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Abstract Malus prunifolia is an important germ-
plasm resource for apple rootstock. However, no
comprehensive and systematic evaluation has been
made of its salt tolerance. We compared salt injury
(SD), net photosynthetic rate (Pn), variation percentage
(VP) of electrolyte leakage (EL), relative water
content (RWC) and adverse resistance coefficients
(ARC) in nine biotypes of Malus prunifolia when
plants were exposed to 150 mM NaCl for 10 days.
Two other valuable rootstock sources (M. sieversii and
M. hupehensis) were also analyzed. Under high-
salinity conditions, all growth parameters except EL
were significantly decreased compared with the
untreated control. The greatest changes were found
with Pn. Values for RWC and ARC also declined
under saline treatment, although the extent of that
decrease varied among biotypes. Based on our results
for SI, as well as ARC and cluster analysis, we deemed
these biotypes to be salt-tolerant: M. prunifolia
“fupingqiuzi’, M. prunifolia ‘dongbeihuanghaitang’,
M. prunifolia ‘laoshannaizi’, M. sieversii, and M.
hupehensis. By contrast, M. prunifolia ‘baihaitang’,
M. prunifolia ‘wulenghaitang’ and M. prunifolia
‘neimengguhaihong’ proved to be salt-sensitive.
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Introduction

Deleterious environmental changes are widely viewed
as a major challenge to global food security (Fedoroff
et al. 2010). As a main abiotic factor, salt stress limits
plant growth and productivity worldwide (Allakhver-
diev et al. 2000). Soil salinization poses a great threat
to coastal and inland agriculture, particularly in
countries with very hot, dry climates (Flowers et al.
1997; Wahid and Ghazanfar 2006). However, only a
few cultivars for agronomic crops have been devel-
oped that are resistant to saline soils (Flowers and Yeo
1995). Therefore, it is of paramount importance that
scientists obtain more knowledge about the salt
tolerance of valuable plant species (Flowers 2004).
Crops growing under high salinity show reduced
photosynthesis, growth, and development, all associ-
ated with ionic/osmotic effects, a nutritional imbal-
ance, or oxidative stress (Ahmad et al. 2008; Ashraf
2009; Ashraf and Foolad 2007; Lee et al. 2004; Ron
2002). However, the degree to which a species is
susceptible can depend upon its cultivar type and the
duration of salt exposure (Vigo et al. 2005). By
evaluating several physiological and biochemical
parameters, researchers have determined several
genotype differences between tolerant and sensitive
plants in an effort to develop rapid screening methods
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for salt tolerance (Alian et al. 2000). The capacity of a
species to tolerate such stress is a function of its
genetic and biochemical characteristics (Garg and
Garg 1982). Our understanding of the effects of salt
stress remains incomplete because of the complexity
of the processes involving both ionic and osmotic
components that lead to morphological, physiological,
and metabolic changes (Bray 1993). Such alterations
in plant properties enable them to adapt to growth
under salinity stress (Bohnert et al. 1995).

Apple (Malus sp.) is one of the most economically
important fruits in the world. However, the develop-
ment of trees in some regions can be restricted because
of environmental stresses such as high salt concentra-
tions in the soil. China, one of the oldest breeding
centers of Malus plants, has abundant germplasm
resources with strong resistance to adverse environ-
ments (Ye et al. 2004). By identifying the most salt-
tolerant rootstocks and determining which genes
confer tolerance, researchers will be able to provide
new salt-tolerance genetic resources for improved
breeding and fruit productivity.

Malus prunifolia is an excellent rootstock widely
used for grafting apple trees in saline and arid areas.
There are many biotypes in this species, and however,
no comprehensive and systematic assessment of its
salt tolerance has previously been conducted. There-
fore, our study objective was to evaluate trees from
nine of its biotypes and compare their performance

Table 1 The origins of Malus biotypes used in this study

with that of two other important rootstock sources—
M. sieversii Roem. and M. hupehensis Rehd. which are
moderate-tolerance and high-tolerance respectively
under 200 mM NaCl treatment (Yin et al. 2010). In
particular, we examined their physiological responses
and relative tolerance to NaCl stress.

Materials and methods
Plant materials and salt treatments

Seeds of 11 biotypes for apple rootstocks were
collected from plant germplasm resource garden
(Table 1). Experiments were conducted at Northwest
A & F University, Yangling, China (34 °20'N,
108 °24’E). The seeds were placed in sand for 50 days
at 4 °C and 60-70 % relative humidity. After germi-
nation, three seeds each were planted in plastic pots
(diameter: 12 cm; height: 12 cm) filled with sand, then
moved to a greenhouse under natural light and
temperature conditions. At the two-true-leaf stage,
we began watering the seedlings at 2-d intervals with
half-strength Hoagland’s nutrient solution (Hoagland
and Arnon 1950) (pH adjusted to 6.5 £ 0.1 with
diluted HC1 or NaOH). When the seedlings were about
10 cm tall and had 15 leaves, they were transferred to
plastic tubs (52 cm x 37 cm x 15 cm) containing
13 L of half-strength nutrient solution (54 seedlings

Code Biotype Origin Mean annual Main soil type Altitude (m)
precipitation
(mm)
1 M. prunifolia Borkh. ‘fupingqiuzi’ Fuping, Shaanxi 533 Dark loessial soils 370-440
2 M. prunifolia Borkh. ‘wuqiqiuzi’ Wugqi, Shaanxi 483 Loessial soil 1,200-1,800
3 M. prunifolia Mill. ‘honghaitang’ Yining, Xinjiang 297 Sierozem 600-1,500
4 M. prunifolia Mill. ‘baihaitang’ Yining, Xinjiang 297 Sierozem 600-1,500
5 M. prunifolia Mill. ‘wulenghaitang’ Yining, Xinjiang 297 Sierozem 600-1,500
6 M. prunifolia Borkh. Xingcheng, Liaoning 586 Brown soil 20-700
‘dongbeihuanghaitang’
7 M. prunifolia Borkh. ‘dongbaiguo’ Huocheng, Xinjiang 219 Sierozem 530-4,200
8 M. prunifolia Borkh. ‘laoshannaizi’ Qingdao, Shandong 685 Brown soil 55-1,100
M. prunifolia Borkh. Ordos, Inner Mongolia 348 Aeolian sandy 850-2,100
‘neimengguhaihong’ soil and
Chestnut soil
10 M. sieversii Roem. Yining, Xinjiang 297 Sierozem 600-1,500
11 M. hupehensis Rehd. Pingyi, Shandong 785 Brown soil 130-1,100

@ Springer



Euphytica (2013) 189:101-109

103

per biotype in one tub). The tubs were wrapped with
black plastic to simulate the dark environment of roots
in soil, and were placed in a growth chamber (20-25/
15-20 °C day/night and 13-h photoperiod from
sodium lamps). The nutrient solution was aerated
each hour with an air-pump (FC-680; Corporation of
Super, Shanghai, China) to maintain a dissolved
oxygen concentration of 8.0-8.5 mg L™'. Treatments
began after 10 days of pre-cultivation, as follows: (1)
Control (CK), plants were growing in half-strength
Hoagland solution; or (2) salinity treatment (Tr),
plants that received half-strength Hoagland solution
plus 150 mM NaCl (Note: only 50 mM NaCl was
applied on Day 1 to avoid osmotic shock; from Day 2
onward, 100 mM NaCl was added for a total treatment
of 150 mM NaCl). Nutrient solution was replaced
every 2 days. The treatment was last for 10 days.

Evaluation of salt tolerance

All leaves were evaluated for salt injury (SI). The
extent of SI to leaves from each biotype was assessed
on an index scale of 0—4 (Yin et al. 2010), with O = no
injury, no lesions seen on leaves; 1 = mild injury, a
few leaf tips or edges yellowing, with <10 spots that
were not coalesced on a leaf; 2 = moderate injury,
about 50 % of the tips or edges browning, >10 spots
per leaf, and coalescence; 3 = severe injury, most tips
or edges browning or dead, and leaf-drop occurring;
and 4 = extremely severe injury, with the entire plant
dead. SI=(0 x SO +1xS1 +2xS2 +3xS3
+4xS4)/54, where SO, S1, S2, S3, or S4 was the
number of plants with injury indices of 0, 1, 2, 3, or 4,
respectively, and 54 was the total number of plants.
This visual evaluation was conducted on Days 3, 6,
and 10 days of the experiment.

Net photosynthetic rate

The net photosynthetic rate (Pn) was determined every
2 days during the test period with a LI-6400XT
Portable Photosynthesis System (Li-Cor Inc., Lincoln,
NE, USA). Leaves were selected from the same
position on each sampled plant (second or third from
the shoot apex). Both control and salt-treated plants
were measured five times. Because all of the leaves
were fairly small, we used a fluorescence leaf cham-
ber. The photosynthetic photon flux density (PPFD)
was set at 1,000 pmol m2 g~ (blue and red diode

light source) and flow was maintained at

500 pmol s~
Membrane damage

Membrane damage was estimated by the electrolyte
leakage (EL) method, as described by Dionisio-Sese
and Tobita (1998). Briefly, ten pieces of leaf discs
(0.5 cm x 0.5 cm) were placed in each test tube
containing 10 ml of distilled water. They were then
incubated in a water bath at room temperature for 2 h,
and the initial electrical conductivity (EC1) of the
medium was measured with an electrical conductivity
analyzer (DDS-307; Shanghai Precision Scientific
Instrument Co., Ltd., China). Samples were then
autoclaved at 100 °C for 30 min to release all
electrolytes before being cooled to 25 °C to obtain
the final electrical conductivity (EC2). EL was calcu-
lated as: EL = (EC1/EC2) x 100. Variation percent-
age (VP) of EL was calculated according to Yin et al.
(2010). VP = (Tr—CK)/CK x 100, where Tr is EL
from NaCl-stressed trees and CK is EL from control
plants that received only half-strength Hoagland
solution.

Relative water content and growth measurements

Ten plants each were randomly selected from our
control and treated tubs. After the shoots and roots
were separately sampled, their fresh weights (Fw)
were determined and the tissues were placed in
distilled water to rehydrate in the dark for 5 h before
recording their turgid weights (Tw). They were then
oven-dried at 70 °C for at least 3 days to obtain their
dry weights (Dw). Relative water content (RWC) was
calculated by the following formula: RWC = (Fw—
Dw)/(Tw—Dw) x 100. Adverse resistance coefficient
(ARC) was calculated according to Yin et al. (2010).
ARC = Tr/CK, where Tr is the weight (Fw or Dw)
from stressed plants (shoot or root) and CK is the
weight (Fw or Dw) from control plants (shoot or root).

Statistical analysis

All data were statistically analyzed by one-way
ANOVA, using the SPSS-16 for Windows statistical
software package. Differences between treatments
were separated by LSD tests, with P-values <0.05
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considered significant. All graphs were generated by
Sigmaplot-10 or SAS-V8 software.

Results
Salt injury index and salt tolerance

The index of salt injury can reflect the extent of tissue
damage under salt stress. Symptoms were apparent on
the leaves of Malus plants after 3 days of exposure to
150 mM NaCl (Table 2). Four biotypes of M. pruni-
folia—‘honghaitang’, ‘baihaitang’, ‘dongbaiguo’, and
‘neimengguhaihong’ were more susceptible than other
biotypes after 3 days of exposure (SI > 0.10). Values
for SI continued to rise after 6 and 10 days of
treatment, although the biotypes varied in their
response to NaCl. For example, M. prunifolia
“fupingqiuzi’, M. prunifolia ‘dongbeihuanghaitang’,
and M. prunifolia ‘laoshannaizi’, as well as plants of
M. sieversii and M. hupehensis, had relatively low
SI indices, demonstrating their greater tolerance
compared with three more sensitive biotypes of
M. prunifolia—"‘baihaitang’, ‘wulenghaitang’, and
‘neimengguhaihong’—that had higher SI values of
0.519, 0.509, and 0.625, respectively. All genotypes
responded similarly to time of stress.

Net photosynthesis and salt tolerance

Compared with the control plants, rates of net
photosynthesis showed obvious declines over the first
2 days in all treated biotypes (average Pn of
3-6 mmol m~2 s~). Although ‘baihaitang’ and ‘nei-
mengguhaihong’ had relatively low Pn values (3.032
and 3.213 mmol m ™2 s™2, respectively) those rates
were higher for M. prunifolia ‘laoshannaizi’ (5.697
mmol m~> s72) and M. sieversii (5.371 mmol m 572).
After 4 days of salt stress, the highest rates were found
with M. prunifolia ‘fupingqiuzi’, M. sieversii, and M.
hupehensis. Moreover, M. sieversii showed the least
change in photosynthetic activity among the three
biotypes under salinity treatment, only down by
28.92 % when compared with the control. By contrast,
stressed plants of ‘baihaitang’ had the lowest rate—
1.307 mmol m~? s~ (Fig. 1), down by 44.59 % com-
pared with the control.

Electrolyte leakage and relative water content

All treated plants had elevated EL readings after
10 days of stress. Calculations of the variation per-
centage (VP) revealed the range of tolerance among
biotypes. For example, those less salt-tolerant had
values between 26.662 and 34.727, indicating that

Table 2 Salt injury (SI) index and level of salt tolerance by 11 Malus biotypes exposed to NaCl stress for 10 days

Code® Sr° Tolerance®
3 days 6 days 10 days Average SI
1 0.056 0.148 0.296 0.167 H
2 0.060 0.207 0.435 0.234 M
3 0.132 0.311 0.401 0.281 M
4 0.111 0.324 0.519 0.318 L
5 0.094 0.289 0.509 0.300 L
6 0.038 0.139 0.394 0.190 H
7 0.115 0.154 0.365 0.211 M
8 0.056 0.139 0.347 0.181 H
9 0.200 0.350 0.625 0.392 L
10 0.089 0.179 0.333 0.199 H
11 0.040 0.240 0.300 0.193 H

% Rootstock codes are defined in Table 1

b ST = (0 x SO +1 x SI 42 x S2 +3 x S3 +4 x S4)/54, where SO, S1, S2, S3, or S4 was the number of plants with injury
indices of 0, 1, 2, 3, or 4, respectively, and 54 was the total number of plants

¢ Tolerance: H, high salt tolerance (Average SI < 0.20); M, moderate (0.20 < Average SI < 0.30); and L, low (Average SI > 0.30)
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Fig. 1 Rate of net photosynthesis (Pn) measured on Days 2 and 4 from 11 Malus biotypes. For 10 days, stressed trees were exposed to
NaCl while control plants were untreated. Data are mean + SD (n = 5). Rootstock codes are defined in Table 1

NaCl stress led to serious damage to the integrity of cell
membranes (Fig. 2). Such damage was not as severe
among highly salt-tolerant biotypes. Such as M.
prunifolia ‘fupingqiuzi’, M. prunifolia ‘laoshannaizi’,
M. sieversii and M. hupehensis. Values for RWC in the
shoots declined to varying degrees, i.e., down by
1.00-3.34 % for highly tolerant biotypes, 6.22-9.36 %
for moderately tolerant, and 11.15-23.79 % for low-
tolerant. The differences in root RWC showed a trend
similar to that of the shoots but not very great (Fig. 3).

Adverse resistance coefficients and salt tolerance

The shoots and roots of biotypes undergoing salinity
treatment generally had lower fresh and dry weights
compared with their corresponding controls (Table 3).
The extent of this reduction was reflected in significant
inter-rootstock variations in salt tolerance. For exam-
ple, average ARC values for ‘fupingqiuzi’ and ‘don-
gbeihuanghaitang’ were 0.949 and 0.902, respectively.
These strong performances were further demonstrated
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Fig. 2 Variations percentage (VP) of electrolyte leakage from leaves of 11 Malus biotypes over 10 days (five samples per control or

NaCl-stressed plants). Rootstock codes are defined in Table 1

by only slight declines in their growth rates, meaning
that they had high tolerance to salinity. By comparison,
the average ARC for more salt-sensitive ‘baihaitang’
and ‘wulenghaitang’ was <0.703, a phenomenon also
manifested in their severe growth inhibition.

Cluster analysis of salt tolerance among biotypes

Based on Ward’s Minimum-Variance Method and the
SAS-V8 system, we grouped these biotypes into three
classes (Fig. 4). They included High tolerance: three
for M. prunifolia—*‘fupingqiuzi’, ‘dongbeihuanghai-
tang’ and ‘laoshannaizi’—plus M. sieversii and
M. hupehensis; Moderate tolerance: M. prunifolia
‘wuqiqiuzi’ and ‘dongbaiguo’; and Low tolerance:
four for M. prunifolia — ‘honghaitang’, ‘baihaitang’,
‘wulenghaitang’, and ‘neimengguhaihong’. Except for
M. prunifolia ‘honghaitang’, all of these groupings
followed a pattern similar to that found with SI values,
further validating our classification of biotypes by
their level of tolerance.

Discussion

Leaf-tip necrosis is considered the first sign of damage
from high concentrations of NaCl (Wahome et al.

@ Springer

2001). An index based on salinity injury can be used to
indicate how well apple plants respond to stress
because it is related to the most sensitive of physio-
logical processes and describes comprehensively the
growth performance of exposed tissues. In our
research, we first applied a leaf-necrosis rating system
to obtain a preliminary classification of 11 apple
biotypes based on their salt tolerance. Here, three
biotypes of M. prunifolia—‘fupingqiuzi’, ‘dongbeihu-
anghaitang’, and ‘laoshannaizi’—plus plants of root-
stocks of M. sieversii and M. hupehensis had relatively
low SI values. These were identified as salt-tolerant.
Biotypes with the highest SI values, i.e., M. prunifolia
‘baihaitang’, ‘wulenghaitang’, and ‘neimengguhai-
hong’ were categorized as the most salt-sensitive.
Suppressed plant growth is an obvious outcome of
salt stress (Chartzoulakis 2005; Nazar et al. 2011;
Ruiz-Carrasco et al. 2011; Verslues et al. 2006). Itis a
consequence of several physiological responses,
including modifications to water status, photosyn-
thetic efficiency, and carbon allocation/utilization
(Zhu 2001; Ma et al. 1997; Nabil and Coudret 1995;
Seemann and Critchley 1985). We compared values
for Pn, RWC (in shoots and roots), and average ARC
(Fw and Dw of shoots and roots) among all biotypes.
Salinity treatment resulted in significantly decreased
rates of photosynthesis after 2 and 4 days compared
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Fig. 3 Comparisons of shoot RWC or root RWC among 11 Malus biotypes. For 10 days, plants were either exposed to 150 mM NaCl
or left untreated as the control. Data are mean £ SD (n = 10). Rootstock codes are defined in Table 1

with values for their respective controls. These
differences in both RWC and average ARC were very
consistent with the pattern found for Pn.

Cell membranes are dynamic structures that sup-
port numerous biochemical and biophysical reactions
(Campos et al. 2003). They are also major targets of
environmental stress (Leshem 1992). The degree of
stability in those membranes is correlated with plant
tolerance to abiotic challenges (Premachandra et al.
1992). Measurement of electrolyte leakage (EL)
from plant tissues is promising for assessing plant
quality and physiological status. Biotypes such as

‘baihaitang’, ‘wulenghaitang’, and ‘neimengguhai-
hong’ had higher VP of EL values than those of the
other biotypes after 10 days of salt treatment. That
finding was very consistent with the patterns of SI
shown here.

The genome of Malus has a complicated genetic
background and high heterozygosity due to poor self-
compatibility (Harris et al. 2002). Single physiological
and biochemical criteria, such as the activities of
antioxidant enzymes or the accumulation of osmotic
adjustment substances, might explain the genetic
diversity between different species. However, without
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Table 3 Adversity resistance coefficient (ARC) and level of salt tolerance by 11 Malus biotypes exposed to NaCl stress for 10 days

Code* Shoot fresh weight Root fresh weight Shoot dry weight Root dry weight Average ARC® Tolerance®
1 0.948? 0.971% 0.936" 0.942° 0.949? H
2 0.726f 0.755% 0.7428 0.7688 0.748°f M
3 0.791¢ 0.685 0.6611 0.676M 0.7038 M
4 0.638 0.6659 0.676" 0.697" 0.669™ L
5 0.689M 0.689M 0.644% 0.606' 0.657™ L
6 0.894" 0.939¢ 0.895" 0.8794 0.902° H
7 0.727% 0.764f 0.777F 0.794f 0.765° M
8 0.8254 0.9682P 0.854¢ 0.911P¢ 0.889"¢ H
9 0.694" 0.702" 0.663 0.652 0.678" L
10 0.881P¢ 0.847¢ 0.846%¢ 0.844¢ 0.854¢ H
11 0.884P¢ 0.8904 0.868"¢ 0.935" 0.894¢ H

Different letters within the same column indicate a significant difference among biotypes at P < 0.05, based on LSD tests (n = 10)

% Rootstock codes are defined in Table 1

® ARC = Tr/CK, where Tr is the weight from stressed plants and CK is the weight from control plants
¢ Tolerance: H, high salt tolerance (Average ARC > 0.85); M, moderate (0.70 < Average ARC < 0.85); L, low (Average

ARC < 0.70)

Fig. 4 Cluster analysis for
salt tolerance by 11 Malus

biotypes, based on values for
ARC (see Table 3). Ward’s

code

Minimum-Variance Method
was used to determine
average linkage clustering.
Rootstock codes are defined
in Table 1

i
F

2
7
3
4
5
3
0. U 0.1 0.2

a clear genetic background, it is difficult to determine
which of these criteria can most accurately and
conveniently describe the salt tolerance of various
rootstocks. Because plants differ in their tolerance
mechanisms, growth and morphology parameters may
be more objective predictors of tolerance (Bai et al.
2008). Therefore, we also utilized a composite
appraisal that included Pn and EL along with SI,
RWC, and ARC cluster analysis to evaluate the salt
tolerance of these apple biotypes.
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