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• Central and peninsular India exhibited increasing
frequency of heavy rainfall events during pre-monsoon
and monsoon.
• Study between two episodes (1951–1980 to 1981–
2010) suggests that peninsular India, Gujarat and
states of the NE are warming more compared to the
northern states (@ 0.01°C/year), while the dry farming tracts of the country are experiencing a decreasing
trend in the rainfall activity.
In the present study, the observed climate change at various
agcroclimatic zones in the northeastern states, Gujarat,
hilly areas of the country, and central and peninsular exhibits significant increasing/decreasing trends in weather
parameters like temperature, rainfall, heavy rainfall and
rainy days. This definitely indicates change in climate
from pre-90 to post-90s. Thus, all these changes of climatic
parameters would have a definite impact on the classification of agroclimatic zones. Therefore, we must reconsider the classification of agroclimatic zones in India under
the scenario of observed climate change in the country.
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The effect of strontium stress on the pattern and
degree of DNA methylation in soybean seedlings was
analysed using the methylation-sensitive amplified
polymorphism (MSAP) method. The growth traits
were inhibited by SrCl2 treatments. A total of 167 loci
were determined and evaluated for DNA methylation
after different treatments. The level of cytosine
methylation initially decreased and then increased
with increasing Sr concentration. Methylation was
lowest after 10 mmol/l SrCl2 treatment. Strontium
stress resulted in a 57.48% alteration of DNA methylation patterns in 5′-CCGG-3′ loci. The pattern variation initially decreased and then increased along with
increasing strontium concentration. There was a positive correlation between the total methylation and full
methylation induced by strontium stress, and weight
and length of shoots and roots in soybean. Overall, the
changes in the pattern and degree of methylation may
be a key regulatory mechanism for soybean adaptation to strontium.
Keywords: Methylation/demethylation, polymorphism,
soybean, strontium stress.
STRONTIUM (Sr) is an essential microelement for the
human body that plays an important role in bone formation and vascular endothelial cell proliferation1,2. However, a variety of diseases may be caused by elevated
strontium levels in drinking water and the food chain.
Strontium can be deposited in human bone tissue and remain there for many years. It can cause acute and chronic
injury to nerve regulation function and cardiovascular
function, and can also cause immune dysfunction3. Strontium has been widely used in kinescope, fireworks and
radiotherapy, as well as in the pharmaceutical and nuclear
industries4. Increasing amounts of strontium are being
released into the soil, water and environment.
To overcome this problem, there is an effective measure to store strontium into the plant. The method is a
clean, cost-effective and feasible technology. Previous
studies have indicated that low doses of strontium in the
environment promote CO2-fixation capacity of plants,
thus accelerating the electron transport of photosystem II
complex (PS II), water photolysis and oxygen evolution,
*For correspondence. (e-mail: heqingyuan1@163.com)
CURRENT SCIENCE, VOL. 117, NO. 3, 10 AUGUST 2019

RESEARCH COMMUNICATIONS
but large amounts of stable strontium decrease the CO2fixation capacity and oxygen evolution5. The antioxidant
enzyme activity of plants is affected by environmental
stress6. Changes in DNA methylation are important factors for adaptation to biotic/abiotic stress, and methylation leads to the regulation of gene expression and
various physiological mechanisms7,8 without changing
the genomic sequence9.
DNA methylation/demethylation plays an important
function in a diverse array of cellular activities, such as
gene transcription, gene regulation, genomic imprinting,
gene silencing, chromatin modification, DNA replication
timing, dosage compensation and disease resistance in
plants10. Methylation generally represses transcription
and demethylation prompts gene expression11. Transposons are directly regulated by methylation and may play a
key function in the plant response to stress12. Methylation
leads to gene silencing and demethylation increases the
corresponding gene expression level13.
In plants, DNA methylation mainly occurs at the position of cytosine occurring at three sites: CpG, CpHG and
CpHH sites (H represents C, T or A). There are many
methods to detect DNA methylation14, including methylation-sensitive amplified polymorphism (MSAP), bisulphite
sequencing, methylation-specific PCR, high resolution
melting and pyrosequencing. Among these, MSAP is the
most convenient and rapid detection method15. The technique has been extensively utilized in environmental
stress because of its many advantages, such as convenient
primer design without prior knowledge of sequence
information, the high number of available polymorphic
loci, and easy and economical operation11,16–18.
MspI and HpaII are methylation-sensitive restriction
endonucleases that recognize the same DNA sequence
(5′-CCGG-3′); however, they can distinguish differential
nucleotide methylation patterns. MspI is inactive when
there is lateral methylation of cytosine (5′-5mCCGG-3′),
but digests the sequence when there is interior methylation (5′-C5mCGG-3′). However, HpaII is sensitive to two
types of cytosine methylation and cannot digest sites containing 5′-mCCGG-3′, 5′-CmCGG-3′, or 5′-mCmCGG-3′
(ref. 19).
Soybean has become the largest cultivated legume
crop, providing 30% of edible oil and about 70% of
dietary protein20. Within a certain concentration range,
the stress of strontium ions leads to increased levels of
phytoestrogens (coumestans, prenylflavonoids and isoflavones) in soybeans21. However, high concentration of
strontium leads to yield loss and death of the plant.
Methylation/demethylation may be one of the reasons for
these phenomena. However, there has been no report on
the study of patterns and degree of DNA methylation/
demethylation induced by strontium stress in soybean. In
order to study changes in soybean methylation due to
strontium stress, the patterns and degree of seedling
genomic methylation were detected and compared after
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treatment with different strontium concentrations using
the MSAP method. These results provide a preliminary
global insight into the genomic methylation of soybean
under strontium stress.
The soybean variety ‘Nannong 1138-2’ is an excellent
parent and an important cultivar of breeding in the middle
and lower reaches of Yangze River in China22. All seeds
were surface-sterilized with 0.1% HgCl2 for 8 min and
rinsed clean using sterilized water. Then they were
germinated in plastic pots containing washed sand under
conditions of natural light in a greenhouse. The uniform
seedlings were selected and transferred to 1/2 Hoagland
nutrient solution (pH 5.8). At the V2 growth stage of
soybean23, the seedlings were treated with 1/2 Hoagland
solution containing six different SrCl2 concentrations (0,
1, 5, 10, 20 and 40 mmol/l) for 7 days with three replicates for each treatment, one pot per replicate and five
plants per pot.
After treatment, the root and stem lengths were measured considering the cotyledon node as the dividing
point. The dry and fresh weights of the aboveground parts
and roots were determined and the root/shoot ratio was
calculated.
The total DNA was isolated from fresh leaves using the
slightly improved CTAB method24. The MSAP analysis
was performed as previously described25. Table 1 lists the
adapters, primers of pre-amplification and selective
amplification. The total DNA was double digested at
37°C with MspI/EcoRI or HpaII/EcoRI (Fermentas) for
4 h. Each sample contained approximately 500 ng of total
DNA, 10 U MspI or HpaII, 10 U EcoRI, 2 μl of 10×
T-buffer, and 2 μl of 0.1% BSA (bovine serum albumin)
in a 20 μl reaction system. The samples were treated for
10 min at 65°C to terminate the enzyme digestion reactions15.
A day before the reaction, two EcoRI adapters were
mixed and diluted to 5 pmol/μl, incubated at 95°C for
5 min, and then cooled using an ice bath for 5 min. Two
50 pmol/μl MspI/HpaII adapters were also treated using
the same procedure. The DNA fragments obtained after
enzyme digestion were immediately ligated to the adapter
in total 20 μl of ligation system containing 11 μl digested
product, 10 pmol EcoRI and 100 pmol MspI/HpaII adapters, 1 U T4 ligase, 2 μl T4-buffer, which was incubated
overnight (about 12 h) at 16°C. The ligation production
was diluted five-fold for subsequent amplification reactions7.
The 20 μl preamplification reaction contained 4 μl of
ligation DNA, 3 μl of 20 pmol/l EcoRI + A and MspI/
HpaII + O primers, and 10 μl of 2 × exTaq polymerase
(TakaRa). The reaction protocol consisted of 2 min predenaturation at 95°C, 25 cycles at 94°C for 30 s, 55°C for
1 min, 72°C for 1 min and final extension at 72°C for
8 min. The pre-amplification product were diluted tenfold with ultra pure water and utilized as a template for
selective amplification reactions. Selective amplification
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Table 1.

Sequence of adapters and primers used for methylation-sensitive amplified polymorphism (MSAP)
analysis
Sequence

Primer

EcoRI (5′–3′)

Adapter primer

CTCGTAGACTGCGTACC
AATTGGTACGCAGTCTAC

GATCATGAGTCCTGCT
CGAGCAGGACTCATGA

Pre-amplification primer

GACTGCGTACCAATTCA

ATCATGAGTCCTGCTCGG

Selective amplification primers

GACTGCGTACCAATTCAAAC
GACTGCGTACCAATTCAAAG
GACTGCGTACCAATTCAACA
GACTGCGTACCAATTCAACT
GACTGCGTACCAATTCAACC
GACTGCGTACCAATTCAACG
GACTGCGTACCAATTCAAGC
GACTGCGTACCAATTCAAGG

ATCATGAGTCCTGCTCGGTCT
ATCATGAGTCCTGCTCGGTCG
ATCATGAGTCCTGCTCGGTCC
ATCATGAGTCCTGCTCGGTTC
ATCATGAGTCCTGCTCGGTTG
ATCATGAGTCCTGCTCGGTTA
ATCATGAGTCCTGCTCGGTGA
ATCATGAGTCCTGCTCGGTGT

used the same PCR reaction system of preamplification
with selective amplification primers and preamplification
products instead of preamplification primers and ligation
DNA respectively. The selective amplification PCR protocol included a denaturation step at 94°C for 5 min,
94°C for 30 s, 65°C for 30 s (dropping 1°C per cycle) and
72°C for 1 min. This programme was executed with 30
cycles at 94°C for 30 s, 55°C for 30 s and 72°C for 1 min
with a final extension at 72°C for 8 min (ref. 15). The
selective amplification products were separated by gel
electrophoresis on 8% PAGE (polyacrylamide gel). The
bands were displayed used silver staining.
A score of 1 represents the presence of a band and 0
represents absence of a band in the same locus. The
methylation patterns were classified as the following four
types according to the results of MSAP detection as
follows: (i) Type I – band present for both enzyme reactions (1, 1), representing no methylation in CCGG sites.
(ii) Type II – band present only for EcoRI/HpaII (1, 0),
representing the hemi-methylation in 5′-CCGG sites; a
DNA strand has methylation, but its complementary
strand is not methylated. (iii) Type III – band present only for EcoRI/MspI (0, 1), representing internal cytosine of
5′-CCGG methylation in full CG sites. (iv) Type IV –
band absent for both enzyme reactions (0, 0),
representing full methylation in both cytosines11,26. The
methylation level was represented as follows
Total methylated ratio = [(II + III + IV)/
(I + II + III + IV)] × 100%.
Fully methylated ratio = [(III + IV)/
(I + II + III + IV)] × 100%.
Hemi-methylated ratio = [(II)/(I + II + III + IV)] × 100%.
Non-methylated ratio = [(I)/(I + II + III + IV)] × 100%.
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MspI/HpaII (5′–3′)

The traits of soybean growth were significantly affected
by strontium treatment. The growth of soybean was best
without SrCl2 stress. The root and stem lengths, dry and
fresh weights of root system and aboveground parts were
reduced with increase in SrCl2 concentration. The
root/shoot ratio increased with increasing SrCl2 concentration, which indicated that the root growth was less
affected than aboveground parts under SrCl2 stress. Table
2 lists the significant differences of seven growth traits.
Methylation patterns and the degree of changes among
different strontium treatments were detected using 16
pairs of MSAP primers (Figure 1; a pair of selective primers of EcoRI-6 and MspI/HpaII-6). A total, of 167
bands 5′-CCGG-3′ site were detected for six treatments.
The amplified DNA bands were classified as four types
according to the presence or absence of each locus (Table
3). The total ratio of DNA methylation ranged from
19.16% to 55.09% in the six treatments. The methylation
degree (including fully methylated and hemi-methylated)
initially decreased and then increased with increasing
SrCl2 concentration. The lowest methylation degree was
found at 10 mmol/l SrCl2 and the highest methylation
degree was found at 0.00 mmol/l SrCl2. On the contrary,
the degree of non-methylation initially increased and then
decreased.
The patterns of methylation among the six treatments
were compared to evaluate the changes in DNA methylation status. These patterns can be divided into two types –
unchanged and changed. Furthermore, these two types
can be distinguished into seven sub-types. Unchanged
type show that the methylation status was same among
the six treatments, which included non-methylation and
unchanged methylation patterns. Also, 30.54% bands of
the non-methylated in all treatments and 11.98% was unchanged among the six treatments. The banding pattern
for DNA methylation showing initial decrease and then
increase was the highest accounting for 22.75%,
followed by a continuous decrease accounting for
CURRENT SCIENCE, VOL. 117, NO. 3, 10 AUGUST 2019
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Table 2. Length of stem and root, dry and fresh weight of root and aboveground parts, root/shoot ratio of soybean under different SrCl2 treatments
SrCl2
concentration
(mmol/l)
0.00
1.00
5.00
10.00
20.00
40.00

Length of
root (%)

Length of
shoot (%)

23.25 ± 0.69a
20.45 ± 1.06b
18.50 ± 0.60c
17.77 ± 0.35c
15.45 ± 0.99d
13.03 ± 0.68e

26.78 ± 1.78a
21.63 ± 1.11b
20.10 ± 1.36b
17.98 ± 0.38c
7.77 ± 0.15d
1.42 ± 0.08e

Fresh weight
of root (g)

Fresh weight of
aboveground
parts (g)

0.83 ± 0.035a
0.67 ± 0.045b
0.63 ± 0.055b
0.59 ± 0.024c
0.56 ± 0.018c
0.48 ± 0.015d

1.42 ± 0.079a
1.35 ± 0.069ab
1.28 ± 0.049b
0.92 ± 0.013c
0.78 ± 0.053d
0.75 ± 0.019d

Dry weight of
root (g)

Dry weight of
aboveground
parts (g)

Root/shoot
ratio (%)

0.057 ± 0.004a
0.054 ± 0.004b
0.052 ± 0.003bc
0.051 ± 0.002c
0.048 ± 0.002c
0.047 ± 0.001c

0.157 ± 0.008a
0.135 ± 0.008b
0.120 ± 0.007c
0.117 ± 0.012c
0.096 ± 0.007d
0.086 ± 0.004d

0.37 ± 0.006c
0.42 ± 0.008b
0.43 ± 0.002b
0.44 ± 0.025b
0.53 ± 0.017a
0.54 ± 0.019a

The weight is the means of individual weight. Different letters in the same column show significant difference among different treatments at 0.05
level.

Figure 1. Profiles of methylation-sensitive amplified polymorphism
amplification among different SrCl2 treatments using a pair of selective
primers of EcoRI-6 and MspI/HpaII-6. M1, M2, M3, M4, M5 and M6
respectively, indicated that 0, 1, 5, 10, 20 and 40 mmol/l SrCl2 concentration was digested by EcoR–MspI; H1, H2, H3, H4, H5 and H6
respectively, indicated that 0, 1, 5, 10, 20 and 40 mmol/l SrCl2 concentration was digested by EcoRI–HpaII.

13.17%, continuous increase accounting for 11.38%, and
an initial increase and then decrease accounting for
7.78%; the indefinite type methylation pattern was the
least (2.40%) (Table 4).
Analysis showed that there was a positive correlation
between total methylation/fully methylated and the
CURRENT SCIENCE, VOL. 117, NO. 3, 10 AUGUST 2019

growth traits, including root and stem lengths and
weights of root and shoot. There was a negative correlation between hemi-methylated/non-methylated and some
growth traits, including root and stem lengths, weights of
root system and aboveground parts, and a positive correlation between hemi-methylated/non-methylated and root
to shoot ratio (Table 5).
Numerous studies have shown that DNA methylation/
demethylation plays an important role in the gene expression regulation process for adaptation to environmental
changes27. There have been some studies on the biological effects of strontium5. However, there are only a few
studies on the correlation between DNA methylation/
demethylation and strontium stress in plants. The MSAP
technology has been widely used in the detection of methylation degree and pattern changes in various plants8–11.
The strontium-induced methylation changes in soybean
cultivar Nannong 1138-2 were tracked using the MSAP
method. The level of methylation initially decreased and
then increased with increasing Sr concentration. In this
study, the soybean methylation level decreased from 0.00
to 10.00 mmol/l SrCl2, which might activate the expression of resistance genes, thereby alleviating strontium
stress. However, the degree of methylation increased
above this SrCl2 concentration, which might lead to the
silencing of resistance genes.
Previous studies have indicated that environmental
stress can change cytosine methylation patterns of the
whole genome28,29. The major changes in the patterns of
DNA methylation were an initial decrease in methylation
followed by an increase with increasing strontium concentration. The second most common alteration of banding patterns for DNA methylation was a decreasing
degree in methylation with increasing Sr concentration.
These results imply that soybean could alleviate strontium stress by demethylation. However, some genes were
methylated with increasing strontium concentration,
which likely leads to inhibited expression of such genes.
The correlation between methylation level and growth
has been rarely reported under adverse stress conditions.
The present study showed that full methylation level was
positively correlated with length and weight of roots and
489
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Table 3.

MSAP-based evaluation of chilling-induced changes to methylation measured under different
SrCl2 treatments
SrCl2 concentration (mmol/l)

Types and proportions of bands
Type-I bands
Type-II bands
Type-III bands
Type-IV bands
Total sites
Total amplified bands
Total methylated bands
% Total methylated bands
Fully methylated bands
% Fully methylated bands
% Hemi-methylated bands
% Non-methylated bands

Table 4.

1

5

10

20

40

75
12
44
36
167
131
92
55.09
80
47.90
7.19
44.91

111
15
27
14
167
153
56
33.53
41
24.55
8.98
66.47

120
6
27
14
167
153
47
28.14
41
24.55
3.59
71.86

135
3
15
14
167
153
32
19.16
29
17.37
1.80
80.84

125
12
10
20
167
147
42
25.15
30
17.96
7.19
74.85

112
19
6
30
167
137
55
32.93
36
21.56
11.38
67.07

Different patterns of DNA methylation changes induced by strontium

Pattern

Methylation level

Band number

Percentage

Unchanged

Non-methylation
Unchanged of type

51
20

30.54
11.98

Changed

Decreasing trend
Increasing trend
First decreasing then increasing
First increasing then decreasing
Indefinite type

22
19
38
13
4

13.17
11.38
22.75
7.78
2.40

Table 5.
Methylation
level

0

Coefficient and
P-value

Correlation between methylation level and growth traits
Length
of root

Length
of shoot

Fresh weight
of root

Fresh weight of
aboveground
parts

Dry weight
of root

Dry weight of
aboveground
parts

Root/shoot
ratio

Total methylated

Correlation coefficient
P-value

0.62
0.19

0.44
0.38

0.76
0.08

0.61
0.20

0.67
0.14

0.66
0.15

–0.53
0.28

Fully methylated

Correlation coefficient
P-value

0.76
0.08

0.63
0.18

0.88
0.02

0.71
0.12

0.80
0.06

0.79
0.06

–0.70
0.12

Hemi-methylated

Correlation coefficient
P-value

–0.27
0.61

–0.46
0.36

–0.17
0.75

–0.14
0.79

–0.21
0.69

–0.23
0.66

0.40
0.43

Non-methylated

Correlation coefficient
P-value

–0.62
0.19

–0.44
0.38

–0.76
0.08

–0.61
0.20

–0.67
0.14

–0.66
0.15

0.53
0.28

aboveground parts under strontium stress. On the contrary, the hemi-methylation and non-methylation degrees
were negatively correlated with the length and weight of
roots and aboveground parts. These results suggest a view
of the relationship between plant growth and methylation
under stress.
DNA methylation of soybean exposed to strontium
stress was comprehensively analysed in this study. The
degree of cytosine methylation initially decreased and
then increased with the increasing Sr concentration.
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Strontium stress induced a 57.48% alteration in the DNA
methylation patterns in 5′-CCGG-3′ loci. In conclusion,
this study provides valuable information for further
research focusing on the epigenetic regulation of soybean
exposed to strontium stress or other environmental
stresses.
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