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Abstract A methylation-sensitive amplification poly-
morphism method based on capillary electrophoresis was
used to analyze DNA methylation levels in three cotton
accessions, two salt-tolerant accessions CCRI 35 and
Zhong 07 and one salt-sensitive accession CCRI 12. Many
categories of DNA methylation happened in the three
cotton accessions under salt treatment, including hyper-
methylation, hypomethylation, and other patterns. Hyper-
methylation happened at a significantly higher rate than
that of hypomethylation in salt-tolerant accessions CCRI
35 and Zhong 07. On the contrary, in salt-sensitive
accession CCRI 12, hypomethylation happened at a sig-
nificantly higher rate than that of hypermethylation. In
general, the global DNA methylation level significantly
increased under salt stress in both salt-tolerant accessions
CCRI 35 and Zhong 07, whereas there was no significant
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difference in the salt-sensitive accessions CCRI 12. Our
results suggested that salt-tolerant cotton might have a
mechanism of increasing the methylation level when
responding to salt stress; the increase of the global level of
DNA methylation and also different methylation patterns
might play important roles in tolerance to salt stress in
cotton. Some interesting genes were found through cloning
and analysis of differently methylated DNA sequences,
which might contribute to salt tolerance in cotton.

Keywords Cotton - Salt stress - Capillary
electrophoresis - Methylation-sensitive amplification
polymorphism

Introduction

Soil salinity is a major abiotic stress in plant agriculture
worldwide that has led to research into salt tolerance with the
aim of improving crop plants (Zhu 2001). It is estimated that
approximately 20 % of all agricultural land and 50 %
specifically of cropland in the world is under salt stress
(Flowers and Yeo 1995). Besides natural causes such as salty
water near around the coasts and contamination from the
parental rocks and oceanic salts, cultivation practices have
exacerbated increasing concentration of salts in the rhizo-
sphere (Mahajan and Tuteja 2005). Therefore, salinization of
arable land is getting more widespread and thus decreasing
the yield of formerly productive soils throughout the world.
The efforts to increase salt tolerance of crop plants bear
extraordinary importance to maintain or improve the yield of
agriculture on marginal lands and could potentially improve
crop yield overall. The plant response to salinity consists of
numerous processes that must function in coordination to
alleviate both cellular hyperosmolarity and ion
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disequilibrium. Acclimation of plants to salinized conditions
depends upon activation of cascades of molecular networks
involved in stress sensing, signal transduction, and the
expression of specific stress-related genes and metabolites.
With the growing body of information about molecular
markers, genomics, and post-genomics, significant break-
throughs have emerged in determining the mechanism and
control of salinity tolerance at the molecular level (Tiirkana
and Demiral 2009).

DNA methylation, an important epigenetic phe-
nomenon, plays a vital role in tuning gene expression
during plant development as well as in response to envi-
ronmental stimuli (Lukens and Zhan 2007), allowing rel-
atively rapid adaptation to new conditions without
changing the DNA sequence in plants (Tan 2010). DNA
methylation affecting the regulation of plant gene expres-
sion in response to environmental stresses is widely stud-
ied, including stresses such as cold (Shan et al. 2013),
drought (Tan 2010; Wang et al. 2011a), salt (Dyachenko
et al. 2006; Li et al. 2009; Tan 2010; Wang et al. 2011b;
Zhao et al. 2010; Mastan et al. 2012; Bilichak et al. 2012),
and metals (Aina et al. 2004; Kimatu et al. 2011). Although
heritable methylation patterns and phenotypic variations
that arise in response to stress are of potential value for
plant breeding, their exploitation presents great challenges.

Many kinds of techniques have been adopted to analyze
DNA methylation which generally can be assorted into two
groups: detection of DNA methylation in whole genomes
and specific site. Regarding the whole-genome detection,
two isoschizomers that differ in their sensitivity to
methylation of their recognition sequences Hpall and Mspl
are frequently used to detect cytosine methylation. Both
enzymes recognize the tetranucleotide sequence 5'-CCGG.
However, Hpall is inactive if one or both cytosines are
fully methylated (both strands methylated) but cleaves the
hemimethylated sequence (only one DNA strand methy-
lated), whereas Mspl cleaves C*™CGG but not "CCGG
(McClelland et al. 1994). Reyna-Lopez et al. (1997)
modified the amplified fragment length polymorphism
(AFLP, Vos et al. 1995) technique using Hpall and Mspl
instead of Msel in order to determine DNA methylation in
fungi. Xiong et al. (1999) developed the method of
methylation-sensitive amplified polymorphism (MSAP),
adapted from the technique of Reyna-Loépez et al. (1997),
and investigated the cytosine methylation status of the rice
genome. Xu et al. (2000) further optimized the adapters
and primers in the method of MSAP which increased the
efficiency of polymerase chain reactions (PCR) amplifica-
tion and improved the resolution of AFLP banding pattern
and the intensity of bands. With the introduction of fluo-
rescence-labeled primers, researchers also proposed fluo-
rescent-labeled methylation-sensitive amplified
polymorphism (Xu et al. 2005).
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Capillary electrophoresis (CE) is electrophoresis per-
formed in a capillary tube. It is a very efficient separation
technique that is available for the analysis of both large and
small molecules. The transformation of conventional
electrophoresis to modern CE was spurred by the produc-
tion of inexpensive narrow-bore capillaries for gas chro-
matography and the development of highly sensitive on-
line detection methods for high-performance liquid chro-
matography. Consequently, CE has the characteristics of
high sensitivity, high resolution, and high speed compared
to conventional electrophoresis.

As a very important source of fiber, cotton has a com-
paratively high level of salt tolerance with good economic
returns which makes it a pioneer crop suitable to be planted
in saline—alkali soil if its salt tolerance can be further
improved. It is reported that the soil salinity content below
0.2 % will benefit growth of cotton, whereas cotton growth
will be hindered when soil salinity content increases up to
0.3 % (Jiang et al. 2006). However, more work needs to be
done so as to clearly elucidate the molecular mechanism of
salt tolerance from different viewpoint in cotton. In this
research, DNA methylation of different cotton accessions
under salt stress was detected with MSAP based on CE
method, so as to reveal epigenetic control of the molecular
mechanism (s) of salt tolerance in cotton.

Materials and methods
Cotton materials and treatment conditions

The cotton accessions were obtained from the National
Cotton Medium-Term Germplasm Bank, Cotton Research
Institute, Chinese Academy of Agricultural Sciences
(CCRI). Three cotton accessions, namely two salt-tolerant
accessions CCRI 35 and Zhong 07, and one salt-sensitive
accession CCRI 12 (Zhang et al. 2010) were used in this
experiment.

For MSAP analysis, twenty seeds of each accession
were selected and soaked in water for 24 h. The seeds were
transferred to a layer of filter paper in a petri dish, covered
with another wet filter paper, and then pure water was
sprayed on the filter paper once a day to hasten germina-
tion. The germinated seeds were then planted in plastic
pots containing washed sand under conditions of 14-h-
light/10-h-dark with the air temperature of 30 °C-light/
25 °C-dark in a plant growth chamber. At the stage of
fourth true leaves, 10 healthy and uniformly growing plants
were selected from each cotton accession and were divided
into two groups. These groups individually were watered
either with 100 ml of NaCl solution containing a NaCl
content of 0.4 % by weight of the sand in the pot as the
salinization treatment or with the 100 ml of pure water as
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the control. The third and fourth leaves from the salt-
treated and control plants were collected on the tenth day
after the beginning of salinization treatment and stored at
—80 °C for later use.

To test the salt tolerance level of the three cotton
accessions, germination ratios under salt treatment and
control were tested with three replicates for each cotton
accession. Relative germination ratio of each cotton
accession was calculated to measure the salt tolerance, with
the formulation of relative germination ratio (%) = ger-
mination ratio under salt treatment/germination ratio of
control x 100 (Zhang et al. 2010).

DNA isolation and MSAP assay

DNA extraction was performed according to Paterson et al.
(1993). RNA in the DNA was digested with the final
concentration of 20 pg/ml RNase for 30 min at room
temperature. MSAP detection was adapted from Xu et al.
(2000), who modified the protocol for AFLP technique
described by Vos et al. (1995), using the isoschizomers
Hpall and Mspl instead of Msel as the frequent cutter while
the rare cutter EcoRI was unchanged. First, several primers
were used to identify the robustness of the three biological
replicates for each sample; the results indicated identical
MSAP bands among three replicates (data not shown).
These replicates were then mixed to provide a pool sample
for the following MSAP analysis. The sequence informa-
tion for the adapters and primers of pre-amplification and
selective amplification are provided in supplemental
Table 1 (Table S1).

Two sets of digestion reactions were performed simul-
taneously. Approximately 0.25 pg of cotton genomic DNA
were digested with 10 units each of EcoRI and Hpall
(Promega, USA) in a final volume of 25ul of the appro-
priate standard buffer for 8 h at 37 °C, and then the
enzymes were deactivated by placing the sample at 70 °C
for 15 min. In the second reaction, the same amount of
cotton genome DNA was digested with EcoRI and Mspl
under the same reaction conditions. The digested fragments
were ligated to the adapters in the ligation reaction mixture
containing ligase buffer and T4 DNA ligase (Promega,
USA), and incubated at 18 °C overnight (about 13 h). The
ligation mixture was diluted at 1:5 (v/v) with Tris-EDTA
(TE), and used as the template for the pre-selective
amplification with EcoRI4-A and Hpall/MspI+T primers.

The PCRs were performed as follows: pre-denaturation
at 94 °C for 5 min; 20 cycles of 30 s denaturation at 94 °C,
1 min annealing at 56 °C, and 1 min extension at 72 °C;
7 min extension at 72 °C; and finally a 10 °C hold. The
pre-amplification products were diluted 20-fold (v/v) with
TE buffer and used as the template for the selective
amplification reaction. In this step, EcoRI and Hpall/Mspl

primers with two additional selective nucleotides were
used. The selective PCR was performed in a final volume
of 10 pl; according to the protocol of Xu et al. (2000). The
PCR reaction was performed for 36 cycles with the fol-
lowing cycle profile (Vos et al. 1995): pre-denaturation at
94 °C for 5 min; 13 touchdown cycles (30 s denaturation at
94 °C, 30 s annealing at 65 °C, which was subsequently
reduced each cycle by 0.7 °C for the next 12 cycles, and
1 min extension at 72 °C); 23 cycles of 30 s denaturation
at 94 °C, 30 s annealing at 56 °C, and 1 min extension at
72 °C; 7 min extension at 72 °C; and finally a 10 °C hold.
The products of PCR were separated with CE on Geno-
meLab CEQ/GeXP genetic analysis system according to
the manual (Beckman, USA). The scored MSAP bands
were transformed into a binary character matrix, using
“0”and “1”to indicate the absence and presence, respec-
tively, of particular sites.

For each single DNA sample, the MSAP patterns
resulted from the digestions with the isoschizomers were
divided into the following four types: type I bands, present
only for EcoRI/Mspl (0,1), which represent the case of full
methylation of internal cytosine of 5-CCGG on the two
DNA strands; type II bands, present only for EcoRl/Hpall
(1,0), which represent the hemimethylated state of 5'-
CCGG sites due to methylation in one DNA strand (ex-
ternal cytosine or both external and internal cytosines of 5'-
CCGQG) but not in its complementary strand; type III bands,
absent from both enzyme combinations (0, 0), which rep-
resent full methylation of the two strands where at least one
external cytosine of 5-CCGG was methylated; type IV
bands, present for both enzyme combinations (1, 1), which
represent the case of no methylation, or the hemimethy-
lated state of 5'-CCGG sites due to methylation of internal
cytosine of 5'-CCGG on one DNA strand but not on its
complementary strand, and type IV bands were usually
treated as no methylation in analysis although it will
underestimate actual methylation level. Type I, II, IV can
be identified according to any single DNA sample; how-
ever, type III (0, 0) can only be detected when comparing
to other samples. The percentage of polymorphic MSAP
bands can be calculated using the following formula:

MSAP (%) = [(I+1I + ) /(I + IT + 1T + IV)] x 100.

Cloning and BLAST search of differentially
methylated fragments

The surplus samples used for CE were separated on 10 %
conventional polyacrylamide gels so as to clone the inter-
esting bands. DNA recovery, vector ligation, and trans-
formation of DHS5a Escherichia coli competent cells were
conducted as described by Guo et al. (2003). At least three
positive clones from each amplified fragment were
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simultaneously sequenced by Shanghai Generay Biotech
Co., Ltd, China. Homology search was performed on the
National Center for Biotechnology Information BLAST
server (USA) using the nucleotide sequence for each
cloned sequence.

RNA extraction and real-time quantitative PCR
(RT-qPCR)

Total RNA was extracted with the EASY spin RNA plant
kit (Aidlab, Beijing, China) according to the manufac-
turer’s instructions. RNA was extracted from 100 mg of
leaf tissue sampled at the same time-point that DNA
methylation samples were taken for analysis and then
stored at —80 °C. RNAs were then quantitated by UV
spectrophotometry and cDNA was constructed using RNA
samples and the M-MLYV reverse transcriptase kit (Invit-
rogen). The RT-qPCR procedure was based on the iCycler
iQTM real-time PCR detection system (Bio-Rad), follow-
ing the manufacturer’s instructions. Primers were designed
using the Primer 3 software (http://www.simgene.com/Pri
mer3) and then synthesized by Takara Biotech Co., Ltd
(Dalian, China). The sequences of primers are described in
supplemental Table 2 (Table S2). For normalization, the
G. hirsutum glyceraldehyde-3-phosphate dehydrogenase
(GhGAPDH, GenBank accession numbers: FJ415206) was
used as an endogenous control. All PCR reactions were
performed in triplicate, and the specificity of the reaction
was detected by melting-curve analysis at the dissociation
stage. Comparative quantification of each target gene was
performed based on cycle threshold (CT) normalized to
GhGAPDH using the AACT method.

Results

Salt tolerance level of different cotton accessions

The salt-tolerance levels of the three cotton accessions
were listed in Table 1. The results showed that CCRI 12
was sensitive to salt stress, with the relative germination

ratio of 31.34 %. Zhong 07 and CCRI 35 had significantly
higher salt tolerance level than that of CCRI 12, with

Table 1 Salt-tolerance level of different cotton accessions

relative germination ratio of 79.51 and 76.23 % respec-
tively (Table 1; Zhang et al. 2010).

DNA methylation level of different cotton accessions

The DNA methylation level of the three cotton accessions
were identified with MSAP based on CE (Table 2). MSAP
based on CE detected 3090 CCGG sites in CCRI 35 under
salt treatment and the control (Table 2) of which 2665
(86.2 %) and 1986 (64.3 %) sites were methylated under
the salt treatment and the control respectively. The average
number of sites detected per primer combination for the
salt treatment and the control were 83.3 and 62.1 respec-
tively. The methylated site number under salt stress was
significantly higher than that of control (P < 0.01). For the
type III methylation, 1668 and 356 methylated sites that
were detected under the salt treatment and control
respectively, the methylation level under the salt treatment
is significantly higher than that of control (P < 0.01). For
the type I methylation, 339 and 838 methylated sites were
detected under the salt treatment and control respectively;
the methylation level under the salt treatment is signifi-
cantly lower than that of control (P < 0.01). MSAP based
on CE detected 2690 CCGG sites in Zhong 07 under the
salt treatment and the control treatment (Table 2) of which
2280 (84.8 %) and 1920 (71.4 %) sites were methylated
under the salt treatment and the control respectively. The
average sites detected per primer combination were 71.3
and 60 respectively, and the methylated site number under
the salt treatment was significantly higher than that of
control (P < 0.01). For the type III methylation, 1191 and
447 methylated sites were detected under the salt treatment
and control respectively; the methylation level under the
salt treatment was significantly higher than that of control
(P <0.01). For the type I methylation, 410 and 977
methylated sites were detected under the salt treatment and
control respectively; the methylation level under salt stress
was significantly lower than that of control (P < 0.01). In
total, 2173 CCGG sites were detected in CCRI 12
(Table 2) of which 1479 (68.1 %) and 1648 (75.8 %) sites
were methylated under the salt treatment and the control,
respectively. The average number of sites detected per
primer combination were 46.2 and 51.5 under the salt

Cotton accession Germination ratio under

Germination ratio

Relative germination Salt tolerance

salt treatment (%) of control (%) ratio (RGR, %) level
Zhong 07 66.53 83.67 79.51* Tolerant
CCRI 35 64.32 84.38 76.23* Tolerant
CCRI 12 25.21 80.44 31.34° Sensitive

a® Differences at level of P < 0.01
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Table 2 DNA methylation patterns of different cotton accessions detected by MSAP
Type Enzyme Methylation pattern Number or ratio of loci
digestion
H M CCRI 35 Zhong 07 CCRI 12
Salt stress Control Salt stress Control Salt stress  Control
I 0 1 CCGG 339 838 410 977 793 588
GGcCC
I 1 0 CCGG or CCGG 658 792 679 496 375 222
GGCC---GGCC
111 0 0 CCGG or CCGG or CCGG or CCGG or 1668 356 1191 447 311 838
CCGG
GGCC---GGCC-+-GGCC GGCC---GGeC
v 1 1 CCGG or CCGG 425 1104 410 770 694 525
GGCC---GGCC
Type I loci no./primer combination 10.6** 26.2 12.8%* 30.5 24.8* 18.4
Type 1I loci no./primer combination 20.6 24.8 21.2 15.5 11.7* 6.9
Type III loci no./primer combination 52.1%%* 11.1 37.2%%* 14 9.7%% 26.2
Methylation loci no./primer combination 83.3%% 62.1 71.3%%* 60 46.2 51.5
Total methylation loci (I 4+ II 4 III)/ratio to total loci 2665%*/ 1986/ 2280%**/ 1920/ 1479/ 1648/
86.2 % 64.3 % 84.8 % 71.4 % 68.1 % 75.8 %
Total amplified loci (I 4+ II + III 4 IV) 3090 3090 2690 2690 2173 2173

H and M fragments produced by digestion with Hpall/EcoRI and Mspl/EcoRI respectively; / band present, O band absent; the same below,
C methylated cytosine; the ten methylation patterns were divided into four types according to the enzyme digestion

* Significance at level of P < 0.05
** Significance at level of P < 0.01

treatment and the control, respectively, with no significant
difference existed between salt stress and control.

Variation of DNA methylation status of cotton
accessions under salt stress

The methylation level compared between the salt treatment
and the control can be divided into four patterns which
include A, B, C, and D (Fig. 1; Table 3), and furthermore
these four patterns can be divided into 15 sub-patterns
(Table 3). Pattern A indicates that the methylation status is
the same between the salt treatment and the control without
changes. Pattern B indicates that DNA methylation level
decreases under the salt treatment, or hypomethylation.
Pattern C indicates that DNA methylation level increased
under the salt treatment, or hypermethylation. Pattern D
indicates that DNA methylation status changed between
the salt treatment and the control, but one cannot tell the
difference between treatment and control in the methyla-
tion level.

The detailed composition of different patterns and their
percentages are listed in Table 3. Especially, pattern B is
composed of five sub-patterns with 14, 21, and 46.5 % of
total sites belonging to this pattern in CCRI 35, Zhong 07,
and CCRI 12 respectively; pattern C is also composed of

five sub-patterns, and 66, 55.1, and 20.5 %of total sites
belonged to this pattern in CCRI 35, Zhong 07, and CCRI
12, respectively. The results showed that in cotton acces-
sions CCRI 35 and Zhong 07, hypermethylation that hap-
pened under salt stress as compared to the control occurs
significantly more often (P < 0.01) than hypomethylation
(Table 3); whereas in CCRI 12, hypomethylation happened
significantly more often (P < 0.01) under salt stress as
compared to the control than hypermethylation (Table 3).
The four banding patterns were also compared between
different cotton accessions (Fig. 1). For pattern B, CCRI 35
and Zhong 07 had no significant differences, whereas their
loci numbers were significantly lower than that of CCRI
12. For pattern C, CCRI 35 and Zhong 07 also had no
significant differences, whereas their loci numbers were
significantly higher than that of CCRI 12 (Fig. 1).

Differentially methylated DNA sequences and gene
homology

Cloning and BLAST search analysis of methylated DNA
sequences found 12 sequences that have high similarity to
10 genes or non-coding regions (Table 4; Table S3 in
supplementary material). The homologous genes were
related to transducin, transcription factor, calcium-binding
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Table 3 Variation of DNA methylation patterns of different cotton accessions between control and salt stress

Banding pattern Enzyme digestion

Number or ratio of loci

Control Salt stress
H M H M CCRI 35 Zhong 07 CCRI 12
A Same methylation level between control and salt stress 509 (16.5 %) 495 (18.4 %) 652 (30 %)
Al 1 1 1 1 271 226 339
A2 1 0 1 0 103 101 35
A3 0 1 0 1 135 168 278
B Methylation level decreased under salt stress (hypomethylation) 434 (14 %) 566 (21 %) 1010%** (46.5 %)
B1 1 0 1 1 35 66 62
B2 0 1 1 1 43 53 110
B3 0 0 1 1 76 65 183
B4 0 0 1 0 152 193 208
BS 0 0 0 1 128 189 447
C Methylation level increased under salt stress (hypermethylation) 2040%* (66 %) 1481** (55.1 %) 445 (20.5 %)
Cl 1 1 1 0 314 261 90
Cc2 1 1 0 1 58 29 44
C3 1 1 0 0 461 254 52
C4 1 0 0 0 636 305 101
C5 0 1 0 0 571 632 158
D Methylation pattern changed 107 (3.5 %) 148 (5.5 %) 66 (3 %)
D1 0 1 1 0 89 124 42
D2 1 0 0 1 18 24 24
Total no. 3090 (100 %) 2690 (100 %) 2173 (100 %)

** The number of banding pattern C (hypermethylation) is significantly larger than that of pattern B (hypomethylation) at the level of P < 0.01

Loci Number

Banding Pattern

Fig. 1 Variation of methylation banding pattern of the three cotton
accessions A Same methylation level between control and salt stress;
B methylation level decreased under salt stress (hypomethylation);
C methylation level increased under salt stress (hypermethylation);
D methylation pattern changed. The small letters a and b differences
at level of P < 0.05 between different varieties. Green pattern
CCRI35, red—grey pattern Zhong 07, blue pattern CCRI 12

@ Springer

protein, ATPase, plasma-membrane choline transporter,
Leucine-rich receptor-like protein kinase family, cytokinin
oxidase, potassium channel and so on. Eight of the 12
sequences had the same DNA methylation status between
salt stress and the control. Two sequences experienced
hypermethylation and another two sequences experienced
hypomethylation under salt stress (Table 4).

Gene expression analysis of selected MSAP
fragments

Three interesting MSAP fragments, which will be impor-
tant to our further research, was selected and analyzed for
their transcript level by means of RT-qPCR. Transcript
abundance was assessed in all treated samples and nor-
malized against controls. The sequence YF09 homologous
to a MYB transcription factor experienced hypomethyla-
tion under salt stress in CCRI 35 (Table 4) and was sig-
nificantly up-regulated under salt stress (Fig. 2a).
Meanwhile, it was mildly up-regulated under salt stress in
Zhong 07 and significantly up-regulated under salt stress in
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Table 4 Results of BLASTn for part of methylated sequences

Sequencing no. Description Banding E-value Accession no.
pattern®

YF1 (CCRI 35)  Theobroma cacao transducin/WD40 repeat-like superfamily protein A3 7.00E-36 XM_007043087.1
(TCM_007630) mRNA, complete cds

YF7 (Zhong 07)  Gossypium hirsutum clone NBRI_GE11567 microsatellite sequence B5 7.00E—07 JX579353.1

YF09 (CCRI 35) Theobroma cacao cultivar Scavina 6 TT2 like MYB transcription factor B4 le—10 GU324346.1
(MYBPA) mRNA, complete cds

YF10 (CCRI 12) Gossypium hirsutum putative calcium-binding protein gene, complete cds; Cl 3.00E—27 EF457754.1

YF24 (CCRI 35) Ricinus communis transitional endoplasmic reticullum ATPase, putative, Mrna A3 1E—09 XM002519456.1

YE25 (CCRI 12)  Gossypium hirsutum clone de-Met-HMTGC-EACG genome sequence A3 le—95 EF159966.1

YF29 (Zhong 07) Theobroma cacao plasma-membrane choline transporter family protein C2 3.00E-25 XM_007052403.1
isoform 1 (TCM_005837) mRNA, complete cds

YF30 (CCRI 35) Theobroma cacao origin recognition complex protein 5 (TCM_005313) A3 4.00E—10 XM_007051712.1
mRNA, complete cds

YF46 (CCRI 12) Theobroma cacao leucine-rich receptor-like protein kinase family protein A3 1IE-08 XM_007048104.1
(TCM_001284) mRNA, complete cds

YF47 (Zhong 07) Theobroma cacao leucine-rich receptor-like protein kinase family protein Al 2.00E—08 XM_007048104.1
(TCM_001284) mRNA, complete cds

YF51 (CCRI 35) Theobroma cacao leucine-rich receptor-like protein kinase family protein A3 2.00E—08 XM_007048104.1
(TCM_001284) mRNA, complete cds

YF57 (Zhong 07) Theobroma cacao cytokinin oxidase (TCM_037384) mRNA, complete cds Al 5.00E—29 XM_007012355.1

YF59 (Zhong 07) Theobroma cacao potassium channel in 3 (TCM_037125) mRNA, complete A3 5.00E—15 XM_007011957.1
cds

YF60 (CCRI 35) Theobroma cacao no pollen germination related 1 (TCM_034697) mRNA, A3 3.00E—08 XM_007018429.1

complete cds

* Banding pattern is same as that shown in Table 3

CCRI 12 (Fig. 2a). The sequence YF25 homologous to
Gossypium hirsutum clone de-Met-HMTGC-EACG gen-
ome sequence maintained the same methylation level after
salt treatment in CCRI 12 (Table 4) and its expression level
did not vary significantly after salt treatment in CCRI 12
(Fig. 2b). However, it was significantly down-regulated
under salt treatment in CCRI 35 and Zhong 07 (Fig. 2b).
The sequence YF57 related to cytokinin oxidase main-
tained the same methylation level between salt treatment
and control in Zhong 07 (Table 4); its expression level did
not vary significantly after salt treatment in Zhong 07 and
CCRI 12. However, it was significantly up-regulated under
salt treatment in CCRI 12 (Fig. 2c).

Discussion

DNA methylation and salt stress

DNA methylation is a modification that occurs at the fifth
carbon position of a cytosine ring. DNA methylation plays

a role in diverse cellular activities, such as carcinogenesis,
gene silencing, genomic imprinting, chromatin remodeling,

dosage compensation, DNA replication timing, and disease
defense and is known to be meiotically as well as mitoti-
cally inherited in plants (Keyte et al. 2006). In both plants
and animals, cytosine is primarily methylated in the CG
dinucleotide context, and methylation in the 5" portion of
the gene and the 3’ portion may inhibit gene expression
(Grativol et al. 2012), consequently, the genes with very
low level of expression are most likely to be methylated; in
contrast, the most expressed genes can be methylated with
much less probability (Zemach et al. 2010). Regulation of
gene expression is important to plants’ tolerance for
stresses. In this context, methylation is gaining interest
because it may regulate the expression of genes that have a
key role in acclimation responses. In addition, it is well
known that transposons are directly regulated by methy-
lation and that they may have an important role in plant
response to stress. Some epigenetic states are established
by transiently expressed or transiently activated factors that
respond to environmental stimuli (Bonasio et al. 2010).
In many cases, a global demethylation of genomic DNA
occurs in response to abiotic stress, suggesting that there
might be a close correlation between demethylation and gene
expression. Contrastingly, sometimes hypermethylation also
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Fig. 2 The expression of genes detected by RT-qPCR in the three
cotton accessions. The transcript levels were normalized to that of
GhGAPDH, and the level of each gene in the control samples was set
at 1.0. Error bars mean value (£SE, n = 3), asterisk(s) significant

occurs in response to stress. These results imply that the
DNA methylation pattern and alteration are related to the
abiotic stress response in plants but that the association is
obviously different between plant species, and there seems to
be a relationship between DNA-methylation types and stress
responses. For instance, wild-type tobacco plants exposed to
aluminum, salt, paraquat, and cold stress showed a selective
decrease of CG methylation in the coding region of the
glycerophosphodiesterase-like protein gene (Choi and Sano
2007). Tobacco plants infected with tobacco mosaic virus
showed strong CG hypomethylation at the Leucine-rich
repeat region of the gene for resistance to tobacco mosaic
virus (Boyko et al. 2007). It is noted that biotic stresses such
as pathogenic infection can lead to two contrasting effects on
the levels of methylation in plants: hypermethylation on the
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differences between salt treatment and control at P < 0.05 (*).
a GU324346.1, b EF159966.1, ¢ XM_007012355.1. Pink control,
blue salt treatment

genome-wide level and hypomethylation of resistance-re-
lated genes (Peng and Zhang 2009). Both phenomena may
contribute to the adaptation of plants to stress. Previous
research found that chromium stress can promote methyla-
tion in radish (Yang et al. 2007) and oilseed rape (Labra et al.
2004) but induces a decrease in methylation in clover and
hemp (Aina et al. 2004). This suggests that different
methylation mechanisms for heavy-metal resistance exist in
different plant species.

Under salt stress conditions, Wang et al. (2011b) found
that demethylation of genes was an active epigenetic
response to salt stress in roots at the rice seedling stage;
whereas Kovarik et al. (1997) pointed out that tobacco cell
cultures exposed to osmotic stress showed CHG hyper-
methylation without changes in CG methylation in two
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heterochromatic sites, and Dyachenko et al. (2006) noticed
that the level of CHG methylation of the halophyte Me-
sembryanthemum crystallinum increased in a satellite DNA
on switching-over of C3-photosynthesis to the crassulacean
acid metabolism pathway of carbon dioxide assimilation.
In cotton research, it was found that demethylation posi-
tively contributed to salt tolerance. For instance, Li et al.
(2009) found that the level of global DNA methylation in
cotton roots decreased after salt stress, and there was a
significantly negative correlation between salt concentra-
tion and DNA methylation level. Zhao et al. (2010) sug-
gested that the demethylation positively contributed to salt
tolerance and the hypermethylation had negative effect on
salt tolerance in cotton. Cao et al. (2011) found that
demethylation occurred more than methylation in cotton
roots and leaves under salt and alkali stress.

In our current research, DNA methylation was detected
for different cotton accessions under salt stress. The results
showed that variations of DNA methylation happened in the
three cotton accessions under salt stress, including hyper-
methylation, hypomethylation, and other patterns. For the
two salt-tolerant cotton accessions CCRI 35 and Zhong 07,
the methylation level significantly increased under salt
stress (Table 2), whereas for the salt-sensitive cotton
accession CCRI 12, there was no significant changes
between salt stress and control, and the methylation level
under salt stress was even lower than that of control
(Table 2). It is interesting to further find out that for the two
salt-tolerant cotton accessions, the numbers of type I
methylation patterns under salt stress were significantly
lower than that of control, whereas the number of type III
methylation pattern under salt stress was significantly
higher than that of control.; on the contrary, the salt-sensi-
tive cotton accession CCRI 12 had a significant opposite
tendency (Table 2). The different varying tendency of
specific methylation patterns between salt-tolerant and salt-
sensitive cotton accessions indicate that specific methyla-
tion patterns might also be related to salt tolerance in cotton.

When comparing the variance of DNA methylation
patterns, hypermethylation under salt stress occurred most
often with statistical significance in the two salt-tolerant
cotton accessions CCRI 35 and Zhong 07, whereas
hypomethylation under salt stress occurred most often with
statistical significance in the salt-sensitive cotton acces-
sions CCRI 12 (Table 3). In addition, for pattern B or
hypomethylation pattern, salt-tolerant accessions CCRI 35
and Zhong 07 had no significant differences, whereas their
loci numbers were significantly lower than that of the salt-
sensitive accession CCRI 12; for pattern C or hyperme-
thylation, CCRI 35 and Zhong 07 also had no significant
differences, whereas their loci numbers were significantly
higher than that of CCRI 12 (Fig. 1). The significant
increase of global DNA methylation level under salt stress

in salt-tolerant accessions but not in salt-sensitive acces-
sions suggests that salt-tolerant cotton accessions have a
mechanism of increasing methylation level that in turn
affects the response to salt stress.

The different results in our research compared to other
researches (Li et al. 2009; Zhao et al. 2010; Cao et al. 2011)
might be due to the adoption of different cotton materials or
different cotton tissues, whereas DNA methylation is tissue-
specific (Angers et al. 2010): e.g., roots have different
microenvironment of rhizosphere as compared to leaf sur-
roundings, and also there exist functional differentiation
between tissues as leaf tissues are more complex and highly
differentiated than root tissues (Mastan et al. 2012). Osabe
et al. (2014) also found that significantly different levels of
DNA methylation existed between different cotton devel-
opmental stages or tissues, suggesting the importance of
epigenetic regulation in creating phenotypic diversity. On
the other hand, the variation in methylation is dynamic. The
flexibility and dynamic features of DNA methylation
modifications require us to accurately determine the time
points at which observations are made. Contrary conclu-
sions may result from errors of just a few hours. Observa-
tion at multiple time points and repeated analysis under
several rounds of stress are both needed to determine
whether the variations in methylation are reversed after
removal of the stress (Peng and Zhang 2009).

Genes responding to salt stress in cotton

Cloning and BLAST search analysis of methylated DNA
sequences found 14 sequences that have high similarity to
genes or non-coding regions, and the known genes were
related to transducin, transcription factor, calcium-binding
protein, ATPase, plasma-membrane choline transporter,
leucine-rich receptor-like protein kinase family, cytokinin
oxidase, potassium channel and so on (Table 4). It is not
surprise that 10 of the 14 sequences were homologous to
genes of Theobroma cacao, since molecular phylogenetic
analyses suggested that the common ancestor of G. ar-
boreum and G. raimondii having diverged from T. cacao
18-58 million years ago (Wikstrom et al. 2001).

The sequence YF24 was homologous to an ATP syn-
thase gene, whereas the sequence YF59 was homologous to
a potassium channel gene. Due to the essential role of K+
in the plant as a co-factor for many cytosolic enzymes, Na™*
toxicity results from its competition with K™ at binding
sites, and can inactivate the enzymes active sites and
essential cellular functions. Highly salt-resistant species are
able to maintain low cytosolic free Na™/K™ and Na*/Ca®"
ratios (Sun et al. 2010). The ability to control Na*/K* and
Na™/Ca®" homeostasis in salinity resistant plants is usually
associated with a higher plasma membrane H*-ATPase
activity and proposed to be involved in salt tolerance (Sun
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et al. 2010; Morgan et al. 2014). In our current research, the
ATP synthase gene and the potassium channel gene
maintained the same methylation level after salt stress in
CCRI 35 and Zhong 07 respectively (Table 4), so their
expression should not be inhibited by DNA methylation,
which might be part of the reason that CCRI 35 and Zhong
07 are salt tolerant and can maintain normal growth after
salt stress in a certain period.

Cytokinins (CK) are master regulators of plant growth
and development, and were recently shown to control plant
adaptation to salt stress (Nishiyama et al. 2012). Nishiyama
et al. (2011, 2012) suggest that reduction of bioactive CK
levels induced changes in gene expression of many regu-
latory and functional genes, leading to improved salt and
drought stress tolerance. All CK-deficient plants with
reduced levels of various CKs exhibited a strong stress-
tolerant phenotype that was associated with increased cell
membrane integrity and abscisic acid (ABA) hypersensi-
tivity rather than stomatal density and ABA-mediated
stomatal closure (Nishiyama et al. 2012). In plants, the key
enzymes involved in CK metabolism are adenosine phos-
phate-isopentenyltransferases and CK oxidases/dehydro-
genases, which catalyzed irreversibly degradation of CK
(Hirose et al. 2008). Therefore, CK oxidases are important
players in regulating CK concentrations and thereby
influence plant growth and development. We found that the
sequence YF57 related to Theobroma cacao cytokinin
oxidase maintained the same DNA methylation level in
Zhong 07 between salt treatment and control (Table 4).
RT-gPCR results showed that its expression level was
higher and did not vary significantly after salt treatment in
CCRI 35 and Zhong 07, the two salt-tolerant cotton
accessions; whereas its expression was lower and signifi-
cantly up-regulated after salt treatment in the salt-sensitive
cotton accession, CCRI 12 (Fig. 2¢). It is deduced that the
salt-sensitive cotton accession CCRI 12 responded more
quickly to salt stress and the overexpression of cytokinin
oxidase will help reduce the cytokinin level, which should
be part of its defense systems responding to salt stress.

In our research, the sequences YF(09 experienced
hypermethylation under salt stress in CCRI 35 with the
methylation pattern of B4, which is related to a MYB
transcription factor GU324346.1 (Table 4). Key compo-
nents that control and modulate stress adaptive pathways
include transcription factors ranging from bZIP, AP2/ERF,
and MYB proteins to general transcription factors (Goll-
dack et al. 2011). Plant MYB transcription factor genes that
execute positive or negative regulation of diverse types of
stress responses have been reported. For instance, several
MYB transcription factors have been reported to involve
plant response to drought stress; also, both AtMYB2 and
AtMYB44 were identified as regulators of ABA-dependent
salt and drought stress responses (Gao et al. 2014).
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Heterologous expression of the chrysanthemum R2R3-
MYB transcription factor CmMYB2 enhanced tolerance to
drought and saline stresses (Shan et al. 2012). An Ara-
bidopsis R2R3-MYB transcription factor AtMYB20 nega-
tively regulates type 2C serine/threonine protein
phosphatases to enhance salt tolerance (Cui et al. 2013).
GhWRKY39, a member of the WRKY transcription factor
family in cotton, has a positive role in disease resistance
and salt stress tolerance (Shi et al. 2014). Some reports also
indicated that transcription factors may be negatively
involved in plant adaptive response to stresses. Gao et al.
(2014) found that a R2R3-MYB transcription factor
AtMYB20 can be differently regulated by abiotic stresses:
while AtMYB20 was induced by high levels of NaCl, its
expression was suppressed by desiccation and cold. In a
transcriptome analysis of responsive genes to multiple
abiotic stresses in cotton, Zhu et al. (2013) found that
WRKY family was the most highly expressed transcription
factor, while ERF was the most important repressed tran-
scription factor under abiotic stress conditions in cotton.
Here in our research, RT-qPCR validated that the MYB
transcription factor gene GU324346.1 was significantly up-
regulated under salt stress in CCRI 35 and CCRI 12, and
mildly up-regulated in Zhong 07 (Fig. 2a), indicating that
its overexpression is positively related to salt tolerance.

The sequence YF25 homologous to Gossypium hirsu-
tum clone de-Met-HMTGC-EACG genome sequence
maintained the same methylation level after salt treatment
in CCRI 12 (Table 4) and its expression level did not vary
significantly after salt treatment in salt-sensitive CCRI 12
(Fig. 2b). However, it was significantly down-regulated
under salt treatment in the salt-tolerant accessions, CCRI
35 and Zhong 07 (Fig. 2b), consequently, although its
function is not clear so far, it might be of special
importance to cotton salt tolerance. It is interesting to find
that three sequences cloned were related to genes con-
trolling a Theobroma cacao leucine-rich receptor-like
protein kinase family protein in CCRI 35, Zhong 07 and
CCRI 12 respectively (Table 4), and they all maintained
the same methylation level after salt treatment. It is
reported that a receptor-like kinase gene (GbRLK) from
Gossypium barbadense enhances salinity and drought-
stress tolerance in Arabidopsis (Zhao et al. 2013), so we
deduce that the stable expression of this gene might
contribute to salt stress in cotton. Our future research will
perform function validation experiments on these inter-
esting genes and try to shed light to further salt tolerance
mechanism in cotton.
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