to improve salt tolerance in wheat. J. Exp. Bot., 

57(5): 1059-1078. 

Enstone, D. E. and C. A. Peterson. 1997. Suberin deposition and 

band plasmolysis in the corn (Zea mays L.) root exodermis. 

Can. J. Bot., 75(7): 1188-1199. 

Faiyue, B., M.J. Al-azzawi and T.J. Flowers. 2010. The role of 

lateral roots in bypass flow in rice (Oryza sativa L.). Plant, 

Cell Environ., 33(5): 702-716. 

Franke, R. and L. Schreiber. 2007. Suberin—a biopolyester 

forming apoplastic plant interfaces. Curr. Opin. Plant Biol., 

10(3): 252-259. 

Genc, Y., G. K. Mcdonald and M. Tester. 2007. Reassessment of 

tissue Na+ concentration as a criterion for salinity tolerance 

in bread wheat. Plant, Cell Environ., 30(11): 1486-1498. 

Gong, H., D. Randall and T. Flowers. 2006. Silicon deposition in 

the root reduces sodium uptake in rice (Oryza sativa L.) 

seedlings by reducing bypass flow. Plant, Cell Environ., 

29(10): 1970-1979. 

Gorham, J., R.G.W. Jones and A. Bristol. 1990. Partial 

characterization of the trait for enhanced K+-Na+ 

discrimination in the D genome of wheat. Planta, 180(4): 

590-597. 

Hernandez, J., E. Olmos, F. Corpas, F. Sevilla and L. Del Rio. 

1995. Salt-induced oxidative stress in chloroplasts of pea 

plants. Plant Sci., 105(2): 151-167. 

Hong, B.Y., C.I. Da-Yong, D. Shun-Hua, Q. Nian-Wei and W. 

Bao-Shan. 2001. Na+ Exclusion by roots and root-stem 

junctions of wheat cultivars with different salt tolerance. Acta 

Phytophysiologica Sinica (ISSN0257-4829), 27(2): 179-185. 

Kasuga, M., Q. Liu, S. Miura, K. Yamaguchi-Shinozaki and K. 

Shinozaki. 1999. Improving plant drought, salt, and freezing 

tolerance by gene transfer of a single stress-inducible 

transcription factor. Nat. Biotechnol., 17(3): 287-291. 

Krishnamurthy, P., K. Ranathunge, R. Franke, H. Prakash, L. 

Schreiber and M. Mathew. 2009. The role of root apoplastic 

transport barriers in salt tolerance of rice (Oryza sativa L.). 

Planta, 230(1): 119-134. 

Krishnamurthy, P., K. Ranathunge, S. Nayak, L. Schreiber and 

M. Mathew. 2011. Root apoplastic barriers block Na+ 

transport to shoots in rice (Oryza sativa L.). J. Exp. Bot., 

62(12): 4215-4228. 

Kronzucker, H.J., M.W. Szczerba, M. Moazami-Goudarzi and 

D.T. Britto. 2006. The cytosolic Na+: K+ ratio does not 

explain salinity-induced growth impairment in barley: a 

dual-tracer study using 42K+ and 24Na+. Plant, Cell 

Environ., 29(12): 2228-2237. 

Lee, S.B., S.J. Jung, Y.S. Go, H.U. Kim, J.K. Kim, H.J. Cho, 

O.K. Park and M.C. Suh. 2009. Two Arabidopsis 3-

ketoacyl CoA synthase genes, KCS20 and KCS2/DAISY, 

are functionally redundant in cuticular wax and root suberin 

biosynthesis, but differentially controlled by osmotic stress. 

The Plant Journal, 60(3): 462-475. 

Li, Z., X. Liu, X. Zhang and W. Li. 2008. Infiltration of melting 

saline ice water in soil columns: Consequences on soil 

moisture and salt content. Agric. Water Manage., 95(4): 

498-502. 



YU QIONG ET AL., 1782 

Lukačová, Z., R. Švubová, J. Kohanová and A. Lux. 2013. Silicon 

mitigates the Cd toxicity in maize in relation to cadmium 

translocation, cell distribution, antioxidant enzymes 

stimulation and enhanced endodermal apoplasmic barrier 

development. Plant Growth Regulation, 70(1): 89-103. 

Ma, J.F., S. Goto, K. Tamai and M. Ichii. 2001. Role of root 

hairs and lateral roots in silicon uptake by rice. Plant 

Physiol., 127(4): 1773-1780. 

Maathuis, F.J. and A. Amtmann. 1999. K+ nutrition and Na+ 

toxicity: the basis of cellular K+/Na+ ratios. Ann. Bot., 

84(2): 123-133. 

Min Chen, J.P. and Baoshan Wang. 2008. Na+ transport and 

plant salt resistance at the whole plant level. Chinese 

Bulletin of Botany, 25(4): 381-391. 

Munns, R. 2002. Comparative physiology of salt and water 

stress. Plant, Cell Environ., 25(2): 239-250. 

Munns, R. 2007. Prophylactively parking sodium in the plant. 

New Phytol., 176(3): 501-504. 

Munns, R. and M. Tester. 2008. Mechanisms of salinity 

tolerance. Annu. Rev. Plant Biol., 59: 651-681. 

Munns, R., R.A. James and A. Lauchli. 2006. Approaches to 

increasing the salt tolerance of wheat and other cereals. J. 

Exp. Bot., 57(5): 1025-1043. 

Peng, Y. H., Y. F. Zhu, Y.Q. Mao, S.M. Wang, W.A. Su and Z.C. 

Tang. 2004. Alkali grass resists salt stress through high [K+] 

and an endodermis barrier to Na+. J. Exp. Bot., 55(398): 

939-949. 

Peng, Z., M. Wang, F. Li, H. Lv, C. Li and G. Xia. 2009. A 

proteomic study of the response to salinity and drought 

stress in an introgression strain of bread wheat. Molecular 

& Cellular Proteomics, 8(12): 2676-2686. 

Perumalla, C. and C.A. Peterson. 1986. Deposition of Casparian 

bands and suberin lamellae in the exodermis and 

endodermis of young corn and onion roots. Can. J. Bot., 

64(9): 1873-1878. 

Peterson, C.A. and B.E. Lefcourt. 1990. Development of 

endodermal Casparian bands and xylem in lateral roots of 

broad bean. Can. J. Bot., 68(12): 2729-2735. 

Prado, F.E., C. Boero, M. Gallardo and J.A. Gonzalez. 2000. 

Effect of NaCl on germination, growth, and soluble sugar 

content in Chenopodium quinoa Willd. seeds. Botanical 

Bulletin of Academia Sinica, 41(1): 27-34. 

Ranathunge, K., E. Steudle and R. Lafitte. 2005. A new 

precipitation technique provides evidence for the 

permeability of Casparian bands to ions in young roots of 

corn (Zea mays L.) and rice (Oryza sativa L.). Plant, Cell 

Environ., 28(11): 1450-1462. 

Ranathunge, K., J. Lin, E. Steudle and L. Schreiber. 2011. 

Stagnant deoxygenated growth enhances root suberization 

and lignifications, but differentially affects water and NaCl 

permeabilities in rice (Oryza sativa L.) roots. Plant, Cell 

Environ., 34(8): 1223-1240. 

Ranathunge, K., L. Kotula, E. Steudle and R. Lafitte. 2004. 

Water permeability and reflection coefficient of the outer 

part of young rice roots are differently affected by closure 

of water channels (aquaporins) or blockage of apoplastic 

pores. J. Exp. Bot., 55(396): 433-447. 

Rascio, A., M. Russo, L. Mazzucco, C. Platani, G. Nicastro and 

N. Di Fonzo. 2001. Enhanced osmotolerance of a wheat 

mutant selected for potassium accumulation. Plant Sci., 

160(3): 441-448. 

Redjala, T., I. Zelko, T. Sterckeman, V. Legué and A. Lux. 2011. 

Relationship between root structure and root cadmium 

uptake in maize. Environ. Exp. Bot., 71(2): 241-248. 

Roppolo, D., B. De Rybel, V. D. Tendon, A. Pfister, J. 

Alassimone, J. E. Vermeer, M. Yamazaki, Y.-D. Stierhof, T. 

Beeckman and N. Geldner. 2011. A novel protein family 

mediates Casparian strip formation in the endodermis. 

Nature, 473(7347): 380-383. 

Sairam, R.K., K.V. Rao and G. Srivastava. 2002. Differential 

response of wheat genotypes to long term salinity stress in 

relation to oxidative stress, antioxidant activity and 

osmolyte concentration. Plant Sci., 163(5): 1037-1046. 

Schreiber, L., K. Hartmann, M. Skrabs and J. Zeier. 1999. 

Apoplastic barriers in roots: chemical composition of 

endodermal and hypodermal cell walls. J. Exp. Bot., 

50(337): 1267-1280. 

Schreiber, L., R. Franke, K.-D. Hartmann, K. Ranathunge and E. 

Steudle. 2005. The chemical composition of suberin in 

apoplastic barriers affects radial hydraulic conductivity 

differently in the roots of rice (Oryza sativa L. cv. IR64) 

and corn (Zea mays L. cv. Helix). J. Exp. Bot., 56(415): 

1427-1436. 

Shabala, S., L. Shabala and E. Van Volkenburgh. 2003. Effect of 

calcium on root development and root ion fluxes in salinised 

barley seedlings. Funct. Plant Biol., 30(5): 507-514. 

Shabala, S., V. Demidchik, L. Shabala, T.A. Cuin, S.J. Smith, 

A.J. Miller, J.M. Davies and I.A. Newman. 2006. 

Extracellular Ca2+ ameliorates NaCl-induced K+ loss from 

Arabidopsis root and leaf cells by controlling plasma 

membrane K+-permeable channels. Plant Physiol., 141(4): 

1653-1665. 

Vaculík, M., A. Lux, M. Luxová, E. Tanimoto and I. 

Lichtscheidl. 2009. Silicon mitigates cadmium inhibitory 

effects in young maize plants. Environ. Exp. Bot., 67(1): 

52-58. 

Xiong, L., K.S. Schumaker and J.-K. Zhu. 2002. Cell signaling 

during cold, drought, and salt stress. The Plant Cell Online, 

14(suppl 1): S165-S183. 

Yang Hong-Bing, G.Q.Y., C. Min and W. Bao-Shan. 2002. Na+ 

Exclusion Mechanism of the Na+ Exclusion Sites in Wheat 

Seedlings. Journal of Plant Physiology and Molecular 

Biology, 28(3): 181-186. 

Yanhai, Z., J. Aijun, N. Tangyuan, X. Jialin, L. Zengjia and J. 

Gaoming. 2008. Potassium nitrate application alleviates 

sodium chloride stress in winter wheat cultivars differing in 

salt tolerance. J. Plant Physiol., 165(14): 1455-1465. 

Yeo, A., M. Yeo and T. Flowers. 1987. The contribution of an 

apoplastic pathway to sodium uptake by rice roots in saline 

conditions. J. Exp. Bot., 38(7): 1141-1153. 

Zhou, Q., L. Wang, X. Cai, D. Wang, X. Hua, L. Qu, J. Lin and 

T. Chen. 2011. Net sodium fluxes change significantly at 

anatomically distinct root zones of rice (Oryza sativa L.) 

seedlings. J. Plant Physiol., 168(11): 1249-1255. 

Zhu, J.-K. 2003. Regulation of ion homeostasis under salt stress. 

Curr. Opin. Plant Biol., 6(5): 441-445. 

 

(Received for publication 28July 2015) 

 


