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1. Introduction 

Jatrophacurcashas attained significant economic importance during the last decade due to its 

potentialas non-edible oil that can be usedfor production of bio-diesel (Openshaw 2000).The 

species was presumablytaken from Central America and Mexico to tropical parts of Africa and 

Asia by Portuguese seafarers (Heller 1996).Its seeds contain 24-40% of oil in the endosperm 

(Kaushik et al. 2007). 

Methylation of cytosine (5-methylcytosine), as part of epigenetic modification, regulates gene 

expression during developmental and stress stimuli (Reyna-Lopez et al. 1997).These changes are 

often heritable but they do not alter the primary sequence of DNA. As a result, they are not 

detected with majority of genotyping methods such as SSR, AFLP and SNPs. The methylation 

sensitive amplification polymorphism (MSAP) is a reliable, inexpensive, and relatively simple 

method for the identification of genome-wide putative changes in DNA cytosine methylation 

(Fulnecek and Kovarik 2014). MSAP has been used in Jatropha to investigate methylation levels 

in different accessions(Kanchanaketu et al. 2012; Mastan et al. 2014) and during salinity stress 

(Mastan et al. 2012). Most of the MSAP markers are inherited as epialleles following Mendelian 

segregation (Yi et al. 2010). However, no study on methylation levels during seed development 

has been reported so far in J. curcas. 

In the present study, MSAP was used to investigate the changes in methylation levels during 

seed development and their possible involvement with processes related to oil biosynthesis.  
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2. Materials and methods 

2.1 Seed materials 

A Jatrophacurcas accession Jc40 from TERI’s field station at Gualpahari, Haryana, was selected 

for this study due to its location and ease of monitoring. The inflorescences were tagged during 

flowering and seeds were collected every week starting from 6thday after fertilization (DAP) till 

fruit maturation(Sinha et al. 2015). A total of eight such stages (Stages 1–8) were collected 

during the span of 60 days. Thesize of seeds was measured witha digital Verniercaliper 

(Mitutoyo, Japan).Seeds for DNA isolation were lyophilized at -55 0C for 24 hours in a 

VirTisbenchtop 2K lyophilizer (SP Scientific, USA). 

2.2 Methylation sensitive AFLP analysis 

DNA was isolated from lyophilized kernels of each stage using a CTAB based method(Singh et 

al. 1999).Methylation-sensitive AFLP polymorphism (MSAP) libraries were prepared by 

digesting each DNA sample separately with EcoRI/MspI and EcoRI/HpaII enzymes (New 

England Biolabs). The digestion and ligation were performed simultaneously in a 25 µL reaction 

containing 200 ng DNA template,2.5 µL 10× T4DNAligase buffer, 3 units each of EcoRI and 

MspI (or HpaII), 20 units of T4 DNA ligase (New England Biolabs), 5 pmoles of EcoRI adapter 

and 50 pmoles of HpaII/MspI adapter. The reaction was incubated at 37°C for three hours, 

inactivated at 65°C for 10 min and stored at −20°C. 

Preamplification and selective amplification was carried outfollowing the conventional AFLP 

protocol(Vos et al. 1995) except that the EcoRI primerswere used in combination with 

MspI/HpaII primers. The EcoRI primers used for selective amplification were labeled with 

IRdye700 or IRdye800 to enable their visualization on 4300 LICOR DNA analyzer.The 

reproducibility of each primer pair was assessed using two independent DNA extractions from 

leaves of Jc40.  Six primer combinations were finally selected based on clear banding patterns, 
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polymorphism and complete reproducibility between the MspI and HpaII patterns. The bands 

were scored manually for each banding position across the 18 lanes (two lanes for each sample). 

For each sample and band position, the most probable methylation status (methylationtypeor 

band type) was inferred based oncombinedobserved banding patterns on MspI and HpaII 

lanesaccording to table 1. For example, if a band was present in MspI but was absent in HpaII 

lane at a particular band position in a particular sample, the locus was inferred to have complete 

internal methylation or type 3 methylation. 

3. Results 

3.1 Seed development phases in J. curcas 

Fruit development till maturity took 60-65 days after pollination (DAP)(Table S1).The seed 

development in Jatropha can be categorized into 3 major phases (Sinhaet al. 2015).During the 

firstphase,which includedstages1, 2 and 3 (till 21 DAP),average seed lengthincreasedfrom 4.63 

to 9.18 mm. During this phase, the seeds had a small watery endosperm. During seed filling 

phase(stages 4, 5, 6 and7),seed length increased to 21.14 mm.During the final maturation phase 

(stage 8, 60DAP), the seed undergoes rapid dehydrationwith a slight reduction inaverage seed 

length to 19.06 mm. 

3.2DNA methylation patterns at different stages 

We used 6 pairs of selective primer combinations (E-AT_M/H-ACA, E-AT_M/H-CTC, E-

AT_M/H-CTA, E-AG_M/H-ACA, E-AG_M/H-CTA, E-AG_M/H-AAG) 

involvingtwofluorescently labeled EcoRI primers in combination with threeMspI/HpaII primers 

to analyze DNA methylation at CCGG sites in developing seeds at 8 different stages.The number 

of scorablepolymorphic bands varied from 28 to 79 for different primer combinations. A total of 

1584 fragments(9 samplesx 176 band positions) were detected by 6 primer pair combinations 
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across all samples (Fig. 1). As all the samples (leaf and seeds) belonged to the same genotype 

(Jc40), all of the observed polymorphisms were attributed to epigenetic variations in methylation 

levels. 

On average, 52% of all scanned CCGG sites showed cytosine methylations of one or the other 

type(Table 2). In leaf tissue, 72 of 176 (41%) CCGG sites were methylated. During seed 

development, theaveragetotal cytosine methylation level increased slightly from 55.7% at stage 1 

to 59% at stage 6. At stage 7, the total cytosine methylation level decreased remarkably to 41% 

and remained41.5% at stage 8 (Fig. 2). Interestingly, the total cytosine methylation in mature 

seeds (stage 8) was quantitatively similar to that in leaf tissue. Among the four band types, the 

proportion of type 1 (unmethylated) bands was consistently highest across all the samples and 

varied from 41% (in stage 6) to 59% of the total bands (in leaf tissue) (Table2). Within all 

methylation types, type 2 (complete external methylation) were most prevalent (34-36% of the 

total) in seeds till stage 6. However, there was a sharp decrease in the proportion of type 2 bands 

at stage 7 which reduced further to 12% at stage 8.  Interestingly, the proportion of type 2 bands 

was lowest (8.5%) in leaf tissue. The proportion of type 3 bands changed slightly from 14.2% to 

20.5% at stage 8. On the other hand, the proportion of type 4 bands was lowest across all the 

samples except in case of leaf tissue and varied from 6.3% to 14.2%.  

3.3Stage-specific differentially methylated fragments (SDFs) 

Out of 176 bands scored, the methylation status of 76 bands was identical across all the tissues 

and stageswhich were indicative of no methylation changes at these CCGG sites.Methylation 

type of 31 bands varied between leaf and seed tissue but not across different seed stages 

indicative of tissue-specific methylation patterns (Table 3).Nine (30%) of these bands were type 

4(external hemimethylation) in leaf tissue buttype 2 (complete external methylation)in seeds. 

Further,seven bands weretype 3 (complete internal methylation) in leaf but type 1 (no 
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methylation)in seeds(Table 3).In seed tissue, methylation type of 13 bands was identical across 

all except one stage of developing seeds (stage-specific methylation). Methylation type of 50 

bands was conservedfrom stage 1 till a particular stage after which it changed and remained 

unchanged in later stages till maturity (stage 8).  Forty four (88%) of these changes occurred 

after stage 6. Out of these, 38 bands were type 2 (complete external methylation) till stage 6 

which changed afterwards to type 1 (27 bands), type 3 (6 bands) and type 4 (5 bands) 

respectively.  

4. Discussion 

MSAP is a modified AFLP method which exploits the differential sensitivities of isoschizomers, 

MspI and HpaIIto different methylation patterns at their target site.  Both MspI and HpaII 

recognize and cleave at unmethylated CCGG sequence.  MspI can cleave hemi (mC in one DNA 

strand only) as well as fully methylated CmCGG sequences but not hemi and fully methylated 

mCCGG and mCmCGG sequences (Walder et al. 1983; Reyna-LÃ³pez et al. 1997).  HpaII is 

presumed to digest only hemimethylatedmCCGG sequences (at a relatively slower rate) from all 

possible methylated variants of CCGG (Reyna-LÃ³pez et al. 1997; Fulnecek and Kovarik 2014). 

This differential restriction activity of MspI and HpaII in the presence of different methylation 

patterns can lead to four MspI/HpaII band pattern variants viz. + /+, - /-, + /- and - /+ at each 

band position where ‘+’ and ‘-’represent band presence and band absence respectively (Table 1). 

The -/+ variant,althoughit is difficult to interpret, can occur in case of mCCGGhemimethylation 

under conditions of prolonged incubation of DNA with the enzyme(Fulnecek and Kovarik 2014). 

The methylation status at 43% of all band positions remained unchanged across all tissues and 

stages.  In developing seeds, there were significant changes in methylation status at different 

band positions. Majority of these methylation changes occurred after stage 6, which is the time at 
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which major changes in fatty acid profiles take place in Jatropha (Sinhaet al. 2015).During this 

stage there is significant increase in seed length (from 16.52mm to 21.14mm) and breadth (from 

8.48mm to 12.24mm), indicative of seed maturation (Table S1). As there is a significant increase 

in type 1 bands with simultaneous decrease in type 2 bands from stage 6 to stage 7, it may be 

inferred thata significant hypomethylation occurs as the seeds undergo maturity. Also, at all 

stages of seed development analyzed, the number of type 3 bands, indicative of CpG 

methylation, wasabout half of type 2 bands which is indicative of CpNpG methylation (Fig.2). 

But during stage 6 to 7 and 7 to 8, type 2 (CpNpG) methylation fell significantly and was 

observed less than type 3 (CpG). This clearly indicates that at early stages of seed development 

most of the cytosineswere heavily methylated at CpNpG contexts and that there was a sharp 

decrease in CpNpG methylation during seed maturity.Considering the role of methylation in 

gene expression, some of the observed changes in methylation may be associated with changes 

in gene expression in the seeds during late maturation stages. Studies on gene expression and 

cloning and sequencing of specific bands may provide further information on whether the 

methylation sites are in coding or non-coding regions of the genome.In general, overallgene 

expression activityduring late maturation stages of seed development is lower than during early 

stages (Le et al. 2010). However, expression of severalgenes such as LEA proteins (late 

embryogenesis abundant), WRINKLED11 (WRI1), and ABSCISIC ACID INSENSITIVE 3 

(ABI3) in J. curcas increases during seed maturation (Jiang et al. 2012). Further, the MSAP 

method used in this study is able to scan a subset of methylations in CG contexts at CCGG sites 

only. In plants, considerable methyl-cytosines are also found in CHG and CHH contexts (Takuno 

and Gaut 2013). 
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Methylation variations in different accessions have been proposed as the major probable reason 

behind phenotypic variations in absence of genetic variations in J. curcas(Yi et al. 2010). Most 

of the MSAP markers were inherited as epialleles following Mendelian segregation.  

Methylation variations have also been correlated with different ecotypes and growth conditions 

of Jatropha(Kanchanaketu et al. 2012; Mastan et al. 2014). The plants growing under different 

geo-ecological environments showed higher degree of methylation compared to accessions 

growing under similar conditions. Methylation status in Jatropha changed significantly under salt 

stress which may play an important role to induce immediate adaptive responses under salinity 

stress (Mastan et al. 2012).  

5. Conclusions 

The changes in methylation levels at different stages of seed development may have important 

role in gene regulation which may be responsible for seed development and metabolism in seed 

tissue.The findings of our study will help in initiating further studies towards understanding the 

regulation of epigenetic and developmental pathways in Jatropha during seed development using 

modern genomics tools.  
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Figure captions 

 

Figure 1MSAP banding profiles obtained using primer combination, E-AG_M/H-ACAshowing 

variation in banding profilesin different seed developmentstagesof J. curcas.Panel A. 

EcoRI/MspI library, B. EcoRI/HpaII library. Representative bands showing variation between 

two panels are marked with arrows. 
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Figure 2Histogram showing number of MSAP bands of different methylation types in leaf and 

seeds at different developmental stages. Classification of band typesis as mentioned in table 1. 
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Tables 

Table 1. Methylation sensitivity of isoschizomers, MspI and HpaII, expected banding patterns, the inferred 

methylation status and their classification into different band types. M and H denote the primer combinations, 

EcoRI/MspI and EcoRI/HpaII, respectively. “+” represents band presence, “-” represents band absence. The 

methylated cytosine is underlined. An asterisk * denotes that the methylation is present on only one of the strands 

(hemimethylation). 

 

Recognition site MspI HpaII M H Inferred 
methylation 
status 

Band type 

CCGG Cleavage Cleavage + + No methylation Type 1 
CCGG No cleavage  No cleavage - - Complete 

external 
methylation 

Type 2 

CCGG Cleavage No cleavage + - Complete 
internal 
methylation 

Type 3 

*CCGG No Cleavage Cleavage - + External 
hemimethylation 

Type 4 
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Table 2.Proportion (%) of different methylation types in leaf tissue and seeds at different stages of seed development.Figures in parentheses indicate the number 

of bands. 

 

  

Methylation 
status Type Leaf Stage1 Stage2 Stage3 Stage4 Stage5 Stage6 Stage7 Stage8 Average 

No methylation Type 1 59.09 
(104) 

44.32 
(78) 

43.75 
(77) 

43.18 
(76) 

42.61 
(75) 

43.18 
(76) 

40.91 
(72) 

59.09 
(104) 

58.52 
(103) 48.3 

Complete 
external 
methylation 

Type 2 8.52 
(15) 

34.65 
(61) 

35.79 
(63) 

35.79 
(63) 

36.36 
(64) 

35.79 
(63) 

36.93 
(65) 

15.34 
(27) 

11.93 
(21) 27.9 

Complete internal 
methylation 

Type 3 
 

18.18 
(32) 

14.20 
(25) 

14.20 
(25) 

14.20 
(25) 

14.77 
(26) 

14.77 
(26) 

15.34 
(27) 

18.18 
(32) 

20.45 
(36) 16.04 

External 
hemimethylation Type 4  14.20 

(25) 
6.82 
(12) 

6.25 
(11) 

6.82 
(12) 

6.25 
(11) 

6.25 
(11) 

6.82 
(12) 

7.39 
(13) 

9.09 
(16) 7.77 

Complete 
methylation  

(Type 2 
+3) 

26.70  
(47) 

48.86 
(86) 

50 
(88) 

50 
(88) 

51.14 
(90) 

50.57 
(89) 

52.27 
(92) 

33.52 
(59) 

32.39 
(57) 43.94 

Total  
methylation 

Type 
(2+3+4) 

40.91 
(72) 

55.68 
(98) 

56.25 
(99) 

56.82 
(100) 

57.39 
(101) 

56.82 
(100) 

59.09 
(104) 

40.91 
(72) 

41.48 
(73) 51.7 
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Table 3.Number of bands showing tissue specific methylation status (in leaf versus seed) and stage specific methylation status in different seed developmental 

stages of J. curcas 

Tissue specific bands Stage specific bands 

Leaf Seed No of bands Stage 1 Stage 2 Stage 7 Stage 8 
Status in 

other stages 
No of 
bands 

Type 4 Type 1 2 Type 3 Type 2 1 
Type 4 Type 2 9 Type 1 Type 4 1 
Type 1 Type 2 3 Type 4 Type 1 1 
Type 1 Type 3 4 Type 3 Type 2 2 
Type 2 Type 3 2 Type 2 Type 3 2 
Type 3 Type 1 7 Type 1 Type 4 1 
Type 3 Type 2 4 Type 1 Type 3 1 

Type 4 Type 2 1 
Type 3 Type 2 1 
Type 1 Type 2 2 

31 13 
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Table S1. Changes in seed dimensions during seed developmental stages of J. curcas 

 

 

 

 

 

Stages 

Days after 
pollination 
(DAP) 

Seed 
Length 
(mm) 

Seed 
Breadth 
(mm) 

Fruit 
Length 
(mm) 

Fruit 
Breadth 
(mm) 

stage1 6 4.63 1.7 10.16 7.19 

stage2 15  7 3.36 16.46 12.74 

stage3 21  9.18 3.53 20.41 15.62 

stage4 27  13.37 5.43 24.54 19.41 
stage5 36  14 6.64 28.22 21.48 
stage6 43  16.52 8.48 30.12 25.67 

stage7 51  21.14 12.24 31.63 30.8 
stage8 60 19.06 11.23 26.96 21.28 


