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DNA methylation plays an important role for regulation of gene expression in plants. Heterosis has been
widely explored in Capsicum breeding to improve yield and quality, but the genetic and molecular mechanism
underlying the phenomenon remains elusive. In present study, the genomic cytosine methylation of two
Capsicum genotypes (the purple and green cotyledon hot pepper) and their reciprocal hybrids were analyzed
using the methylation sensitive amplified polymorphism (MSAP). Results showed that the levels of DNA
methylation in F1 pesxpa4 (67.0%) was higher, but F1 psaxpss (64.36%) was slightly lower, than the mid-parent
value (MPV, 64.83%). Moreover, the characteristics of DNA methylation status were significant different
among the reciprocal hybrids and their parental lines. Four classes of MSAP patterns, A, B, C and D, were
identified. In pattern B, the de-methylation ratio, the proportion of de-methylated loci in the total polymorphic
methylation loci, was 36.2% and 41.0% in F1 pssxp34 and F1 paaxpss. The hyper-methylation ratio (pattern C), the
proportion of hyper-methylation loci in the total polymorphism methylation loci, was 51.1% and 41.6% in F1
pesxD34 and F1 paaxpss. This study has demonstrated that in Capsicum heterosis involves adjustment of DNA
methylation, especially changes in DNA methylation patterns.

1. Introduction

Heterosis is a phenomenon in which hybrids exhibit superior phenotypes, such as enhanced biomass
production, development rate, grain yield, and stress tolerance, relative to their parents. Heterosis has been
effectively utilized to increase crop production in the world (Cheng et al., 2007). In recent years, the
understanding of molecular mechanisms in plant heretorsis has made significant progress owing to the
development of molecular biology. However, Our knowledge of the genetic mechanisms of heterosis has
lagged behind its wide application. Several studies have reported that changes in epigenetic properties such
as DNA methylation have occurred during the heterosis formation process in plants (Zhao et al., 2008).

Plant DNA methylation is easier to detect, and it is closely associated with regulation of gene expression and
thus has received a great deal of attention. The DNA methylation level and pattern in the genomes of hybrids
and parental lines have been studied extensively in maize (Lauria et al., 2004; Zhao et al., 2004), sorghum (Yi
et al., 2005; Zhang et al., 2007), rice (Xiong et al., 1999; Dong et al., 2006; Takamiya et al., 2008), potato
(Sanetomo and Hosaka, 2011), beans (Abid et al., 2011) and cotton (Zhao et al., 2008; Wei et al., 2012).
These studies have identified significant changes in the genome DNA methylation level and patterns in hybrid
offspring from their parents.

Pepper (Capsicum spp.) is an important vegetable crop in the Solanaceous family. During the past 50 years
researches have been performed on the molecular mechanisms of hetersosis for phenotypes and physio-
chemical properties, and the genetics and molecular markers associated with those traits. The introduction of
various molecular marker technologies has led to significant progress in the fields of population classification
and genetic distance for particular traits. The most popular molecular marker technologies include RFLP
(Prince et al., 1992), RAPD (Sanatombi et al., 2010; Li et al., 2011), AFLP (Lefebvre et al., 2001), SSR (Chen
et al., 2012), SRAP (Chen et al., 2012), and ISSR (Xu et al., 2013). But there is a void of information on
heterosis and epigenetics such as DNA methylation in pepper.
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Purple pepper is a rare germplasm species found in China. Cotyledons, true leaves, stem, flowers, and young
fruits are all purple color. It has comprehensive tolerance properties to fairly high temperature, drought, and
diseases (Xu et al., 2011). Meanwhile, the purpose cotyledon trait can be used as a marker traits in early
stage of hybridization screening, and thus increase the selection efficiency at early breeding stage. Because
of these properties, this study used the purple pepper D85 and D34 with green cotyledons ad the parents, and
the reciprocal crosses, using the methylation-sensitive amplified polymorphism (MSAP), to analyse genome
DNA methylation properties from the parents and offspring. The objective was to determine the pepper
genome DNA methylation changing properties and trend during heterosis formation process, this providing
bases for the understanding of epigenetics regulation for the molecular mechanism of heterosis in pepper.

2. Materials and methods

2.1 Materials

Purple pepper ‘D85’ producing purple cotyledons, and ‘D34’ producing green cotyledons were used as
parental lines. Both parental lines were self-pollinated for 6-8 generations to generate pure inbred lines. In
spring, 2009, in Baiyun experimental station, Vegetable Institute, Guangdong Agricultural Academy of
Sciences, the following two crosses were made: D85xD34 and D34xD85. F1 seeds were harvested. In spring,
2010, seeds from D85, D34, D85xD34, D34xD85 were sown in potting mix and seedlings were raised in 9
cmx9 cm pots in a greenhouse. A complete randomized block design was used to set up the greenhouse
experiment. Plants were managed following regular schedules.

2.2 DNA extraction and purification

Genomic DNA was first isolated from expanded leaves at the 7-8th leaf-stage, of pooled hot pepper plants of
the two inbred lines and hybrids by a modification CTAB method. . Additionally, the RNA enzyme was added
to the DNA liquor to digest residual RNA; DNA quality, purity, and its content were tested by using the 0.8%
agarose gel electrophoresis and ultraviolet spectrophotometer.

2.3 MSAP analysis

The methylation-sensitive amplified polymorphism analysis (MSAP) method essentially as reported (Li et al.,
2014) was used. MSAP method was mainly described as follows: at first, genomic DNA of hot pepper was
divided into two groups, for the first group, 20 units EcoRI (Takara, P.R. China) and 20 units Hpall (Takara,
P.R. China) were used to digest 200 ng genomic DNA in 20 pl of reaction mixture at 37°C for 2 h. For the
second group, instead of Hpall, the Mspl (Takara, P.R. China) was used in combination with EcoRI to digest
200 ng genomic DNA with the same condition. The enzyme digestion reaction was terminated by incubation at
65°C for 10 min. Then, the ligation reaction was proceeded in a final volume of 40 ul mixture, which contains 1
unit T4 DNA ligase, 0.2 mM ATP, 5 pm EcoRI adapters and 50 pm Hpall/Mspl adapters for additional 6 h at
20°C (Table 1). Subsequently, the ligation mixture was used as the template for the preselected amplification
reaction with EcoRI+A and Hpall / Mspl+T primers (Table 1). The polymerase chain reactions were carried out
in a 25 pl reaction mixture with 1 pl of ligation reaction mixture, 50 ng of E+A primer, 50 ng of HM +T primer,
0.5 unit Taq DNA polymerase (Biocentury transgene, P.R. China), 0.2 mM dNTP (Biocentury transgene, P.R.
China) and 2.5 pl of 10x polymerase buffer (Biocentury transgene, P.R. China) for 21 cycles with 1 min
denaturation at 94°C, 1 min annealing at 56°C, and 1 min extension at 72°C. The preselected amplification
products were used as the template for the selective amplification reaction. The primers were the EcoRI and
Hpall/Mspl primers with two added selective nucleotides (Table 1). The polymerase chain reactions were
carried out in total volumes of 25 pl, containing 0.3 pl of pre-amplification product, 50 ng of EcoRI primer, 50
ng of Hpall/Mspl primer, 1 unit Taq polymerase, 0.5 mM dNTP and 2.5 pl of 10x PCR buffer. The PCR
procedure was performed according to the standard amplified fragment polymorphism touchdown protocol.
The products of selective amplification were mixed with 8 pl of denaturating buffer (98% formamide, 10 mM
EDTA, 0.1% bromphenol blue, and 0.1% xylene cyanol), then denatured at 95°C for 5 min and separated on 6%
polyacrylamide gel in 1x 44.5 Mm Tris/Borate, 0.5 Mm EDTA, pH 8.0 (TBE) buffer at 80 watts for 1 h. Gels
were stained according to the silver staining method.

After staining, the bands that appeared in the electrophoretogram were detected. The scored MSAP bands
were transformed into a binary character matrix, using “1” to define the presence of a band and “0” to define
the absence of a band, respectively.

Using the two-dimensional matrix, the following information was recorded for each plant: I, not cut with Hpall,
but with Mspl (0, 1): I, cut with Hpall, but not with Mspl (1, 0); and Ill, cut with Hpall and Mspl (1, 1).
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3. Results and analysis

3.1 DNA methylation level in pepper hybrids and parental lines

Table 1: The MSAP adaptors and primers

EcoRI primers Hpall Msp I primers
Adaptor-1 CTCGTAGACTGCGTACC GATCATGAGTCCTGCT
Adaptor-2 AATTGGTACGCAGTC CGAGCAGGACTCATGA
Primers for pre- GACTGCGTACCAATTCA(E00) ATCATGAGTCCTGCTCGG(H/M00)
amplification
GACTGCGTACCAATTCAAC(E1) ATCATGAGTCCTGCTCGGTCG(H1)
GACTGCGTACCAATTCAAG(E2) ATCATGAGTCCTGCTCGGTTA(H2)
GACTGCGTACCAATTCACA(E3) ATCATGAGTCCTGCTCGGTGA(H3)
GACTGCGTACCAATTCACT (E4) ATCATGAGTCCTGCTCGGTGT(H4)
Primers for GACTGCGTACCAATTCACG(ED) ATCATGAGTCCTGCTCGGTGC(H5)
selective GACTGCGTACCAATTCAGC(ES) ATCATGAGTCCTGCTCGGTCC(H6)
amplification GACTGCGTACCAATTCATC(ET7) ATCATGAGTCCTGCTCGGTCT(H7)

ATCATGAGTCCTGCTCGGTTC(H8)
ATCATGAGTCCTGCTCGGTAC(H9)

From the 63 primer pairs (Table 1), ten primer pairs produced clear and distinct banding patterns. These ten
pairs of MSAP primers, H1E2, H2E3, H2E4, H2E7, H3E7, H4E7, H5E2, H7E3, H7E6 and H7E7, were used in
the amplification reactions of methylation bands from four pepper lines. In D85, D34 and the two reciprocal
hybrid crosses, 2792 loci were identified. Data analysis indicates the total methylation ratio is 63.51% ~67.0%
in the whole population examined in this study (Table 2).

Table 2: DNA methylation level of genomes from reciprocal crosses and parental lines of pepper

Methylation band type D85 D34 Mid-parental  F1pssxp34 F1D34xDs5
value
Hpall Mspl
+ 253 264 259 264 257
+ 156 223 189 207 198
+ + 235 251 243 232 252
Number of loci 644 738 691 703 707
Methylation ratio (%) 63.51 65.99 64.83 67.0 64.36

Single strand methylation loci (0, 1) is more dominant than the double-strand methylation loci (1, 0). Further
analysis found that in the direct-cross hybrid F1 pssxpa4, the total methylation level (67.0%) was higher than the
mid-parental value (64.83%). For the back-cross hybrid, F1D34xD85, the total methylation level was 64.36%,
which is slightly lower than the mid-parental value.

3.2 DNA methylation patterns in parental lines and hybrids

DNA methylation at specific sites were compared among reciprocal crosses and parental lines to identify the
types of cytosine methylation. Based on the inheritance and changes in cytosine methylation from parents to
hybrid offspring, the four types of methylation sites were grouped into 32 subtypes.

Type A has a monomorphic band, which indicates that the same CCGG locus was found in the two parental
lines and their crosses. A1 is the non-methylated subtype where the reciprocal crosses, F1 pssxp3a and
F1ps4xpss, each has 64 and 85 loci, respectively. A2 is the completely methylated subtype. The reciprocal
crosses, F1pssxp3s and Fipsaxpss, each has 47 and 69 loci. A3 is semi-methylated subtype where only one
strand is methylated during the reciprocal crossing process. F1pssxp34 and F1pssxpss, each has 12 and 11 loci
under the A2 subtype. It is very clear that the number of monomorphic loci (111) in the direct cross, F 1 pssxps4
(111), is less than in the back-cross hybrid, F1pz4xpss (165).

Type B contains all the demethylated loci, which concurs with a reduction of methylation in the hybrid offspring
than the parental lines. Type B was divided into 13 subtypes. From the reciprocal crosses, F1 pssxp34 and
F1p34xpss, 224 and 251 methylated loci belong to the type B, which accounts for 36.2% and 41% of the total
number of methylated polymorphic loci. The demethylation level in the back cross, F 1pa4xpss, is higher than the
direct cross, F1Dpssxp34.
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Of the 13 subtypes, B13 is the dominant subtype in the reciprocal crosses, and 86 and 39 loci were amplified
in F1 pssxp34 and Fipsaxpss, respectively. The B1 type has the greatest level of variation between the two
hybrids, where the direct cross, F1pa4xpss, is 16-fold more in loci number than the direct cross, F1pssxp3a (Table
3).

Table 3: The types of methylation in parental and hybrid lines

Methylati MSAP band pattern Number of loci and
on types percentage
Maternal parent Paternal parent F1 F1 DgsxD34 F1
Hpall Mspl Hpall Mspl Hpall Mspl D34xD85
A1 + + + + + + 64 85
A2 + + + 47 69
A3 + + + 12 11
Number of monomorphic loci 111 165
B1 + + + + 2 32
B2 + + 14 42
B3 + + 32 25
B4 + + + + 27 10
B5 + + 6 40
B6 + + + + 13 14
B7 + + + 3 6
B8 + + + + 4 1
B9 + + + + + 19 10
B10 + + + + + 11 22
B11 + + + + 3 6
B12 + + + 4 4
B13 + 86 39
Total number of de-methylated loci 224(36.2%) 251(41%)
C1 + + 24 15
C2 + + + 4 10
C3 + 76 64
C4 + + + + + 25 14
C5 + + 19 7
C6 + 68 76
C7 + 81 54
C8 + + + + + 16 7
C9 + + + 3 13
Total number of hyper-methylated loci 316(51.1%) 260(42.6%)
D1 + + + + + 25 10
D2 + + + + 12 35
D3 + + + + 5 14
D4 + + + + 10 8
D5 + + + + 4 21
D6 + + + + 12 4
D7 + + + 10 8
78(12.6%) 100(16.4%)
Total number of polymorphic methylation loci 618 611

Type C refers to the loci where the methylation level in the hybrids is higher than the parental lines, they are
also known as hype-rmethylation loci. In the reciprocal crosses, F1pssxp34 and Fipssxpss, each has amplified 31
and 260 loci, which accounts for 51.1% and 42.6% of the total number of amplified polymorphic methylated
loci.

It thus can be concluded that the hype-rmethylation level of the direct cross, F1pss«p3s, is higher than the back-
cross Fipsaxpss. The C-type was divided into 9 subtypes, and the C3, C6 and C7 represent the major
methylation patterns in this group.

Type D has polymorphic methylation loci in hybrids and parents, and those polymorphism is inherited following
the Mendelian’s rules. In F1pssxp34 and Fipsaxpss, each amplified 78 and 100 loci, which is 12.6% and 16.4% of
the total number of polymorphic methylation loci. Type D was divided into 7 sub-types. From Table 3, it can be
seen that type D loci are distributed diffusely across those subtypes.



1349

4. Discussion

Recent studies on heterosis have demonstrated that epigenetic mechanisms play a significant role in
regulating expression of specific genes in a hybrid genome, and it is feasible to enhance the growth vigor of
hybrids by regulating the epigenetic pathways (Zhao et al., 2008). Several previous studies have
demonstrated that the MSAP method is highly efficient for larger-scale detection of cytosine methylation in
plant genomes (Ezio et al., 2004; Li et al., 2011).

Changes in methylation level occur during the processes of inter-specific hybridization as well as intra-specific
crossing. A study of high-performance liquid chromatography analysis of DNA 5-methylcytosine in maize
hybrids and parental lines found that the F1 hybrid genome contains a lower methylation level than both
parents (Tsaftaris et al., 1998). However in sorghum (Yi et al., 2005), cotton (Zhao et al., 2008), rice
(Takamiya et al., 2008) and larix (Li et al., 2012), analysis using the MSAP method found that the methylation
level in hybrid offspring and parental genome DNA is significantly lower than the mid-parental value.
Furthermore, those results suggest that the reduced methylation in the hybrid genome DNA affects expression
of genes conferring heterosis. But in several other studies, it was found that F1 offspring show a higher
methylation level than both parents. For instance, MSAP analysis of rice hybrids and parental genomes found
that cytosine methylation is slightly higher in the hybrid offspring than the parental lines (Xiong et al., 1999). .
Results from this study on hot pepper revealed differential DNA methylation level among reciprocal crosses
and their parental lines. In the direct cross, F1 pssxp34, the total methylation level was higher than the mid-
parental value, but in the back-cross offspring, Fipsaxpss, it became slightly lower than the mid-parental value.
It seems that heterosis in pepper may not involve changes in DNA methylation, however, the DNA methylation
level in the hybrid offsprings was different from the parental lines.

During the process of hybridization in plants, it is accompanied by changes in DNA methylation patterns. This
study on peppers has revealed alteration in methylation banding patterns from parental lines to the offspring of
reciprocal crosses. Those changes can be summarized into three major types, and for each type over 10
methylation patterns were identified. The B type methylation variation follows very diffuse patterns, but more
loci were found in the B13 sub-type. The C type methylation variation was clustered on a few patterns. D type
is also more diffuse with methylation loci spreading out across nearly all the patterns. Correlation analysis on
sorghum also found (Yi et al., 2005) that heterosis phenotypes are closely associated with changing
methylation banding patterns from parents. In this study, only one pair of reciprocal crosses of pepper was
compared. More diverse genetic materials should be analyzed to establish the relationship between heterosis
and DNA methylation in pepper.

Acknowledgments

This work is supported by the National Natural Science Foundation of China (No. 31301776), the China Spark
Program (No. 2014GA780041), the President Foundation of Guangdong Academy of Agricultural Sciences
(No. 201303), the Science and Technology Program of Guangzhou (No. 201510010119), the Science and
Technology Planning Project of Guangdong Province of China (No. 2014A020208045 and
No0.2013B020303008), and the Guangdong Key Laboratory for New Technology Research of Vegetables
(No.2013112).

References

Abid G., Muhoviski Y., Jacquemin J.-M., Mingeot D., Sassi K., Toussaint A., Baudoin J.-P., 2011, Changes in
DNA-methylation during zygotic embryogenesis in interspecific hybrids of beans (Phaseolus ssp.), Plant
Cell Tiss Organ Cult, 105, 383-393.

Chen XJ., Zhou K.H., Zong H.X., Fang R., 2012, Genetic diversity of Capsicum frutescens in China as
revealed by SRAP and SSR markers, Acta Botanica Boreali-Occidentalia Sinica, 32(11), 2201-2205.

Cheng S.H., Zhuang J.Y., Fan Y.Y., Du J.H., Cao L.Y., 2007, Progress in research and development on hybrid
rice: a super-domesticate in China, Ann Bot, 100: 959-966

Dong Z.Y., Wang Y.M., Zhang Z.J., Shen Y., Lin X.Y., Ou X.F., Han F.P., 2006, Extent and pattern of DNA
methylation alteration in rice lines derived from introgressive hybridization of rice and Zizania latifolia
Griseb, Theor Appl Genet, 113, 196-205.

Ezio P., Alberto A., Cinzia C., Sergio., 2004, Analysis of DNA methylation during gemination of pepper
(Capsicum annuum L.) seeds using methylation-sensitive amplification polymorphism (MSAP), Plant
Science, 166(1), 169-178.

Lauria M., Rupe M., Guo M., Kranz E., Pirona R., Viotti A., Lund G., 2004, Extensive maternal DNA
hypomethylation in the endosperm of Zea mays, Plant Cell, 16, 510-522.


http://www.xbzwxb.com/

1350

Lefebvre V., Goffinet B., Chauvet J.C., Caromel B., Signoret P., 2001, Evaluation of genetic distances
between pepper inbred lines for cultivar protection purposes: comparison of AFLP, RAPD and phenotypic
data, Theoretical and Applied Genetics, 102(5), 741-750.

Li A., Hu B.Q., Xue 2.Y., Chen L., Wang W.X., Song W.Q., Chen C.B., Wang C.G., 2011, DNA methylation in
genomes of several annual herbaceous and woody perennial plants of varying ploidy as detected by
MSAP, Plant Molecular Biology Reporter, 29(4), 784-793.

Li A, Liu C., Han C.L., Zhou X.C., Chen C.B., Song W.Q, Wang C.G., 2012, Variation in cytosine methylation
patterns between reciprocal hybrids and their parental line in larix, Acta Scientiarum Naturalium
Universitatis Nankaiensis, 45(5), 65-71.

Li T., Xu XW., LiY,, Li M.Z.,, Wang H.M., Xu X.M., Luo S.B., 2014, Diversity in DNA methylation in Cpsicum
annuum L. and Cpsicum chinense Jacquin, Molecular Breeding, 12(2), 306-315.

Li Y.P,, Lin H.,, Wen Q.F., 2011, RAPD analysis of genetic diversity for Capsicum annuum L. germplasms.
Fujian Journal of Agricultural Sciences, 26(5): 747-752.

Prince J.P., Loaiza-Figueroa F., Tanksley S.D., 1992, Restriction fragment length polymorphism and genetic
distance among Mexican accessions of Capsicum, Genome, 35(5), 726-732.

Sanatombi K., Sen-Manidi S., Sharmc G.J., 2010, DNA profiling of Capsicum landraces of Manipur, Scientia
Horticuturae, 124(3), 405-408

Sanetomo R., Hosaka K., 2011, Reciprocal differences in DNA sequence and methylation status of the pollen
DNA between F1 hybrids of Solanum tuberosum xS. Demissum, Euphytica, 182, 219-229.

Takamiya T., Hosobuchi S., Noguchi T., Asai K., Nakamura E., Habu Y., Okuizumi H., 2008, Inheritance and
alteration of genome methylation in F1 hybrid rice, Electrophoresis, 29(19), 4088-4095.

Tsaftaris S.A., Kaftka M., 1998, Mechanism of heterosis in crop plants, Crop Production, 1, 95-111.

Wei J., Fan H.H., Li T.C.,, Wang W.H., Guo N., Li Z.P., Cai Y.P., Lin Y., 2012, The effects of reciprocal cross
inheritance of DNA methylation in cotton (Gossypium hirsutum). African Journal of Biotechnology, 11(23),
6383-6386.

Xiong L.Z., Xu C.C., Saghai Maroof M.A., Zhang Q.F., 1999, Patterns of cytosine methylation in an elite rice
hybrid and its parental lines, detected by a methylation-sensitive amplification polymorphism technique,
Molecular & General Genetics Mgg, 261, 439-446.

Xu XW., Li Y., Wang H.M., Xu X.M. Li T., Luo S.B., 2013, The application of ISSR technology in genetic
diversity detection of Capsicum, Fenzi Zhiwu Yuzhong (Online)(Molecular Plant Breeding), 11(24), 1174-
1180. (http://mpb.5th.sophiapublisher.com)

Xu X.w., Luo S.B., Li Y., Wang H.M., Tian Y.H., Zeng L., 2011, Study on the color heredity of hot pepper
cotyledon, Chillese Agricultural Science Bulletin, 27(13), 281-283.

Yi Z.B., Sun Y., Niu T.T., Liang X.H., Liu L.L., Zhao W.J., Li B.L., 2005, Patterns of DNA cytosine methylation
between hybrids and their parents in Sorghum genome, Acta Agricultura Sinica, 31(9), 1138-1143.

Zhang M.S., Yan H.Y., Zhao N., Lin X.Y., Pang J.S., Xu K.Z, Liu L.X., Liu B., 2007, Endosperm-specific
hypomethylation, and meiotic inheritance and variation of DNA methylation level and pattern in sorghum
(Sorghum bicolor L.) interstrain hybrids, Theor Appl Genet, 115, 195-207.

Zhao X.X., Chai Y., Liu B., 2004, Epigenetic inheritance and variation of DNA methylation level and pattern in
maize intra-specific hybrids, Plant science, 172, 930-938.

Zhao Y., Yu S., Xing C., Fan S., Song M., 2008, Analysis of DNA methylation in cotton hybrids and their
parents, Molecular Biology, 42(2), 169-178.


http://link.springer.com/journal/122



