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Introduction
Salt-alkaline or halomorphic soil is widely distributed 

throughout the world and seriously affects crop growth and 
reduces crop productivity (Shannon and Grieve, 1999; Chin-
nusamy et al., 2005; Hajiboland et al., 2014). It is estimated 
that approximately 9.544×108 hectares of land have been 
affected by soil salinity. More seriously, this area is gradual-
ly increasing due to excessive irrigation and poor drainage 
facilities (Moradi and Ismail, 2007; Li et al., 2014). Previous 
studies have shown that the damages to plants induced by 
salinity can be grouped into three categories: nutritional 
imbalance, osmotic stress and ion toxicity. NaCl stress can 

significantly increase Na+ concentrations in the organs of 
plant species with low tolerances to salt, and this excessive 
accumulation of Na+ negatively affects their growth and de-
velopment (Yang et al., 2002; Ashraf and Harris, 2004; Haji-
boland et al., 2014). High Na+ concentrations in the soil can 
also reduce the absorption of other important ions, such as 
K+, and the consequence of this nutritional imbalance can 
have negative effects on plants. To reduce injury caused by 
salinity and to maintain normal physiological metabolism, 
plants often restrict Na+ uptake through selective absorption 
by the roots, increases in Na+ efflux, and the promotion of Na+ 

compartmentalization, which allows the plant to maintain a 
balance of K+/Na+ (Maathuis, 1999; Lin et al., 2004; Zhang et 
al., 2008; Hajiboland et al., 2014). Numerous studies on the 
effects of salt stress on plants have focused on the level of ion 
distribution, but seldom on the levels of cell and tissue struc-
ture, or cell ultrastructure. In addition, most of these studies 
have been performed on wheat, grapevine, Arabidopsis thali-
ana, cotton, soybeans, and sorghum (Yang et al., 2002; Xie et 
al., 2011; Gao et al., 2012; Abaspour et al., 2013; Mishra et al., 
2013; Wu et al., 2014; Zhang et al., 2014). 

Pear (Pyrus L. sp., Rosaceae) is an important fruit glob-
ally. However, most pear cultivars are sensitive to salt stress, 
which has become a critical problem restricting pear produc-
tion (Hardiman and Culley, 2010; Li, 2014). To increase pear 
tolerance to salt, many pear producers graft buds of pear 
cultivars onto rootstocks of its wild relative Pyrus calleryana. 
This species has a high tolerance to salt stress, making it a 
widely used and important plant for pear root stock. How- 
ever, few studies have investigated the effects of salt stress 
on P. calleryana, and thus little information is available on the 
mechanism of salt tolerance of this species. In addition, the 
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 Summary
Pyrus calleryana is an important rootstock of pear 

because it has a high tolerance to salt stress; however, 
the mechanism of this high salt tolerance remains un-
clear. In this study, an assessment of salt tolerance in 
P. calleryana offspring was conducted, and the physi-
ological and structural mechanisms of salt tolerance 
in two representative lines, one (Ps) with a sensitivity 
to salt stress and another (Pr) with a high resistance 
to salt stress. It was found that salt stress significantly 
reduced chlorophyll content, net photosynthetic and 
transpiration rate, stomatal conductance, and chloro-
phyll fluorescence parameters, but there were more 
reductions in those parameters in the Ps compared 
with the Pr. In contrast, electrical conductivity and the 
contents of malondialdehyde (MDA) and H2O2 in the 
Ps and Pr significantly increased after salt stress, and 
there was a greater increase in the three parameters 
in the Ps compared with the Pr. POD activity decreased 
in the Ps, but it increased in the Pr after salt stress. 
Moreover, the Ps had a greater degree of increase in 
Na+ concentration compared with the Pr after salt 
treatment, whereas there was a greater reduction in 
K+, Ca2+ and Mg2+ contents in the Ps leaves than in the 
Pr leaves. Furthermore, salt treatment caused serious 
damage to the leaf microstructure and ultrastructure 
of the Ps, while the Pr leaf structure was not severe-
ly affected by the salt treatment. The results indicate 
that salt tolerance in P. calleryana is determined by 
multiple genes, and Pr possesses a well-integrated 
system to alleviate salt damage.

Keywords
elemental ions, malondialdehyde (MDA), photosynthesis, 
rootstock, salt damage, ultrastructure

Significance of this study
What is already known on this subject?
• Pyrus calleryana is an important pear rootstock as it 

has a high tolerance to salt stress, but its mechanism 
of high salt tolerance is unclear. 

What are the new findings?
• Salt tolerance of P. calleryana is determined by 

multiple genes, and Pr possesses a well-integrated 
system to alleviate salt damage.

What is the expected impact on horticulture?
• These findings will provide valuable information 

for revealing the molecular mechanism of high salt 
tolerance of this species.
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salt tolerance of the offspring of this species is typically dif-
ferent from each other (Li, 2014). Therefore, in this study, we 
assessed the salt tolerance of P. calleryana offspring to obtain 
pear lines with a high resistance to salt stress (Pr) and lines 
with a sensitivity to salt stress (Ps). Following this, we inves-
tigated the mechanisms of salt tolerance in the physiology 
and structure of the Pr and Ps. This study resulted in  
P. calleryana lines with a high resistance to salt stress that 
provide optimum rootstocks for pear cultivars, examined the 
physiological and structural mechanisms of salt tolerance 
and observed significant differences in salt tolerance be-
tween the Ps and Pr of P. calleryana.

Materials and methods

Materials
Seeds of P. calleryana were sown in the plastic trays filled 

with a 2:1:1 (v/v) mixture of garden soil, vermiculite and 
perlite in a greenhouse at the Jiangsu Academy of Agricul-
tural Sciences (32°09’N, 118°60’E). The temperature and 
relative humidity regime were 22~28°C and 75%~90% in 
the greenhouse in the day, respectively; and 13~18°C and 
65%~80% at night. Light intensity was 400~750 μmol 
m-1 s-1 photosynthetically active radiation. After approxi-
mately three months, seedlings with uniform growth were 
transplanted into six plastic pots filled with quartz sand that 
had been washed with acid and water successively. After two 
weeks of growth in the quartz sand, the seedlings were used 
for the salt tolerance assessment. 

Assessment of salt tolerance in P. calleryana seedlings
The seedlings were transplanted from the plastic pots 

filled with quartz sand into larger plastic pots containing a 
Hoagland nutrient solution [945 mg L-1 Ca(NO3)2, 607 mg L-1 
KNO3, 115 mg L-1 NH4NO3, 493 mg L-1 MgSO4, 27.8 mg L-1 
FeSO4·7H2O, 0.83 mg L-1 KI, 6.2 mg L-1 H3BO3, 22.3 mg L-1 
MnSO4, 8.6 mg L-1 ZnSO4, 0.25 mg L-1 Na2MoO4, 0.025 mg L-1 
CuSO4, and 0.025 mg L-1 CoCl2]. Three large plastic pots con-
tained 1/3 Hoagland nutrient solution and 0.3% NaCl, and 
the other three contained 1/3 Hoagland nutrient solution 
and 0.9% NaCl. There were 100 seedlings grown in each 
large plastic pot. The Hoagland nutrient solution and NaCl 
in the pots were replaced every five days. After two weeks 
of treatment, the salt damage index of each seedling (caused 
by the NaCl) was recorded. The salt damage index was de-
termined according a previous study (Fan et al., 2004). The 
value “0” means that leaves are normal in morphology; “1” 
means that a small part of leaves become yellow; “2” means 
that about 50% leaves become yellow and the leaf tip and 
margin wither; “3” means that most part of leaves becomes 
yellow and the leaf tip and margin wither, and some leaves fall 
off; “4” means that most of leaves fall off and braches wither, 
and finally the plants die. Salt damage index (%) = [ ∑ (V×N)/ 
(H×T)]×100. “V” means the value (0~4) of each plant after 
salt stress; “N” means the number of plants under certain 
the value of after salt stress; “H” means the highest value of 
the plants after salt stress; and “T” means the number of all 
the plants subject to salt treatment. The salt damage index 
shows the level of damage in seedlings caused by the NaCl 
treatment, ranges from to 0 to 80 and is directly proportional 
to the damage level. In the 0.3% NaCl treatment, we obtained 
one seedling with the highest salt damage index, indicating 
that it was the most sensitive to salt stress, and it was named 
Ps. We also obtained one seedling with the lowest salt dam-
age index in the 0.9% NaCl treatment, demonstrating that it 

was most tolerant to 0.9% NaCl stress, and it was named Pr. 
The Ps and Pr were used in the following experiments. 

NaCl treatment of the Ps and Pr
Micropropagation of the Ps and Pr were performed from 

June 2012 to June 2014 by Li (2014) as follows. The 3~4 cm 
explants were sampled from Ps and Pr plants, and then put 
on MS medium supplemented with 0.6 mg L-1 6-BA and 0.2 
mg L-1 NAA after sterilization. A lots of buds were regener-
ated from the explants after one month of culture, then buds 
were cut off from the explants and put on MS+0.6 mg L-1 
6-BA+0.2 mg L-1 NAA for four weeks of culture. The buds 
were subcultured on MS+0.6 mg L-1 6-BA+0.2 mg L-1 NAA for 
two times. After that, the buds were transferred on rooting 
medium, 1/2MS+1.0 mg L-1 NAA. After one month of culture 
on rooting medium, most of buds produced roots. The pho-
toperiod was 12 h d-1 with a light intensity of 150 μmol m-1 s-1 
photosynthetically active radiation during the culture, and 
the temperature was 24±2°C in the light and 18±2°C in the 
dark. Then the rooting seedlings or plantlets were acclima-
tized, and uniform plantlets regenerated from Ps and Pr were 
subject to NaCl treatments in six large plastic pots containing 
1/3 Hoagland nutrient solution and 0.9% NaCl. Each of three 
plastic pots contained 100 Ps plantlets. Three additional 
plastic pots contained 100 Pr plantlets each. 

Determination of leaf physiological parameters of the 
Ps and Pr

Photosynthetic rate, stomatal conductance (Cond), inter-
cellular CO2 concentration (Ci), and chlorophyll fluorescence 
parameters were measured using an LI-6400 Portable Pho-
tosynthesis System (Li-Cor Inc., Lincoln, NB, USA) (Zhang et 
al., 2012). Fully expanded leaves were used and all the exper-
iments were repeated three times.

Chlorophyll extraction was performed using the acetone 
method (Jin et al., 2011). After fresh leaves (ca. 0.5 g) were 
homogenized with a mortar and pestle in 5 mL of 100% ac-
etone, the extract was added to 5 mL of 80% (v/v) acetone 
and centrifuged at 15,000 g for 15 min. The absorbance of 
the supernatant was measured at 665 nm and 649 nm. The 
chlorophyll a and b contents were calculated according to 
the formulas Ca=13.95 A665-6.88 A649, Cb=24.96 A649-7.32 A665, 
respectively. 

Electric conductivity was estimated according to a previ-
ously reported method with minor modification (Sun et al., 
2010). Approximately 0.5 g of fresh leaves was rinsed three 
times with deionized water and then immersed in 100 mL of 
deionized water for 24 h. After that, the conductivity of the 
solution (Cinitial) was measured with a conductivity meter, and 
the leaves were boiled at 100°C for 20 min. When the solu-
tion was cool, the electric conductivity (Cmax) was measured 
again. Relative conductivity was calculated as the percentage 
of Cinitial over Cmax.

Malondialdehyde (MDA) contents were determined by 
tribromoarsenazo (TBA) colorimetry according to Sun et al. 
(2010). Approximately 0.5 g of fresh leaves was homogenized 
with a mortar and pestle in 10% trichloroacetic acid (TCA), 
and the homogenate was centrifuged at 12,000 g for 15 min. 
Then, 2 mL of supernatant was added to 2 mL of 10% TCA 
containing 0.5% thiobarbituric acid. The mixture was boiled 
at 100°C for 30 min. After being cooled and centrifuged, the 
absorbance was measured at 450 nm, 532 nm and 600 nm. 
MDA contents were calculated according to the formula con-
tent (μmol L-1) = 6.45(A532-A600)-0.56A450 (Sun et al., 2010).
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The POD activities were determined using the guaiacol 
method according to Werner (2003). Approximately 0.5 g of 
fresh leaves was frozen in liquid nitrogen and ground into a 
powder with a mortar and pestle. Then, 2 mL of pre-cooled 
phosphate buffer solution (PBS, pH 7.8) was added into the 
leaf power, and the samples were centrifuged at 15,000 g for 
15 min at 4°C. The supernatant (0.1 mL) and 3 mL of reac-
tion solution (0.08% guaiacol and 18% H2O2 in pH 7.0 PBS) 
were placed into a reaction tube. The dynamic change in ab-
sorption value was recorded at 470 nm every 40 s for 4 min.  
Enzyme unit was defined as A470 of 0.001 between the blank 
and the sample per minute of reaction time, and enzyme  
activity was designed as Unit g-1 fresh weight min-1. The H2O2 
contents and O2- production rates were measured according 
to a previously reported method (Werner, 2003). 

Analysis of Na+, K+, Ca2+ and Mg2+ in the Ps and Pr leaves
Concentrations of Na+, K+, Ca2+ and Mg2+ in the Ps and Pr 

leaves were determined using an atomic absorption spectro-
photometer (AA-6300; Shimadzu, Kyoto, Japan) (Teng et al., 
2006).

Leaf microstructure and ultrastructure of the Ps and Pr
Leaves were sampled for microstructure observation  

according to the following procedures. The leaves were fixed 
in an FAA solution [5 mL of formalin, 5 mL of acetic acid, and 
90 mL of 75% alcohol (v/v)] and stored at 4°C until use. The 
leaves were dehydrated through a graded series of ethanol 
solutions and then embedded in paraffin wax. Sections were 
cut to a thickness of 8 μm and were then stained with  
safranin and fast green. Afterwards, the sections were  
observed under an Olympus BX41 microscope, and the  
digital images were captured using an Axiocam MRC camera 
(Teng et al., 2012; Wang, F. et al., 2014). 

In addition, some leaves were subjected to transmission 
electron microscopy for ultrastructure observation accord-
ing to the following procedures. Leaves were sampled and 
immersed in 0.1 mol L-1 PBS (pH 7.2) containing 2.5% (v/v) 
glutaraldehyde, gently expelled using a syringe, and stored at 
4°C until use. After the leaves were washed three times with 
the same phosphate buffer, they were post-fixed in 1% osmi-
um tetroxide for 6 h. Then, they were subjected to a graded 
series of PHEM buffer (60 mmol L-1 pipes; 25 mmol L-1 Hepes; 
10 mmol L-1 EGTA; 2 mmol L-1 MgCl2; pH 7.0) and ethanol 
solutions, and they were embedded in Epon 812. Sections 
were cut to a thickness of 75 nm using an LKB-V ultramicro-
tome (Bromma, Sweden) and stained with uranyl acetate and 
lead citrate. The ultra-sections were observed and imaged 

under a transmission electron microscope (Hitachi H-7650) 
at 80 kV (Jin et al., 2011; Wang, X.G. et al., 2014).

Statistical analysis
All the experiments were repeated three times and the 

data were analyzed using a one-way analysis of variance, 
and the statistical significance (p < 0.05) of differences was 
determined using Duncan’s New Multiple Range Test in SPSS 
software 17.0 (SPSS Inc., Chicago, IL, USA).

Results

Separation in salt tolerances of P. calleryana self-
pollinated seedlings

There was a wide range of salt tolerance in the P. callery-
ana self-pollinated seedlings (Figures 1 and 2). The salt dam-
age index of the self-pollinated seedlings ranged from 0 to 
22 in the two-week 0.3% NaCl treatment and approximately 
80% of the seedlings were not affected dramatically by this 
treatment. However, the salt damage index of 0.67% of the 
seedlings was 22, indicating that those seedlings were most 
sensitive to the salt treatment and were thus regarded as Ps 
lines (Figure 1A). After P. calleryana self-pollinated seedlings 
were treated for two weeks with 0.9% NaCl, the salt damage 
index of all seedlings ranged from 20 to 80, demonstrating 
that most of the seedlings were severely affected by the 0.9% 
NaCl treatment. However, the salt damage index of 2.67% of 
the seedlings was under 20 in the 0.9% NaCl treatment, and 
those seedlings were regarded as Pr lines (Figures 1B and 2).

Effects of salt stress on leaf chlorophyll content
Salt stress significantly reduced the chlorophyll contents 

of both the Ps and Pr (Table 1). However, there was a greater 
reduction in contents of Chla, Chlb and Chl (a+b) after 0.9% 
NaCl stress in the Ps compared with the Pr. For example, 
there was a reduction of 75.8% in the Chla content in the Ps 
after the NaCl treatment, while the reduction of the Chlb con-
tent in the Pr was 52.4%. In contrast, a significant increase 
was observed in the ratio of Chla to Chlb in both the Ps and 
Pr, due to the greater reduction in the Chla content than in 
the Chlb content in both the Ps and Pr (Table 1). This result 
indicates that Chla was more sensitive to salt treatment com-
pared with Chlb. In addition, there was a greater increase in 
the ratio of Chla to Chlb in the Pr than in the Ps (Table 1). The 
reason is that Chla in the Pr was less affected by salt treat-
ment compared with Chlb, but Chlb in the Ps was less affect-
ed by salt treatment compared with Chla.
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Figure 1.  Distribution of salt tolerance in pear hybrid lines after two weeks of 0.3% (A) 0.9% (B) NaCl treatment.  
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Figure 1.  Distribution of salt tolerance in pear hybrid lines after two weeks of 0.3% (A) 0.9% (B) NaCl treatment. 
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Effects of salt stress on photosynthesis
There were negative effects of salt stress on the photo-

synthetic physiology of both the Pr and Ps, but the Ps was 
more affected by the NaCl treatment relative to the Ps. For 
instance, the net CO2 assimilation rate or net photosynthetic 
rate dropped by 95.8% and 69% in the Ps and Pr, respective-
ly. In addition, there was a concomitant decrease in stoma-
tal conductance and transpiration rate in both the Ps and Pr 
after salt stress (Table 2). Notably, the decrease in net CO2 
assimilation rate, stomatal conductance and transpiration 
rate were very similar; the reduction levels of the three pho-
tosynthetic features were 95.8%, 96.0% and 96.1%, respec-
tively (Table 2). However, the intercellular CO2 concentration 
changed only slightly. 

Some chlorophyll fluorescence parameters were also 
negatively affected by the salt treatment, and there was a 
greater reduction of those parameters in the Ps than in the 
Pr after salt stress. Fv/Fm, PhiPS2, qP, qN, and ETR in the 
Ps significantly declined by 42%, 84.5%, 81.2%, 52.9% and 
97.0%, respectively, after the salt treatment. However, Fv/
Fm, PhiPS2, and qP did not significantly change after salt 

stress in the Pr (Table 2). These results suggest that the pho-
tosynthetic function of the Pr was not severely damaged by 
the salt treatment, while the photosynthetic function of the 
Ps was seriously affected. 

Effects of salt stress on electrical conductivity, MDA, O2- 
production rate, and POD activity 

Electrical conductivity, MDA and H2O2 contents in leaves 
of both the Ps and Pr significantly increased after salt stress, 
but there were greater increases in the three parameters in 
the Ps than in the Pr. The increases in electrical conductivity, 
MDA and H2O2 contents in the Ps were as high as 146.9%, 
141.3%, and 124.6%, respectively. However, the electri-
cal conductivity, MDA and H2O2 contents were only 67.9%, 
22.6% and 32.8% (Table 3) for the Pr. The O2- production 
rate in the Ps was nearly doubled after salt treatment, but 
it only increased by 5.6% in the Pr after salt stress. Though 
the POD activity decreased by 12.5% in the Ps and increased 
by 12.2% in the Pr after salt stress, there was no significant 
difference in the POD activity of the Ps or Pr between the 
control and NaCl treatment (Table 3). 
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Figure 2.  Morphologies of Ps (A, B) and Pr (C, D) plants after two weeks of 0.9% NaCl treatment. Seedlings non-
treated (A, C), and  treated(B, D) with NaCl. In both combinations dropped some leaves. All figures have the same 
bar (2 cm). 
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Figure 2.  Morphologies of Ps (A, 
B) and Pr (C, D) plants after two 
weeks of 0.9% NaCl treatment. 
Seedlings non-treated (A, C), 
and  treated (B, D) with NaCl. 
In both combinations dropped 
some leaves. All figures have 
the same bar (2 cm).

Table 1.  Effects of salt stress on leaf chlorophyll content of Ps and Pr.

Leaf chlorophyll Seedlings Control 0.9% NaCl Change (%)

Chla (mg g-1 FW)
Ps 0.574±0.072a 0.139±0.008b -75.8
Pr 0.689±0.091a 0.328±0.003b -52.4

Chlb (mg g-1 FW)
Ps 0.468±0.065a 0.075±0.012b -84.0
Pr 0.399±0.042a 0.097±0.013b -75.8

Chl (a+b) (mg g-1 FW)
Ps 1.042±0.136a 0.214±0.016b -79.5
Pr 1.089±0.133a 0.425±0.012b -61.0

Chla/Chlb
Ps 1.230±0.056b 1.885±0.305a 53.3
Pr 1.723±0.072b 3.431±0.429a 99.1

Values (mean ± standard deviation) with the same letter are not significantly different at α=0.05 (t-test). Ps: Seedlings that were sensitive to salt;  
Pr: Seedlings that were resistant to salt; Chla: Chlorophyll a; Chlb: Chlorophyll b; Chl (a+b): Total chlorophyll; and FW: fresh weight.
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Table 2.  Effects of salt stress on the photosynthetic physiology of Ps and Pr.

Photosynthetic features Seedlings Control 0.9%NaCl Change (%)

A (μmol m-2 s-1) 
Ps 7.567±0.126a 0.318±0.144b -95.8
Pr 6.667±0.098a 2.066±0.053b -69.0

gs (mmol m-2 s-1)
Ps 357.5±39.0a 14.3±3.5b -96.0
Pr 549.6±27.9a 103.8±36.3b -81.1

Ci (μmol mol-1)
Ps 560±6a  526±49a -6.2
Pr 531±3a 545±14a 2.5

E (mmol m-2 s-1)
Ps 9.348±0.950a 0.363±0.057b -96.1
Pr 10.930±0.634a 2.646±0.867b -75.8

Fv/Fm
Ps 0.749±0.004a 0.434±0.011a -42.0
Pr 0.776±0.007a 0.721±0.009a -7.1

PhiPS2
Ps 0.427±0.040a 0.066±0.010b -84.5
Pr 0.257±0.025a 0.265±0.023a 3.1

qP
Ps 0.745±0.037a 0.140±0.018b -81.2
Pr 0.401±0.033a 0.364±0.026a -9.2

qN
Ps 0.631±0.038a 0.297±0.049b -52.9
Pr 0.646±0.086a 0.530±0.088b -18.0

ETR
Ps 86.320±1.420a 2.598±0.511b -97.0
Pr 40.072±6.525a 11.143±0.828b -72.2

Values (mean ± standard deviation) with the same letter are not significantly different at α=0.05 (t-test). Ps: Seedlings that were sensitive to salt; 
Pr: Seedlings that were resistant to salt; A: Net CO2 assimilation rate or net photosynthetic rate; gs: Stomatal conductance; Ci: Intercellular CO2 
concentration; E: Transpiration rate; Fv/Fm: Maximal PSII light energy transformation efficiency; PhiPS2: PSII photochemical quantum yield; qP: 
Photochemical quenching coefficient; qN: Non-photochemical quenching coefficient; and ETR: Apparent photosynthetic electron transport rate.

Table 4.  Effects of salt stress on concentration of Na+, K+, Ca2+ and Mg2+ in Ps and Pr leaves.

Elements (mg g-1 FW) Seedlings Control 0.9% NaCl Change (%)

Na+
Ps 3.34±0.37b 45.58±3.16a 1264.7%
Pr 3.91±0.41b 28.97±2.49a 640.9%

K+
Ps 49.87±2.41a 39.81±2.24b -20.2%
Pr 45.61±2.28a 39.18±2.43a -14.1%

Ca2+
Ps 2.63±0.18a 0.52±0.04b -80.2%
Pr 3.10±0.16a 2.05±0.12b -33.9%

Mg2+
Ps 2.09±0.11a 1.34±0.0057b -35.9%
Pr 1.89±0.09a 1.81±0.11a -4.2%

Values (mean ± standard deviation) with the same letter are not significantly different at α=0.05 (t-test). Ps: Seedlings that were sensitive to salt; 
Pr: Seedlings that were resistant to salt; and FW: fresh weight.

Table 3.  Effects of salt stress on electrical conductivity, MDA content, O2- production rate, and POD activity in pear leaves of 
Ps and Pr.

Parameters related to stress Seedlings Control 0.9% NaCl Change (%)

Electrical conductivity (%)
Ps 10.005±0.562b 24.700±3.356a 146.9
Pr 9.033±0.991b 15.167±2.603a 67.9

MDA (nmol g-1 FW)
Ps 0.759±0.139b 1.831±0.221a 141.3
Pr 0.704±0.064b 0.863±0.170a 22.6

H2O2 (μmol g-1 FW)
Ps 3.500±0.317b 7.869±0.944a 124.8
Pr 1.780±0.148b 2.364±0.315a 32.8

O2- production rate (nmol g-1 FW h-1)
Ps 98.742±6.929b 192.977±12.829a 95.4
Pr 100.810±2.736a 106.492±2.539a 5.6

POD (Unit g-1 FW min-1)
Ps 114.481±7.930a 100.214±6.072a -12.5
Pr 80.994±5.165a 90.888±5.602a 12.2

Values (mean ± standard deviation) with the same letter are not significantly different at α=0.05 (t-test). Ps: Seedlings that were sensitive to salt; 
Pr: Seedlings that were resistant to salt; and FW: fresh weight.



V o l u m e  8 0  |  I s s u e  6  |  D e c e m b e r  2 0 1 5 311

Li et al.  |  Responses of pear rootstock to salt stress

Effects of salt stress on concentration of Na+, K+, Ca2+ and 
Mg2+ in the Ps and Pr leaves

The salt treatment had complex effects on the concentra-
tions of Na+, K+, Ca2+ and Mg2+ in the Ps and Pr leaves. The 
Na+ concentration in the Ps and Pr leaves was significantly 
increased after salt stress, but the Ps had a greater degree of 
increase in Na+ concentration compared with the Pr. The con-
centrations of K+, Ca2+ and Mg2+ in both the Ps and Pr leaves 
deceased after salt treatment, but there were greater reduc-
tions in those elemental ions in the Ps leaves compared to the 
Pr leaves. The smaller reduction in the concentrations of K+, 
Ca2+ and Mg2+ in the Pr leaves may be a reason for the smaller 
increase in the concentration of Na+ in the Pr leaves after salt 
treatment relative to the Ps, as plants typically have a balance 
in these elemental ions (Table 3). Thus, Pr must have a mech-
anism to inhibit Na+ absorption during salt stress, whereas 
Ps lacks such a mechanism. 

Effects of salt stress on leaf microstructure 
The leaf microstructure of the Ps was severely affected 

by the NaCl treatment, while the treatment did not cause se-
rious damage to the leaf microstructure of the Pr (Figure 3). 
The cells in the palisade and spongy tissues were well orga-
nized in the leaves of both Ps and Pr prior to salt treatment 
(Figure 3A, C). After two weeks of salt treatment, although 
the leaf thickness of Ps leaves changed little, the arrange-
ment of cells in its palisade and spongy tissues became loose 
and were not as compact as the control. In addition, there 
was more interspace in the Ps leaves after salt treatment rel-
ative to the control, indicating that the salt treatment caused 
the degeneration of some cells in the Ps leaves (Figure 3B). 
However, the arrangement of cells in palisade and spongy tis-
sues of the Pr leaves after salt stress was as well organized as 

the control, and the cells were intact and did not degenerate 
after salt treatment (Figure 3D), indicating that the leaf  
microstructure of Pr was not dramatically affected by the 
NaCl treatment. 

Effects of salt stress on leaf ultrastructure 
Salt stress negatively affected the leaf ultrastructure of 

both the Pr and Ps, but the Ps leaves at the ultrastructure  
level were more seriously damaged by the salt treatment 
compared with the Pr leaves (Figure 4). Prior to salt treat-
ment, the leaf ultrastructure of both the Pr and Ps were very 
similar. The chloroplasts were located peripherally, many 
large starch grains were located in the middle of chloro-
plasts, and the thylakoid membranes were intact and well 
organized (Figure 4A, B, E, F). After two weeks of 0.9% NaCl 
treatment, the size and number of the starch grains drama- 
tically decreased in the middle of the chloroplasts of both 
the Ps and Pr leaves (Figure 4C, G). In addition, the thyla-
koid membranes in the chloroplasts of the Ps leaves were 
seriously distorted after salt stress (Figure 4C, D), while no 
significant difference was observed in the arrangement of 
the thylakoid membranes in the chloroplasts of the Pr leaves 
after salt treatment (Figure 4G, H). Furthermore, salt stress 
caused the accumulation of plastoglobuli in the chloroplasts 
of the Ps leaves, but it did not significantly increase the plasto- 
globuli in the chloroplasts of the Pr leaves (Figure 4D, H). 
These findings suggest that salt stress accelerated the senes- 
cence of the Ps leaves, as plastoglobuli are a hallmark of ageing. 

Discussion
Because P. calleryana and pear cultivar (P. serotina) are 

closely related, and the former possesses a higher salt toler-
ance than the latter, P. calleryana is widely used as the root-
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Figure 3.  The cross section of the leaf blades of Ps (A, B) and Pr (C, D) plants. Leaf structure of plants non-treated 
(A, C) and treated (B, D) with NaCl. Abe: Abaxial epidermis; Ade: Adaxial epidermis; Is: Intracellular space; Pp: 
Palisade parenchyma; Sp: Spongy parenchyma; and Vs: Vascular bundles. All figures have the same bar (100 μm).  
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Figure 4.  The effect of NaCl stress on leaf ultrastructure of Ps (A, B, C, D) and Pr (E, F, G, H). The ultrastructure of 
leaf blades of plants non-treated (A, B, E, F) and treated (C, D, G, H) with 0.9% NaCl. Ch: Chloroplast; Cw: Cell wall; 
Gt: Grana thylakoid; Pl: Plastoglobuli; Sg: Starch grain; and Th: Thylakoid. Bars: 2 μm (A, C, E, G), 0.5 μm (B, D, F, H).  
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stock of pear cultivars (Hardiman and Culley, 2010; Li, 2014). 
However, there was a wide range of salt tolerance among 
different plants of the same pear cultivar that were grafted 
with P. calleryana. Some grafted plants had a high tolerance 
to salt stress, but some others were very sensitive and even 
more sensitive to salt than the same cultivar without graft-
ing, which seriously reduces the quality of pear graft plants 
(Liu, 2013; Li, 2014). Little information exists on the mech-
anism of salt tolerance in pear. In this study, we found that 
different P. calleryana self-pollinated seedlings had different 
salt tolerances, which may attribute to the wide separation 
in salt tolerance among the different graft plants of the same 
pear cultivar. The mechanisms and the reasons for the wide 
range in salt tolerance among the P. calleryana self-pollinat-
ed seedlings remains unknown. One possible reason is that 
P. calleryana is not a homozygote and its salt tolerance is 
determined by multiple genes. Those salt-related genes may 
randomly separate and recombine during meiosis and fertil-
ization, thus different self-pollinated seedlings would have 
different salt tolerances. 

There are two potential methods to determine the reason 
for the wide separation in salt tolerances among graft plants 
of the same pear cultivar. The first one is to obtain one P. call-
eryana self-pollinated seedling with a high tolerance to salt. 
Then, this seedling can be propagated by vegetative or asex-
ual propagation, and the plants originated from this seedling 
will have the same salt tolerance, and all the pear cultivars 
grafted on the plants will have high tolerance to salt. Another 
method is to obtain a homozygote of P. calleryana through 
several generations of self-pollination. However, this method 
might require 30 to 50 years or more to obtain the homo-
zygote because it typically requires 6 to 10 generations of 
self-pollination to obtain a homozygote of P. calleryana, and 
the least amount of time from sowing to flowering in each 
generation is approximately 5 years. In addition, self-incom-
patibility may exist during self-pollination of P. calleryana, as 
this phenomenon is very common in many species in genus 
of Pyrus (Li et al., 2009; Sanzol, 2010; Kakui et al., 2011). 
Therefore, the first method is more practical and feasible, 
and it has been used recently in China (Li, 2014). 

Salt stress can cause harmful changes to physiological, 
biochemical, morphological and structural processes in 
plants (Koca et al., 2007; Fan et al., 2011; Hajiboland et al., 
2014). When the level of salt stress is not severe, the chang-
es are invisible. However, the changes become obvious and 
damages occur when salt stress is severe. When plants are 
subject to salt stress, chlorophyll metabolism is most easily 
affected, thus chlorophyll content is often regarded as a hall-
mark of the damage level (Hajiboland et al., 2014; Li, 2014). 
In the present study, the rate of decline in chlorophyll con-
tent in the Ps was higher than in the Pr, demonstrating that 
the Pr is more tolerant to salt stress than the Ps. It is possi-
ble that some genes involved in chlorophyll synthesis were 
more seriously inhibited in the Ps than in the Pr. The rate of 
chlorophyll degradation was also higher in the Ps than in the 
Pr. In addition, degeneration of some cells in the Ps palisade 
tissues may contribute to the greater decrease in chloro-
phyll content after salt treatment, as most of chloroplasts are  
located in the palisade tissues. Interestingly, chlorophyll a  
metabolism was more easily affected than chlorophyll b in this 
study, and this should be further investigated in the future. 

Salt stress can inhibit and even damage plant photo-
synthetic physiology, such as photosynthetic rate and chlo-
rophyll fluorescence parameters (Moradi and Ismail, 2007; 
Duarte et al., 2013; Hajiboland et al., 2014; Wu et al., 2014). 

The results presented here show that the Ps had a greater 
decline in net photosynthetic rate and chlorophyll fluores-
cence parameters including Fv/Fm, PhiPS2, qP, qN, and ETR 
in comparison with the Pr, demonstrating that the Pr had a 
higher salt tolerance than the Ps. The dramatic decrease in 
photosynthesis metabolism may be a result of the decline in 
chlorophyll content and stomatal conductance, as the two  
parameters are directly proportional to photosynthesis 
(Teng et al., 2009; Jin et al., 2011; Li, 2014). In the current 
study, the Ps had a greater decrease in chlorophyll content 
and stomatal conductance relative to the Pr, which is the rea-
son for the greater decline in photosynthetic rate and chlo-
rophyll fluorescence parameters in the Ps compared with 
the Pr. Therefore, the changes in net photosynthetic rate and 
chlorophyll fluorescence parameters are often used as indi-
cators of the level of damage to plants under salt stress (Ha-
jiboland et al., 2014; Li, 2014). 

Salt stress often damages cell membrane integrity, and 
the level of membrane damage is often used to measure plant 
salt tolerance. Electrical conductivity and MDA content are 
typically regarded as two indicators of the extent of mem-
brane damage of plants under salt stress (de Azevedo Neto et 
al., 2006; Koca et al., 2007; Duarte et al., 2013). In this study, 
the electrical conductivity and MDA content in both the Ps 
and Pr increased after salt treatment, but the increase was 
greater in the Ps, indicating that the Pr cell membrane was 
less affected by salt treatment than the Ps cell membrane 
and the Pr had a higher tolerance to salt stress. It is very pos-
sible that the Ps had a higher production rate of H2O2 and 
O2- relative to the Pr under salt stress, and H2O2 and O2- can 
also destroy cell membranes. In addition, the POD activity 
in the Ps decreased, but it increased in Pr; additionally, POD 
can scavenge H2O2 and O2-. Such result is consistent with the 
study of Sergio et al. (2012) who found that POD activity was 
enhanced under salt stress conditions. Therefore, electrical 
conductivity and MDA are two important parameters for 
measuring salt tolerance of plants under salt stress. 

In addition to physiological and biochemical changes, salt 
stress can induce changes in leaf structure, especially at the 
ultrastructural level (Liu et al., 2004; Barhoumi et al., 2007; 
Fan et al., 2011). The thylakoid membranes in the Ps were 
distorted after salt treatment in this study, while the Pr thyla-
koid membranes were intact and well organized, showing 
that the Pr chloroplasts were less injured by salt treatment 
compared with the Ps chloroplasts. In addition, the number 
and size of starch grains decreased in both the Ps and Pr 
chloroplasts after salt stress. The main reason for this is that 
the decrease in the net photosynthetic rate in the Ps and Pr 
lead to a reduction in starch synthesis. Furthermore, there 
was more accumulation of plastoglobuli in Ps chloroplasts 
than in plastoglobuli Pr chloroplasts. Because plastoglobuli 
are often regarded as a hallmark of chloroplast ageing (Li et 
al., 2006; Teng et al., 2006), the Ps chloroplasts must have 
been severely damaged by the salt treatment. 

In conclusion, this study assessed the salt tolerance of 
P. calleryana seedlings and compared the morphological, 
physiological and structural characteristics of the Ps and Pr 
seedlings. Two findings are worth noting. First, there was 
wide range of salt tolerances among the seedlings, explaining 
differences in salt tolerance among plants of the same pear 
cultivar grafted on different P. calleryana seedlings. Second, 
Pr possesses a well-integrated system to alleviate salt dam-
age, but Ps lacks such a system. Those important findings 
will provide valuable information for revealing the molecular 
mechanism of high salt tolerance. 
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